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Zusammenfassung

Fallfilmapparate werden in der Industrie unter anderem zur Aufkonzentration
von temperaturempfindlichen fluiden Gemischen eingesetzt. Sie eignen sich
hierfür wegen der geringen erforderlichen Wandüberhitzungen. Eine Methode
zur Verbesserung des Wärmeübergangs in diesen Apparaten ist der Einsatz
von strukturierten Heizflächen, die nicht nur die Austauschfläche vergrössern.
Es wird vermutet, dass strukturierte Heizflächen auch die Welligkeit des Fall-
filmes beeinflussen und dabei den Wärmeübergang verbessern. Allerdings ist
der Mechanismus der Verbesserung noch nicht gründlich verstanden.

In der vorliegenden Arbeit wird der Einfluss von senkrechten berippten und
genuteten Heizflächen auf die Hydrodynamik und den Wärmeübergang von
verdampfenden Wasser- und Wasser-Ethylenglykol Gemisch Fallfilmen unter-
sucht. Der zeitliche Filmdickeverlauf und die Wellengeschwindigkeit werden
mit zwei Hochfrequenz-Sonden bei einer Lauflänge von 800mm im Reynolds-
bereich von 200 bis 1100 gemessen. Ein neues statistisches Auswertungsver-
fahren basierend auf Wahrscheinlichkeitsverteilungen wird entwickelt. Die
ergänzende Information der neuen Methode in Bezug auf die Ergebnisse der
in der Literatur vorhandenen Methoden wird diskutiert.

Der Wärmeübergangwiderstand in Fallfilmen ist sehr gering aufgrund der
niedrigen Filmdicken. Je dünner der Film, desto besser ist der Wärmeüber-
gang. Ist der Film jedoch sehr dünn, neigt er zum Aufzureissen und die
Leistung des Apparats sinkt schlagartig. Die Stabilität eines Fallfilmes hängt
unter anderem von der Benetzbarkeit der Heizfläche ab und damit von Grenz-
flächenspannungen. Auch thermokapillare Kräfte beeinflussen das Aufreis-
sen des Filmes. In der vorliegenden Arbeit wird daher die Benetzbarkeit der
Heizfläche mit Wasser und mit Wasser-Ethylenglykol untersucht. Ferner wird
das Aufreissen von Filmen mittels der ”Thin Film Pressure Balance” unter-
sucht sowie der Einfluss von Nuten auf das Filmaufreissen von unterkühlten
Wasserfilmen aufgrund von thermokapillaren Kräften.

Die Messungen zeigen eine Steigerung des Wärmeübergangs von Fallfilmen
auf strukturierten Heizflächen aufgrund deren Wirkung auf die Hydrody-
namik des Filmes. Allerdings lässt sich der Verbesserungsmechanismus nicht
verallgemeinern, weil er von den physikalischen Eigenschaften der Flüssigkeit
abhängt. Darüber hinaus erhöhen längsgenutete Heizflächen die kritische
Wärmestromdichte, bei der der Film aufreisst, und unterdrücken die Aus-
breitung von trockenen Stellen in Querströmungsrichtung.
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Abstract

Falling film apparatus are used in the industry amongst others to concentrate
temperature sensitive liquid mixtures because of their low required wallsu-
perheat. A technique to enhance the heat transfer in this kind of apparatus
is the use of structured heating surfaces, that not only enlarge the transfer
area with respect to a smooth surface. Structured heating surfaces are also
believed to modify the waviness of the falling film and thereby to improve
the heat transfer. However, the enhance mechanism is not yet understood
in-depth.

In the present work, the effect of vertical finned and grooved heating surfaces
on the hydrodynamic characteristics and the heat transfer of evaporating
water and water-ethylene glycol falling films is studied. Two high frequency
probes are used to measure the time variation of the film thickness and the
wave velocity at a flow length of 800mm in the Reynolds number range from
200 up to 1100. A new statistical data processing method for the character-
ization of wavy falling films based on probability distributions is developed.
The additional achieved information with respect to the available methods
in the literature is discussed.

The small thickness of falling films results in a low heat transfer resistance.
Thus, the thinner the film, the better the heat transfer. However, if the
film is very thin, it tends to break and consequently, the performance of the
apparatus drops abruptly. The stability of the film is partly determined by
the wettability properties of the heating plate and consequently by the inter-
facial tensions. Also thermocapillary forces affect the breakdown of falling
films. In the present work, the wettability of the test plate by water and
a water-ethylene glycol mixture is studied. Furthermore, the breakdown of
films by means of the Thin Film Pressure Balance Technique is observed and
the influence of the grooves on the thermocapillary breakdown of subcooled
water films is investigated.

The analysis of the measurements reveal an improvement of the heat transfer
of falling films on structured surfaces due to their impact on the hydrody-
namic characteristics of the film. However, the heat transfer enhancement
mechanism can not be generalized because it depends strongly on the physi-
cal properties of the liquid. Furthermore, longitudinal grooved surfaces have
been found to increase the critical heat flux for breakdown and to prevent
the spreading of dry patches in transverse direction to the flow.
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Nomenclature

Latin characters

A area m2

a thermal diffusivity λ/(ρcP ) m2/s
b width m
C capacitance F
cP specific heat capacity J/(kgK)
d diameter m
f frequency Hz
g gravity constant m2/s
∆hE latent heat of evaporation J/kg
I current A
k global heat transfer coefficient W/(m2K)
L inductivity H
L heater length m
l length m
ṁ mass flux kg/(m2s)

Ṁ mass flow rate kg/s
N number of measurements -
P probability −
q̇ heat flux W/m2

Q̇ heat flow rate W
R resistance Ω
s distance between the probes m
t time s
T temperature K
U voltage V
w velocity m/s
x̃ mass fraction in the liquid kg/kg
ỹ mass fraction in the vapour kg/kg
Z impedance Ω
z height in AFM m



Nomenclature XI

Greek characters

α heat transfer coefficient W/(m2K)
Γ mass flow rate per unit wall width kg/(ms)
δ film thickness m
η dynamic viscosity kg/(ms)
λ thermal conductivity W/(mK)
ν kinematic viscosity m2/s
ρ density kg/m3

σ surface tension N/m
ϑ temperature ◦C
ξ mass fraction kg/kg

Dimensionless numbers

Ca = ηw
σ

Capillary number

Ka = gη4

ρσ3 Kapitza number (Alhusseini)

Ka∗ = ρσ3

gη4 = 1
Ka

Kapitza number (Al-Sibai)

Kp =
− dσ

dT
q̇

λρ(νg)2/3 dimensionless parameter in film breakdown

Nu = (α
λ
)(ν2

g
)1/3 Nusselt number

Pr = ν
a

Prandtl number

Re = wδ
ν

= Ṁ
bη

Reynolds number for a falling film

Abbreviations

ACF auto-correlation function
AFM atomic force microscopy
CAD computer aided design
CCF cross-correlation function
CFD computational fluid dynamics
HF high frequency
LDA laser doppler anemometry
PHE plate heat exchanger
PIV particle image velocimetry



XII Nomenclature

Subscripts

b base film
C condensation
c critical
crit critical
Cu copper
eff effective
E evaporation
EG ethylene glycol
F fouling
H2O water
ht heating foil
i any
idp initiation dry patch
inlet inlet
K contact
L liquid
lam laminar
lat lateral
max maximal
mes measured
min minimal
S saturation
tr transition
turb turbulent
U voltage
W wall
w wave
z local/zone
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1 Introduction

1.1 Background

Falling film evaporators are heat exchangers where the liquid to be evaporated
flows down a heated surface as a thin layer. Two main boiling mechanisms
are found in these apparatuses. If the superheating1 of the surface is low,
evaporation only takes place at the free surface (convective boiling). At a
certain superheating bubbles are generated at the wall. The bubbles grow,
leave the wall and travel to the film surface (nucleate boiling). Due to the
very small film thickness in falling film evaporators, the thermal resistance is
small. Consequently at a given heat flux the wall temperature is small enough
to avoid nucleation that could cause film breakdown. Moreover, falling film
evaporators can be operated at low pressures so that the saturation temper-
ature is small. Therefore falling film apparatuses are very convenient for the
evaporation of temperature sensitive liquids. Their application field covers
the concentration of mixtures in the food industry (e.g. orange juice or sugar
solutions), fresh water production in desalination plants, recovering process
of water-solvent-paint mixtures, and evaporation in refinery and chemical
plants. The material of the evaporators is determined by the requirement of
the application. Stainless steel is the most usual one but the food industry
demands more exotic materials like bio-titanium (titanium alloy with high
corrosion resistance).

There are basically two types of constructions of falling film evaporators used
in industry:

• tube bundle evaporators, where the liquid flows either inside or outside
tubes which are heated by condensing vapor on the other side of the
tube. The tubes can be vertical or horizontal. In case of horizontal
tubes the film flows outside.

• plate heat exchangers (PHE), which consist of series of thin corrugated
plates staggered together and jointed by gaskets to form a plate pack-
age. In the gap between two plates heating vapor and the liquid film
to be evaporated flow alternatively.

1temperature difference over the saturation temperature
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In recent years, the use of PHEs has become very popular because of their
advantages compared with the traditional tube bundle apparatuses. PHEs
are much more compact. Due to their higher heat exchange surface/volume
ratio, they require much less space. Furthermore, they are more flexible
regarding the capacity, that can be modified very easily just by adding or
removing some plates.

The performance in falling film evaporators is strongly affected by the liq-
uid distribution. If the film breaks down, the evaporation rate decreases
dramatically. Further negative consequences are overheating of the surface,
that could damage temperature sensitive liquids. Also formation of fouling
or incrustations could occur, that deteriorate the heat transfer. Therefore
the film stabilization is a crucial matter in the improvement of falling film
evaporators. Another problem is foam generation, i.e. in the sugar industry
(see Schulze [1]): The more concentrated the saccharide solutions are, the
more foam is generated and the thicker the film. This results in a decrease
of the heat transfer.

During the first heat transfer technology generation, the heated surfaces were
smooth. In the second generation (first heat transfer enhancement genera-
tion), structures were applied to increase the heat transfer. The improvement
of the heat transfer is not only due to the increase of the transfer area but
also due to the impact of the surface structure on the hydrodynamic of the
film flow. A disadvantage is that the structured surfaces provoke an increase
of the pressure drop. Moreover, they are more expensive. A compromise has
to be found, so that structured surfaces are profitable. Since the hydrody-
namic characteristics of a flow depends on the flow length, the structures or
corrugated patterns in PHE vary with the flow length.

Structured surfaces not only increase the heat transfer but they are also be-
lieved to stabilize the falling film. This meets one of the demands of the
industry, which is to reduce the size of the evaporators for a given duty to
save space and material costs. This aim and the continuous increase of the
energy prices are the reason why studies of the enhancement of heat transfer
has become more and more important.



1.2 Objective 3

1.2 Objective

A vision for the future is to design an optimal structured surface for a given
liquid under defined operating conditions. Before this can be carried out, the
heat transfer improvement mechanisms by using structured surfaces have to
be well understood. The objective of this work is to analyze the hydrody-
namic and thermal effect of structured heating surfaces on falling film evapo-
ration as a first fundamental step to the achievement of the above mentioned
vision.
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2 State-of-the-art

2.1 Methods to Improve the Heat Transfer

According to Bergles [2], the techniques to improve the heat transfer can
be classified as active methods, that require the use of external power, and
passive methods, that do not require any external power but in some cases
an external additive. A classification is presented in tab. 2.1. The efficiency
of these methods depends on the type of heat transfer. If more than one
technique is applied, it is called compound enhancement.

Table 2.1: Techniques to enhance heat transfer according to Bergles[2]

Active methods Passive methods

mechanical aids treated surfaces: coating and promoters
surface vibration rough surfaces
fluid vibration additives

electrostatic fields extended/structured surfaces

The aim of the active techniques is basically to improve the stirring of the
liquid in the equipment. This can be achieved by means of mechanical aids,
vibration of the surface or the liquid, or the application of current (DC or
AC) to dielectric fluids. Passive methods are more popular in the industry.
Processes where the properties of the surface are a crucial factor (boiling or
condensing), can be improved by coated and rough surfaces. The flow path
of the liquid is in some cases decisive for the heat transfer. The flow pattern
can be manipulated by using some additives, that change the surface tension
and, hence, the wettability of the liquid on the surface. Thus a film can
be stabilized and film breakdown can be avoided. Extended or structured
surfaces are used to increase the heat transfer area. Data from the literature
have shown, that the enhancement of the heat transfer by using structured
surfaces is larger than the increase in the transfer area. There must be
another mechanism that leads to the additional heat transfer enhancement.
Furthermore, structured surfaces are also believed to stabilize the falling film.
A more detailed overview about studies with structured surfaces is given in
the following section.
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2.2 Structured Surfaces

Gregorig [3] was the first one in 1954 to apply a structured surface to en-
hance heat transfer in condensation processes. The so called fluted tubes
were smooth on the evaporation side and wavy in the condensation side.
The improvement of heat transfer due to this configuration can be explained
by the fact that the condensate flows from the ridges to the valleys. This
leads to very thin films on the ridges and a very good mixing in the valleys
that improves the convective heat transfer. Later other authors applied the
Gregorig profile to the evaporation side also (double fluted tubes). They
showed improvements larger than 100%. Since then lots of efforts have been
made to find even better structured surfaces. However different approaches
have to be distinguished.

2.2.1 Strategy in the industry

The design process in the industry is limited by the fact that the design of a
new apparatus has to be very fast, so that the company remains competitive
bringing new products in the market very often. Therefore the primary goal
is to improve the evaporation process empirically and not necessarily to gain
a deeper knowledge of the fundamentals of the mechanisms.

As an example one could mention the development process (fig. 2.1) of the
company Alfa Laval, which is a market leader of falling film apparatus. Ac-
cording to Andersson [4], the development process begins with the design of
a new corrugation pattern with the help of a CAD tool. In this phase of
the development, not only heat transfer is taken into account. Also pres-
sure drop and mechanical strength play an important role. After that the
new evaporator is simulated with commercial computational fluid dynamics
(CFD) codes. If the results are promising, a real apparatus is manufactured
and tested in the prototype laboratory. If the results of the simulation show
a bad evaporation rate, the surface has to be redesigned. A redesign is also
necessary if the tests of the prototype are not satisfactory. This process takes
up to 2 years. From a scientific point of view, this trial-and-error method
works fast but any improvement is not really understood.
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Figure 2.1: Development process of a new evaporator design in the industry

2.2.2 Fundamental research

The objective of fundamental research is to study the basic mechanisms of
the hydrodynamic and the heat transfer on structured surfaces systemati-
cally to develop a ’data bank of knowledge’ as a basis to predict optimal
structures for given system conditions.

Theoretical and Numerical Approaches

In 1992 Ramadane et al.[5] presented a theoretical study of falling film
evaporators with vertical grooves of sinusoidal cross-section (a) and verti-
cally fixed fins(b) on the surface (see tab. 2.2). They believed that the ver-
tical fins not only increase the evaporating surface area but also increase the
non-uniformity of the liquid distribution. They showed that if there are zones
covered by a thicker film with higher velocities and zones with a very thin slow
film, the heat transfer coefficient can be increased up to a factor 2, as long
as the heat conductivity of the fins is very high. The more non-uniformity
in the film, the better the heat transfer. Higher improvements take place in
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the laminar and transition regimes. Theoretical studies of evaporating falling
films on grooved surfaces were presented also by Fujita[6] in 1998. He affirms
that the evaporation of falling films is mainly dominated by the conduction
resistance of the film. He thinks that grooved surfaces (see tab. 2.2) reduce
the conduction resistance by means of capillary forces at the film surface,
which extend the film covered area and make the film non uniform. In Fu-
jita’s opinion, this non-uniformity of the film thickness is responsible for the
reduction of the overall conduction resistance. He carried out an analytical
analysis of a laminar evaporating falling film that wets partially a vertical
triangular groove building a meniscus. He solved the momentum and the
energy equations neglecting the inertia and convective terms. As boundary
conditions he used non-slip condition, uniform temperature at the wall, no
shear force and saturation temperature at the film surface. Comparisons to
the analytical solution of Nusselt for smooth surfaces reveal enhancements by
factors 2 to 3 (depending on the contact angle) for a groove width of 0.5mm
and a groove angle of 60o, although the surface increase is only by a factor
2. Experiments showed that an improvement by a factor 6 was achieved by
using this grooved tube. Fujita attributes the discrepancy with the predicted
values to the fact that the model does not take into account the intermittent
wetting of the upper part of the grooves by disturbance waves and the sub-
sequent evaporation of very thin films. Gambaryan-Roisman and Stephan[7]
think that the evaporation of grooved surfaces is dominated by the evapo-
ration in the so called micro-regions (not considered by Fujita), where the
film is ultra-thin (just the solid-liquid-vapor contact line). They modelled a
laminar falling film flowing down a vertical plate with longitudinal triangu-
lar grooves with the same parameters as Fujita’s grooves (width=0.5mm and
angle=60o, see tab. 2.2). They considered, however, in the model a macro-
scopic region driven by gravity and a micro-region driven by surface tension
and adhesion force gradients. They found that the heat transfer coefficient
α depends strongly on the mass flow rate per unit wall width, Γ. When
the mass flow rate is so small that the groove is wetted partially, the heat
transfer coefficient increases with Γ. The maximum of α is achieved when
the contact line of the ultra-thin liquid film reaches the groove crest. Under
these conditions the region of the groove covered by a thin film is maximized.
For higher Γ, α decays rapidly due to the lack of micro-regions. The model
was compared with the experimental results presented by Fujita in [6] and
the agreement was much better than in Fujita’s analysis. However, in the
first region the model predicted higher α because dry-out effects are not con-
sidered in the model. On the contrary, at higher Γ the model predicted lower
values because the film waviness was not taken into account. Furthermore,
Gambaryan-Roisman and Stephan[7] studied the linear stability of rectan-
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gular grooves. They found that the longitudinal grooves have a stabilizing
effect if the grooves are completely covered by the liquid film. The reason is
that the capillary structures suck the liquid inside and distribute it over the
solid surface.

Table 2.2: Structures in theoretical and numerical studies

a) vertical sinusoidal grooves turbulence promoting
b) vertical fins horizontal wires

Ramadane [5] Raach and Mitrovic [8]

triangular grooves longitudinal rectangular grooves

Fujita [6] / Gambaryan-Roismann [7] Gambaryan-Roismann [7]

Due to the accelerated progress in scientific computational methods in the
last years, numerical studies (CFD) have become a very popular approach.
Authors use either own codes or commercial codes. The advantages of CFD
is that the studies are highly time- and cost saving compared with exper-
imental measurements. The problem is that the simulation of evaporating
falling films on structured surfaces is so complex, that the up-to-date avail-
able codes are not able to carry out such a simulation. Even in case of pure
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components the computation is not trivial due to the free surface with mass
transfer. For binary mixtures also the mass conservation equation for the sin-
gle components have to be solved simultaneously with the momentum and
energy conservation equations. The properties of the liquid depend in this
case not only on the temperature but also on the concentration of the com-
ponents which changes on the flow length due to evaporation. In addition,
the temperature at the interphase can not be assumed to be constant. It
increases with flow length due to the higher concentration of the less volatile
component. If enhanced surfaces transverse to the flow direction are applied,
a 2D simulation is enough if the structure does not change in axial direction.
Raach and Mitrovic[8] optimized by means of 2D-simulations the distance
between turbulence promoting horizontal wires on plates for desalination of
seawater (see tab. 2.2). They solved the momentum and energy equations
for 2 consecutive wires and they found that the best distance between the
wires L is L=18d, where d is the diameter of the turbulence promoting wire.
In case of longitudinal structured surfaces 3D simulations are required. Al-
though a huge effort has been done in this field in the last years, it is still
far away from the satisfactory solutions. This is the reason why the experi-
mental work is still needed for the solution of transport phenomena in such
complex systems and for the validation of numerical procedures. In the fol-
lowing section, an overview of the state-of-the-art in experimental studies is
given.

Experimental Investigations

Since heat transfer in nucleate boiling is better than in convective boiling,
some authors tried to improve the heat transfer by augment of the genera-
tion of bubbles. For example Fagerholm et al. [9] compared the heat transfer
of evaporating R-114 outside vertical tubes with smooth surface and sand-
blasted tubes with 4 types of commercial porous tubes. They observed that in
sand-blasted tubes the nucleation takes place at about 2K lower superheats
than on smooth surfaces. The achieved heat transfer enhancement factor
was up to 1.7. But this was small compared to the commercial porous tubes.
Nucleate boiling was dominant in all of them and the best performance was
12 times higher than on a smooth tube. But since bubble generation can
provoke also the breakdown of the falling film, this kind of enhancement is
not the focus of this work.

A second very popular way to improve the heat transfer is to use structures
perpendicular to the flow. Their effect is the destruction of the boundary
layer and turbulisation. Shen et al.[10] studied in 1986 the mass and heat
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transfer on vertical screw grooved tubes (see tab. 2.3). The test liquids flew
outside a copper tube with 0.8m length and a diameter of 0.0258m. For the
study of the mass transfer a solution of sulfuric acid and potassium dichro-
mate was used. An improvement of mass transfer of factor 3-4 on the screw
tube was measured. Subcooled distilled water, glycerin-water and ethanol-
water solutions were used to study the heat transfer. The coefficients on the
screw grooved tube were 2-3 times better than on the smooth tube. The au-
thors attribute the improvement of the transport phenomena to a secondary
recirculating flow caused by the grooves. They also investigated the influence
of a surface active agent that reduces the surface tension of the liquid, on
the heat transfer. As expected, on the smooth tube the heat transfer was
worse than with pure water because the surface active agent suppresses the
waves. But on the screw grooved tube the heat transfer was even better than
with pure water. They called this fact wake interference. The recirculating
secondary flow was thought to be responsible of the no-suppression but aug-
mentation of waves.

Rifert at al. [11, 16] studied systematically the local heat transfer to water
on horizontal profiled tubes (see tab. 2.3). The parameters of the profiled
tubes were varied systematically and are presented in tab. 2.4. A total
of 20 different profiled tubes were measured. The operating conditions of
the measurements were mass flow rate per width Γ = 0.44 − 0.40 kg/(m s),
q̇ = 15− 75 kW/m2 and ϑs = 42− 100oC. By means of micro-thermometers
arranged along half of the perimeter, they measured the local heat transfer
variation with the position for smooth and longitudinal profiled tubes. They
observed a continuous decrease of the heat transfer streamwise along the
perimeter of the horizontal smooth tubes and came to the conclusion that
the heat exchange takes place mainly in the initial region of the boundary
layer. On profiled tubes a sharp increase of the heat transfer is found in
the middle of every groove or fin, that is followed by a gradual decrease in
the smooth region until the next fin or groove. Since the dependence in the
smooth region between two grooves or fins with the dimensionless length of
the film is very close to the one on plain tubes and very far from the depen-
dence for a turbulent one, the authors think that there is no turbulisation
of the boundary layer. Instead they attribute the enhancement of the heat
transfer to a partial destruction of the laminar boundary layer. The lowest
heat transfer coefficient was found in profiles with favorable conditions for
stagnant pockets formation, i.e. triangular grooves with low b/h ratio or nar-
row rectangular grooves. The largest enhancement of the heat transfer (from
1.3 up to 1.7 depending on Re-number) was found in triangular grooves with
b=3 mm, h=0.7-0.75 mm, b/h=4 and S=4-4.5 mm (surface augmentation
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Table 2.3: Experimental studies with structures perpendicular to the flow

vertical screw horizontal profiled tubes corrugated ordered
grooved tubes packings

Shen [10] Rifert [11] Zhao and Cerro [12]

glass rods transverse spirally threaded tubes inner twisted
to the flow vertical tubes

Zheng and Worek [13] Broniarz-Press [14] Lehnberger [15]
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about 8%). The best enhancement for rectangular profiled tubes was found
for wide rectangular grooves with b=6-8 mm and h=1 mm and narrow fins
of width S-b=1.5 mm.

Table 2.4: Systematic variation of parameters in profiled tubes (Rifert [11,
16])

Symbol Meaning Range

b fin/groove width 1.4-8.0mm
dW , h fin height/groove depth 0.5-2.0mm

S fin/groove pitch 3.0-11.8mm
d tube outer diameter 30-38mm

Zhao and Cerro[12] studied the hydrodynamical characteristics of the free
surface of viscous flows without heat transfer over corrugated ordered pack-
ings, whose cross-sections are shown in tab. 2.3. The corrugated test plates
were 0.1m wide and 0.15m long and included at least 20 periods of the solid
structure. The test fluids were glycerin, glycerin-water solutions and silicon-
oil with a viscosity range from 0.0068Pas up to 0.938Pas and a surface
tension range from 21.4mN/m up to 69.6mN/m. The liquid film thickness
distribution was measured by electrical conductance needle probes and a
laser scattering method which allowed the measurement of the streamline
pattern in vertical cross-section (longitudinal direction). Particle Image Ve-
locimetry (PIV) was used to measure free surface velocities. They concluded
that the flow over corrugated surfaces has to be characterized by at least 3
parameters: ratio of the Nusselt film thickness to the solid surface ampli-
tude, Reynolds number Re (taking account for the influence of the viscosity)
and Capillary number Ca (taking account for the capillary effects). At the
flow rates of interest in the industry, the ratio of Nusselt film thickness to
surface amplitude is only 0.1. For these values the free surface is not flat
but highly influenced by the form of the structure. The free surface becomes
periodic with the same wave length as the solid surface. Stagnation regions
can be detected for the rod surface at every flow rate. The surfaces C (half
cylce surface) and T (triangle surface) only present stagnation regions at very
high flow rates. No stagnation was found in surfaces S (sine-shape) and P
(Koch packing surface). The film thickness was almost at any position for
all surfaces larger than the predicted one after Nusselt and the free surface
velocity was smaller than the Nusselt one. The authors concluded, that the
liquid hold up and the average residence time on corrugated surfaces is larger
than on smooth vertical plates and the risk of dry patches is lower due to
the thicker film. In addition, the PIV measurements showed both maximum
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and minimum of free surface velocity between the residual thickness and the
wave crests.

Zheng and Worek[13] studied the influence of glass rods transverse to the flow
on heat and mass transfer. They measured the local Nusselt and Sherwood
numbers in the falling film evaporation of water. Glass rods of 2cm diameter
were attached to the plate normal to the flow and the pitch was varied from
2 up to 10cm. They showed that the average heat and mass transfer can be
improved by 30% with a rod pitch of 5 cm. They attribute this enhancement
to the recirculating eddies caused by the rods. They believe that the maxi-
mum location for the heat and mass transfer from the film takes place at the
tip of the waves that coincides with the middle of the rod.

Broniarz-Press[14] studied the enhancement of mass transfer in the absorp-
tion of CO2 into water films in three types of spirally threaded tubes: a
triangular threaded tube (a), a ribbon ribbed tube (b) and a helical wired
tube (c) (see tab. 2.3). The absorption process took place on the outer sur-
face of tubes with 1.7 m length and outside diameter between 26.4 mm and
39.2 mm. They varied the depth of the grooves, the pitch and the charac-
teristic angle of a helix. The material of the tubes was steel, copper, brass
or aluminium. The range of Reynolds numbers was Re=53-827. They found
that due to the presence of centripetal forces in spirally flowing films, an
additional turbulisation of the liquid layer occurs, the mean film thickness
changes and the transfer processes are intensified. They compared the heat
transfer enhancement of the three types relative to their different surface in-
creases. The best improvement was found for ribbon ribbed tubes (b) with
an enhancement factor even of more than 3. Enhancement factors of 2.7
and 1.5 were measured for triangular threatened tubes (a) and helical wired
tubes (c), respectively. If the surface increase due to the grooves and fins was
not taken into account, the triangular threatened tubes showed the highest
improvement because they have the largest surface increase. The authors
observed that the spiral motion of a liquid thin layer causes a decrease of the
critical Reynolds number (compared to smooth tubes) for the beginning of
the turbulent regime. Furthermore, for all types the mass transfer increases
with Re-number and the depth of grooves. For triangular threatened tubes,
the enhancement of the mass transfer increases with increasing the charac-
teristic angle of a helix but for ribbon ribbed tubes with decreasing helix
angles. The authors believe that an increase of the characteristic angle of a
helix decrease the film swirlization effect.
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Lehnberger [15] investigated the falling film evaporation (convective boiling,
without nucleation) of water and water-saccharose solutions inside vertical
tubes with dimensions 32x1.5x1550mm. He compared a smooth tube with
10 different twisted tubes (see tab.2.3), varying the angle of the twist, the
twist depth and the number of stumble points. The test facility was run at
a Re-number range from 6 up to 3000. The global heat transfer coefficient
was measured and the visual inspection of the film was carried out by means
of endoscopes. In twisted tubes he observed a formation of periodic wave
rings, whereas in a smooth tube non-uniform waves appear. The global heat
transfer coefficient in water measurements was enhanced by 15-20% and in
saccharose-water solutions by up to 60%. A high influence of Re-number was
found in saccharose-water solutions. The enhancement factor increases with
increasing Re-number. Lehnberger attributes the enhancement to the change
of the hydrodynamic of the film. Twisted tubes provoke an additional tur-
bulence by overflow over the thresholds, that affects mainly the thin liquid
layer close to the wall.

Another alternative is to use wire nets applied on the heated surface. Wire
nets can be used to enhance boiling or non-boiling heat transfer. Franco
et al.[17] studied the application of several layers of wire nets (see tab.2.5)
covering the heated surface in case of pool boiling of R141b at atmospheric
pressure. A superposition of wire nets acts as a porous coating but is more
simple and has lower costs. They varied the wire diameter, the mesh aper-
ture, the material and the thickness of the porous structure. They found that
boiling starts at lower wall superheats than on smooth surfaces. The critical
heat flux was increased up to 40% and a slower transition to steady film boil-
ing than on smooth surfaces was observed (it took 8-10 minutes compared to
a few seconds on a smooth surface). The authors conclude that the success
of this enhance method is not only the increase of the nucleation site density
but also the possibility to design the mesh for the optimal vapor evacuation
from the heated wall. Wire nets can also be used to stabilized the falling film
in a non-boiling case. An example are the studies of Salvagnini and Taqueda
[18]. They applied a film promoter (see tab. 2.5) made of stainless steel
wires mounted inside a vertical tube where a water falling film flew down
by gravity. The tube had an internal diameter of 51mm and was 1500 mm
long. They used the same promoter in all runs and varied the water feed rate
(0.4-3.4 g/s, Re=9-75) and the cocurrent gas flow rate. They found that at
very low feed rates, the evaporation rates are three times higher than without
promoter. At higher flow rates, the enhancement is lower but always above
75%. They attribute the heat transfer enhancement to the surface tension
forces that oblige the film to spread over the net and make the film more sta-
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ble. They even got a full wetting thin film covering the whole tube surface
at 0.0004 kg/ms (Re=14).

Table 2.5: Experimental studies with wire meshes

superposition of wire nets film promoter
(boiling) (non-boiling)

Franco [17] Taqueda [18]

Some authors have focused on longitudinal structures, that apparently
are not an obstacle for the film flow (like perpendicular structures) but they
do affect the flow provoking secondary streams and changing the waviness
of the film. Schröder, Fast and Sander-Beuermann [19] as well as Sander-
Beuermann [20] measured the heat transfer in vertically finned surfaces (see
tab. 2.6), where the fins were high enough (12mm) that the film flew be-
tween the fins like in an open channel. They proposed such a double finned
surface (fins on both sides of the wall) to be more efficient than a double
fluted one because the thin films on both sides coincide at the same point.
In double fluted surfaces, thin films on one side are related to thick films on
the other side. In their experiments they used a copper plate (2100x381mm)
with stainless steel fins (2100x12x0.6mm) only on the evaporation side. They
tested three different fin spacings: 3, 4 and 5mm. As test fluids they used
distilled water and Na-Cl solutions. Although they had expected the more
structured the surface, the better the heat transfer, they found that the best
fin spacing was 5mm and not 3mm. The enhancement factor with the largest
fin spacing for the evaporation of Na-Cl solution (35%) was 2 and for water
evaporation from 2 up to 3. They measured the film thickness by electrical
probes and afterwards they calculated the evaporation heat transfer coeffi-
cient under the assumption of pure conduction. They found a discrepancy
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with the measured values, that were 4 times higher. They concluded that
the heat had to be transferred also by convection. They observed five differ-
ent kinds of thin film flow in the channel, that must presumably have been
measured under such conditions that the waves have no influence (either
they are not present or there are large base film regions between large devel-
oped waves). The most interesting was the hump backed flow (see tab.2.6,
bottom), that insinuates that secondary flow has to exist so that this free
surface can be formed. They conclude that this secondary stream seem to
be promoted by Marangoni effects. Velocity measurements by Laser Doppler
Anemometry (LDA) corroborated their hypothesis. They found double ed-
dies in each corner and they deduced that due to secondary streams, the heat
is also transferred by convection, namely up to 75% of the total heat.

Schulze [21] tested four types of double fluted vertical tubes (see tab.2.6).
The tubes were 3m long and had an outer diameter of 50mm. Inside a water
film flew down as a thin film and convective evaporation took place whereas
outside vapor condensed on the surface of the tube. He found that the ther-
mal resistance distribution across the tube is about 35% on the condensation
side, 10% in the wall and 55% on the evaporation side. The best fluted
tube had a groove depth of 0.8mm and a groove pitch of 3.2mm. This tube
achieved average heat transfer coefficients in the evaporation side two times
and condensation heat transfer coefficients five times higher than on smooth
tubes. As a result, the enhancement factor for the global heat transfer co-
efficient was about 100− 150%. Schulze attributes this enhancement to the
very thin film on the crest of the fluted tubes and secondary cross streams
even with eddies in the valleys, that increase the convective heat transfer.

Le Goff et al.[22] proposed a new concept for falling film evaporators. They
developed a vertical graphite tube with spiral fins wound around to be ap-
plied especially for aggressive media. The fins were so large, that the liquid
could flow on the fin without falling to the next fin. At a certain Re-number,
the liquid could flow over the fins. Only in this case, the flow is similar to
the one in the spiral threaded tube of the Broniarz-Press studies (see tab.
2.3). Le-Goff et al. first tested their surface as a heat exchanger without
phase change with water at both sides. They found an increase of the heat
transfer coefficient of up to a factor of 3.5 relative to the tubes with a smooth
surface. They think that the improvement is due to the radial mixing on the
fins. On one hand, the liquid on the spiral fins moves outwards by centrifu-
gal force and on the other hand inwards to the tube by gravitation. Five
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years later, Bandelier[23] carried out industrial pilot experiments with the
same type of tube but under evaporating conditions. Condensing steam flew
inside the tube to provide the heat of evaporation. Water (low viscosity) and
ammonium lactate solutions (high viscosity) were tested. The results show
that in case of low viscosity fluids, smooth tubes are more efficient than Le
Goff-tubes, because at the base of the fins the overheating is so high that
nucleate boiling occurs and the effect of the fin is attenuated. But in case of
high viscosities (10−2Pa s) the use of the finned tube is profitable.

Table 2.6: Experimental studies with longitudinal structures

double vertical finned surface double fluted vertical tubes

Schroeder/Fast/Sander-Beuermann [19] Schulze [21]

low finned and roll-worked spiral fins wound around
horizontal tubes a vertical tube

Liu and Ji [24] Le Goff [22]/Bandelier [23]
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Liu and Ji [24, 25] studied evaporating water and R-11 falling films at at-
mospheric pressure on two types of tubes: low cost low finned, that used to
be effective only at low Re-number and roll-worked horizontal tubes, which
enhance the heat transfer in a wider Reynolds range due to their more pro-
nounced structured surface (see tab.2.6). They compared the results with
smooth tubes and commercial enhanced tubes. They found that in low finned
tubes the mechanism of improvement of heat transfer is the increase of the
heat transfer area and the good spreading of the liquid film. The liquid is
forced to distribute over the fins due to surface tension forces. The heat
transfer with rolled-worked tubes was found to be very close to the one of
commercial tubes. The authors observed tiny bubbles. They believe that the
mechanism of improvement by means of roll-worked tubes is a mixed effect.
On the one hand, improvement of convective boiling and on the other hand,
incipience of nucleation. The former is dominant for water and the latter one
for R-11. The heat transfer coefficient with water was up to 3 times higher
and with R-11 10 times higher than on smooth surfaces.
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2.3 Conclusions for Further Studies

From the above studies it follows that due to the high complexity of the film
flow on structured surfaces, no realistic theoretical approach is feasible and
further experimental studies are needed for the understanding of the hydro-
dynamic and the transport phenomena in evaporating falling films. This is
time consuming and generates high costs but since the measurement tech-
niques are continuously being improved, the achieved information is more
and more valuable and is important in the future for the validation of the
theoretical and numerical methods.

Very high heat transfer enhancement (around factor 10) can be achieved by
structured surfaces that augments nucleate boiling but the risk of formation
of dry patches has to be taken into account. On the contrary, convective en-
hancement factors are in general not higher than 2. Perpendicular structures
to the flow are apparently the best method to break the boundary layer and
provoke turbulisation to improve the transport phenomena. However they
are not appropiate for liquids with solid particles or for high viscosity liquids
that flow down by gravity. Their design has to avoid also the generation of
stagnant pockets.

Also longitudinal structures are able to modify the flow characteristics. Ex-
periments have shown that the free surface of the film is affected by these
structures and secondary streams are promoted that improve the heat trans-
fer by convection. Some authors analyzed only the variation of the average
film thickness, but no further analysis about the effect on the base film thick-
ness and the characteristics of the waves are available in the literature. Only
Maun[26] made a first step towards this topic, but he considered average
wave characteristics. No information about the dispersion of single waves on
the surface as a function of the logitudinal structure was obtained.

The mechanism of the effect of a structured surface on the film waviness
and its influence on heat transfer is still not well understood and requires a
deeper study of the film thickness distribution by statistical analysis proce-
dures. Since surface tension forces can play an essential role in the formation
of secondary streams, not only pure liquids but also mixtures have to be
investigated. These problems are subject of the present experimental study.
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3 Test Facilities

An outline of the test facility is shown in fig. 3.1. The test rig is run at atmo-
spheric pressure with distilled water and with water-ethylene glycol mixture
with a mass fraction of ethylene glycol ξEG = 0.6.
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Figure 3.1: Test facility
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The test fluid is collected in a reservoir made of glass (see fig. 3.1). The
fluid flows through a filter and a heat exchanger to the liquid tank at the
top of the installation by means of a gear pump. The liquid flows, driven by
gravity, as a thin film on a vertical copper-alloy plate (width: 80mm, length:
1025mm), that is heated from the backside by an electric heating foil. Since
the temperature in the liquid tank is nearly the saturation temperature of
the liquid, the liquid evaporates partially on the way down the copper plate.
The generated vapor condenses and is collected with the rest of the liquid in
the reservoir.

Figure 3.2: Heating system
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The test facility enables the measurement of heat transfer and the time vary-
ing film thickness simultaneously. For the measurement of the heat transfer
coefficient, thermocouples were assembled in the copper plate at different
flow lengths as shown in fig. 3.2a. Holes with a diameter of 0.6mm were ma-
chined with a micro-drilling machine. A small amount of paste with relative
high thermal conductivity (8.8W/m K) was injected into the hole and finally,
the thermocouples type K with a diameter 0.5mm and length 200mm were
inserted and bended. Before bending an own calibration of the thermocou-
ples was carried out to reduce the measurement uncertainty. Measurements
before and after bending were carried out and have shown that the bending
does not affect the calibration. Further thermocouples were inserted between
the heating foil and the foam plate (see fig. 3.2b) to register the foil tem-
perature. The time varying film thickness was measured at a flow length of
800mm1 30mm far from the edge of the plate by means of high frequency
(HF) impedance probes (see fig. 3.2a). By using two consecutive probes, the
wave velocity can also be obtained. The two probes are mounted one below
the other on a stepping motor (see fig.3.1) that is controlled by a computer.
The stepping accuracy of the motor is ±25µm. The align fixture for the
probes is provided with micrometer screws that permit the adjustment of
the probes with an accuracy of 1µm. The visual supervision of the position
of the probes is accomplished by means of a Soligor CCD camera.

Since the liquid distributor is a crucial component for the formation of a
stable film, a special liquid distributor (see fig. 3.3) was designed to pro-
vide a regular film at different system conditions. The distributor mainly
consists of two parts made of stainless steel: a body and a front plate. The
front plate is connected to the body by means of an axis on the top. At the
bottom the connection occurs by means of a slotted hole. This construction
allows the movement of the front plate relative to the body. Consequently
the gap in the liquid distributor can be adapted to the system conditions.
This is specially important when the measurements are carried out with a
wide range of viscosities. Furthermore, the angle of the liquid distributor to
the surface of the vertical copper plate can be adjusted, which is important
to get a stable film.

1at this flow length the film is supposed to be already thermally and hydrodynamically
developed
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Figure 3.3: Liquid distributor

Special attention was given to the design of the heating system to avoid heat
losses. The electric heating foil is made of Ni-Cr wires vulcanized in sili-
cone. The foil has a thickness of about 1 mm and is divided into 14 zones
that can be temperature controlled separately. Their distribution is shown in
fig. 3.2b. The outer heating zones in longitudinal direction (on the top and
bottom) as well as in axial direction (on the right and left hand side from
the center zones) act as guard heaters. In order to achieve a good contact
between the heating foil and the copper plate, the heating foil is placed be-
tween the copper plate and an aluminium plate and both plates are screwed
together. A silicone foam plate (see figs. 3.1 and 3.4) is assembled between
the copper plate and the aluminium plate to minimized the heat flux from
the foil to the aluminium plate. Furthermore, a secondary electrical heating
system with a PID controller is attached to the aluminium plate. With this
heating system the heat losses in axial direction and to the backside of the
foil are minimized.

First measurements of the heat transfer coefficient and the film thickness
were carried out on a smooth copper plate. These are the reference measure-
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ments. Later 30 longitudinal grooves (see fig.3.4) with a width of 0.5mm and
a space in between of 1.5mm were machined. The grooves are only 0.15mm
deep, so that the film does not break down. The surface enlargement due to
the structure is 15%. The measurements on this surface are compared later
with the measurements on the smooth surface to understand the mechanism
of the heat transfer improvement.

Figure 3.4: Structured test section

Preliminary measurements were carried out in cooperation with Maun[26] at
his test facility. The buildup was very similar to the one in fig. 3.1 but the
test section was different (see fig. 3.5). The film thickness and the heat trans-
fer coefficient of water and water-ethylene glycol mixtures were measured at
a flow length of 700mm on longitudinal finned surfaces. The measurement
of the film thickness was carried out by means of HF-probes at the positions
marked in fig. 3.5 (on the fin, 0.4 mm, 0.8 mm and 1.2 mm from the fin).
The results are presented in [26]. Maun analyzed the data of the film struc-
ture statistically according to the method of Chu and Dukler[27, 28], that
provides average values of the wave parameters. In the frame of this work
a new analysis has been developed, that enables the analysis of single waves
and provides probability distributions for the wave parameters instead of av-
erage values. Since the measurements of Maun are an important data source,
the new statistical analysis was carried out also with his measurements. The
results of this new statistical evaluation of Maun’s data are presented in
chapter 6.1.
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Figure 3.5: Preliminary measurements on a finned surface, Maun[26]
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4 Heat Transfer Coefficient

4.1 Definition of the Heat Transfer Coeffi-

cient

The heat flow rate Q̇ required for the evaporation is very often provided by
vapor condensation on the backside of the heating surface and is transported
to the falling film by conduction and convection. Fig. 4.1 shows a longitudi-
nal cross section of a falling film evaporator.

Figure 4.1: Falling film evaporator

On the left side condensation takes place and the resulting heat flow rate Q̇
is transported through the wall to the right side where the evaporation of
the falling film occurs. The generated vapor mass flow rate Ṁ is related to
the heat flow rate by the latent heat of evaporation ∆hE:

Q̇ = Ṁ ·∆hE . (4.1)



4.1 Definition of the Heat Transfer Coefficient 27

The transferred heat flow rate Q̇ can be expressed as a function of the driving
temperature difference ∆ϑ by means of the global heat transfer coefficient k:

Q̇ = k · A ·∆ϑ , (4.2)

where:

∆ϑ = ϑC − ϑS . (4.3)

A denotes the surface area. The global heat transfer coefficient k consid-
ers the resistances for the heat transfer from the condensating vapor to the
evaporated vapor. In practice, not only both falling films and the wall are
resistances for the heat transfer, but also solid impurities that accumulate
on both sides of the wall and deteriorate the heat transfer (see fig. 4.1 and
eq. 4.4). This fouling phenomenon is difficult to quantify because it is time-
dependent. For a flat plate k is given by:

1

k
=

1

αC

+
sFC

λFC︸︷︷︸
fouling

+
sW

λW

+
sFE

λFE︸︷︷︸
fouling

+
1

αE

. (4.4)

The evaporating liquid falling film represents the largest resistance RE =
1/αE. Assuming that there is no fouling, the heat flux transferred through
the evaporating falling film can be expressed as:

Q̇ = αE · A · (ϑWE − ϑS) , (4.5)

αE =
q̇

(ϑWE − ϑS)
. (4.6)

Eq. 4.6 is only valid if the heat flux q̇ and the wall temperature are constant
at any point z on the flow length. Since this is not exactly true, a local heat
transfer has to be defined:

αE,z =
q̇z

(ϑWE,z − ϑS)
. (4.7)

In the case of a mixture ϑS is also dependent on the flow length z. An average
heat transfer coefficient can be then calculated as an integral value:

ᾱE =

∫ z

0

αE,z dz . (4.8)
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Three main boiling mechanisms can be distinguished. If the driving tem-
perature difference (ϑWE − ϑS) is small (smaller than about 10K in case
of water), the heat flux is transported by conduction and convection from
the wall to the film surface. In this convective boiling case, the evapora-
tion takes place only at the film surface because the wall superheat is too
small to generate bubbles. At higher heat fluxes and thick films the wall
superheat becomes larger and bubbles are formed at the wall. They grow
by absorbing heat from the vicinity and then after breaking off they travel
to the film surface. In this nucleate boiling case the heat transfer coeffi-
cient is better than in convective boiling. The higher the heat flux rate, the
more bubbles are formed. At a critical value, bubbles coalesce and finally
create a vapor film that covers the wall. In this film boiling case the heat
transfer coefficient is much smaller than in the other heat transfer regimes.
Convective and nucleate boiling are the relevant mechanisms in falling film
apparatuses. Although the heat transfer in nucleate boiling is better, the
bubble generation can promote the breakdown of the falling film. This is
a critical situation because the dry area is overheated, the risk of fouling is
high and the re-wetting of the surface is unlikely. As a consequence not only
the evaporation rate decreases but also temperature sensitive fluids can be
damaged. Therefore the focus of this work is to improve the heat transfer in
the convective boiling regime of falling films.

4.2 Empirical Correlations

In 1916 Nusselt deduced the analytical solution for laminar film condensation
under the following assumptions:

• smooth film, i.e. no waves at the surface

• no shear stress between liquid and vapor

• heat transfer in the film only by conduction

• constant physical properties

• saturated vapor

As a result he obtained the following correlation between the local dimen-
sionless heat transfer coefficient Nuz and the Reynolds number:
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Nuz = (3 ·Re)(−1/3) , (4.9)

where

Nuz =
αz

λ
·
(

ν2

g

)1/3

. (4.10)

This correlation for film condensation is also applicable for film evaporation
because the heat transfer mechanism is the same, only the phase change and
mass transfer take place in the opposite direction and this is not relevant for
the local heat transfer Nuz.

In reality the films are very often turbulent, the free surface is wavy and the
heat is transferred also by convection. Since it is not possible to get an ana-
lytical solution for the real case, some authors have studied the heat transfer
experimentally. They usually describe one dimensionless correlation for the
laminar regime (eq. 4.11) depending on Re-number and a second correlation
for the turbulent regime (eq. 4.12) where the Prandtl number is also taken
into account:

Nulam = a ·Reb Re < Recrit , (4.11)

Nuturb = c ·Red · Pre Re > Recrit , (4.12)

where a, b, c, d and e are empirical constants. Only Alhusseini [29] claims,
that the surface tension has such an important influence on the characteris-
tics of the falling film, that the Kapitza number must be also considered.

In order to calculate the Nu number over the entire Re-number range, a su-
perposition of both equations as shown in eq. 4.13 is suggested

Nu = n
√

Nun
lam + Nun

turb , (4.13)

with n in the range of 2-5. A crucial matter for every author is the criterion
for the critical Reynolds number Recrit, that marks the transition from the
laminar to the turbulent regime. Correlations for the calculation of Nu and
Recrit can be found in appendix 8.1 and 8.2, respectively. These correlations
will be used to compare the experimental data in chapter 6.2.1.
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4.3 Determination of the Heat Transfer Co-

efficient

The quasi local1 heat transfer coefficient αz was measured at a flow length of
800mm, where the HF probes to measure the local time-varying film thick-
ness are fixed. The quasi local heat transfer was determined as:

αz =
q̇eff,z

∆T
=

q̇eff,z

TW,z − Ts

, (4.14)

where q̇eff,z is the quasi local effective heat flux (heat flux of the central
heating zone at 800mm), TW,z is the local wall temperature and Ts is the
saturation temperature of the liquid. The determination of these three vari-
ables is explained in the following.

1) Determination of q̇eff

Although the test section was designed to minimize the heat losses, they have
to be taken into account. Fig.4.2 shows the location of the thermocouples
(red points) at a flow length of 800mm. The distribution of the heating foil
zones is shown by a red dashed line. Lateral and back losses (q̇lat,z, q̇back,z,
see fig.4.2) were subtracted from the heat flux q̇hf,z supplied by the central
zone of the heating foil. Up and down lateral heat losses were negligible and
were not considered in the estimation.

q̇eff,z = q̇hf,z − q̇lat,z − q̇back,z . (4.15)

The heat flux from the heating foil can be calculated as:

q̇hf,z =
Q̇z

Az

=
U2

z

Rz · Az

, (4.16)

where Rz is the resistance of the Ni-Cr wires, which is a known function
of the temperature. Uz and Az are the voltage and the area of the central
heating zone at 800mm (see fig.3.2).

A lateral temperature profile for a water film at the flow length 800mm is
shown exemplarily in fig.4.2. Thermocouple number 4 is located in the plate
4.8 mm below the plate surface (see fig.3.4) and in the middle with respect
to the central heater which is fixed on the backside of the plate. Thermo-
couples 1 and 7 are located also 4.8 mm far from the plate surface and at

1the thermocouples for the determination of α are located at 800mm but the length of
the heater zone is 200mm, see fig. 3.2
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the end of the heaters (copper plate is wider than the heating foil). There-
fore they show the lowest temperature. The temperature of thermocouple
4 is too low. It should be at least as high as the one of thermocouples 3
and 5. In all probability the reason for this is a measurement error during
the calibration of the thermocouples. This error is nevertheless very small
compared to other error sources in the determination of α. The very good
heat conductivity of the copper-alloy plate (λCu = 330W/m ·K) makes the
estimation of the lateral heat losses q̇lat,z difficult. If we consider only the
thermocouples located above the heater (i.e. 2 until 6 because 1 and 7 are
located at the end of the heater), the temperature difference between them
is within the error range for thermocouples type K. Hence, this estimation
should be interpreted as a rough approximation of the lateral heat losses.

q̇lat,z =
λCu

l
[(ϑ3 − ϑ2) + (ϑ5 − ϑ6)]

ACu

Az

. (4.17)

Figure 4.2: Heat losses at the central heating foil
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The lateral heat losses q̇lat,z are estimated according to eq.4.17, where l is the
distance between 2 consecutive thermocouples (l = 0.01m), Az is the area
of the central heater zone and ACu is the cross-sectional area of the copper
plate. The temperature differences ϑ3− ϑ2 and ϑ5− ϑ6 were chosen because
they represent the temperature gradient at the boundary of the considered
heater zone.

The back heat losses to the aluminium plate are estimated as:

q̇back,z =
Q̇back

Az

= k · (ϑfoil − ϑAl) , (4.18)

with

k =

[
δSil

λSil

+
δAl

λAl

]−1

, (4.19)

where λSil and λAl are the heat conductivities of the silicone foam plate and
the aluminium plate, and δSil and δAl are the respective thickness of both
plates. The temperatures ϑfoil and ϑAl are the temperatures as shown in fig.
4.3.

Figure 4.3: Cross section of falling film evaporator
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2) Determination of TW,z

The local wall temperature Tmes,z is measured by means of immersed ther-
mocouples in the plate at a distance of s=4.6mm from the surface of the
plate (see fig. 3.4). Since the local heat flux to the surface is known and
one-dimensional heat flow can be assumed, the surface temperature can be
determined as:

TW,z = Tmes,z − q̇eff,z · s
λCu

. (4.20)

3) Determination of Ts

In case of evaporation of water, the saturation temperature is assumed to be
100oC (Ts,water = 373.15K). The air pressure fluctuations during a year were
not taken into because they influence the saturation temperature negligibly.
For example in year 2004 in Berlin the minimal air pressure was 100,950 Pa
at which the water saturation temperature is 373.05 K and the maximal air
pressure 102,050 Pa that leads to a water saturation temperature of 373.35
K.

The determination of the saturation temperature in case of evaporation of
water-ethylene glycol mixture is more complex. The saturation temperature
is a function of the concentration of the mixture. Since this is a wide-boiling
mixture, almost only the less volatile component (water) evaporates so that
the mixture becomes richer and richer in ethylene glycol. Even if a constant
mixture composition is supposed, the determination of Ts is not trivial due
to the fact, that water-ethylene glycol is not an ideal mixture. A model for
the prediction of the phase diagram or experimental vapor-liquid data are
needed.

Fig. 4.4 shows a comparison of the prediction of the ideal model with ex-
perimental data from Frolova[30] and Roscher[31]. A zoom at ξEG = 0.6 is
also plotted in fig. 4.5. Since the data from Frolova are not thermodynami-
cally consistent, the experimental data by Roscher were used to interpolate
the saturation temperature of the water-ethylene glycol mixture. The con-
centration of the mixture was supposed to be constant along the plate. An
estimation of the concentration change along the plate was determined with
data from a measurement with a mixture film. An effective heat flux of
6400 ± 700W/m2 at a flow rate of 1.8 · 10−5m3/s evaporates only 0.0006%
of the liquid falling film and leads to a change of the mass concentration of
ethylene glycol of only 0.0004%.
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Figure 4.4: Phase diagram for water-ethylene glycol at 101,325Pa

The concentration of ethylene glycol was determined before and after every
measurement. A liquid probe was taken from the reservoir (see fig.3.1) and
was analyzed by means of a refractometer type Eclipse from the company
Bellingham + Stanley Ltd (uncertainty ±∆ξEG = 0.005). If the test facility
is run under evaporating conditions during four hours, the mass concentra-
tion of ethylene glycol can raise from 0.6 to 0.65. Since the test facility was
closed and equipped with a condenser, it was possible to keep the concen-
tration of the mixture almost constant. An average concentration increase
of ∆ξEG = 0.015 was measured. The average ethylene-glycol mass fraction
in a experiment was used to determine the saturation temperature by inter-
polation of Roscher’s data [31]. The average ethylene-glycol mass fraction of
all experiments was found to be ξ̄EG = 0.605 with a standard deviation of
0.012.

Figure 4.5: Phase diagram for water-ethylene glycol at 101,325 Pa. Zoom at
ξEG = 0.6. Frolova[30] and Roscher[31].
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5 Measurement of the Film Thickness

In this chapter an overview of available methods for the measurement of the
film thickness is given and their possible application for the special case of
evaporation on structured heating surfaces is discussed. Afterwards the high
frequency needle probe technique is presented for the particular measuring
conditions of the present study.

5.1 Available Methods for Film Thickness Mea-

surements

The measurement of the film thickness has been the aim of many researchers
since several years. The today available methods can be mainly classified
into two categories: intrusive methods and non-intrusive methods. Although
non-intrusive methods seem to be more appropriate because they do not dis-
turb the film, most of them require the use of additives, that influence the
measuring conditions. A classification of the available methods is given in
tab.5.1 taking into account the additives.

Portalski [32] measured the average thickness of water and water-glycerol
films at room temperature on a stainless steel plate by means of a drainage
or hold-up technique. The feed to the wetted-wall was suddenly stopped
and simultaneously a vessel was placed below the outlet to collect the fluid.
The residual liquid on the plate was absorbed by a linen swab that was later
weighted. Knowing the amount of liquid and the wetted-wall area, the aver-
age film thickness was calculated.

Salazar and Marschall [33] presented a new optical technique called laser
scattering method. A laser beam was applied through a plexiglas plate
to the falling film with suspended latex particles. The light scattered by the
latex particles was detected by a photodetection apparatus and was propor-
tional to the film thickness. This measurement technique allowed the instan-
taneous monitoring of the film thickness. This method requires a transparent
plate where the film flows down and latex particles have to be added to the
liquid.

Takahama and Kato [34] measured the mean film thickness of non-heated
water films on the outer surface of a cylinder by means of the needle con-
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Table 5.1: Classification of methods for film thickness measurements

intrusive methods additives non-intrusive methods

needle-contact-probe [34] drainage/hold-up [32]

micrometerscrew shadow photographs

hot wire anemometry [35] latex particles ← laser scattering method [33]

electrical conductance probe → electrolyte
a) parallel-wire probe
[36] [37] [38] laser focus displacement (LFD)
b) flush-wire probes [39] [40] [41]

HF-probes fluorescence tracer ←flourescence (LIF) [42][43]
[44][45][46][47][48][49][50]

radioactive tracer ←radioactivity intensity method

black paint ←fiber optic probe [51]

photochromic dye ←phosphorescence
[52] [53] [54] [55]

chromatic confocal
imaging method [56]

capacitive transducers [57] [58]

electrolyte ←electrical conductance probe
c) flush-mounted probes
[59] [27] [28]
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tact technique. The probe was a sewing needle with a tip diameter of
70µm. It was moved into the film at different distances to the wall and the
contact probability distribution was obtained. The mean film thickness was
calculated statistically from the distribution.

Lyu and Mudawar [35] developed a thermal conductance probe based on
the principle of the hot-wire anemometry. The probe consisted of a platinum-
10%rhodium wire (diameter 0.0254 mm). It was immersed into the film and
a constant direct current was applied. The electrical resistance of the probe
was only a function of the length of the wire immersed in the film. The
output voltage signal could be correlated to the film thickness variation.

In the last 40 years electrical conductance probes with different geome-
tries have been developed. In this technique two electrodes made of a low-
resistivity metal are needed. The current transferred from one electrode to
the other is a function of the specific conductance of the liquid and the film
thickness. The resistivity of the electrodes is negligible compared to the re-
sistance of the liquid so that the voltage drop output signal can be related to
the film thickness. An electrolyte has to be added to the liquid to enhance
its electrical conductivity. Telles [59] as well as Chu and Dukler [27, 28]
used a non-intrusive configuration. They mounted both electrodes with a
distance of 304.8mm in the plexiglas wall where the film flew down. Koskie
et al. [36] and Karapantsios et al. [37, 38] developed an intrusive configura-
tion. They built parallel-wire conductance probes. Koskie et. al. [36] used
platinum-rhodium wires with a diameter of 0.08 mm and a distance of 0.51
mm. The film thickness between the probes was spatially averaged. Due to
the small distance between the probes, the spatial resolution was enhanced
but they found some error for films thinner than 1 mm. Karapantsios et al.
[37, 38] built two chromel wires (diameter 0.5 mm) with 2 mm distance in a
plug. They estimated the accuracy of their measurement technique in terms
of film thickness to be 0.020 mm. In 1992 Kang and Kim [39] presented a
new conductance probe with a wire electrode and a flush-mounted electrode.
They proved experimentally and numerically, that the spatial resolution of
this probe is better compared to the spatial resolution of other electrical con-
ductance probes and developed a new in situ calibration method based on
probabilities.

In 1998 Ambrosini et al. [57] reported about first experiments with capac-
itance probes. They could measure the thickness of cold water films by
means of this non-intrusive technique but at higher temperatures vapor con-
densed at the active area of the probes disturbing the output signal. In 2002
[58] they found the solution for this problem. The inner electrode was in-
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sulated from the outer electrode by PTFE. The outer electrode received the
biasing signal from the plate and was heated simultaneously by a heating
coil around the whole capacitance probe.

Takamasa et al. [40, 41] reported in 2000 about measurements by means of
a laser focus displacement (LFD) meter for time-varying film thickness
in the inner wall of a tube and on vertical walls. This technique is based on
the displacement of a laser beam that passes through the falling film from
the backside. By applying two LFD meters, they could also measure the
wave velocity. The sensitivity was very high (2µm) but a transparent wall
was needed.

Kawaji et al. [52, 53, 54, 55] improved the photochromic dye activation
technique developed by Ho and Hummel in the 70’s for the measurement
of stream-wise velocity profiles in smooth falling films and adapted this tech-
nique for the measurement of velocity profiles and film thickness in wavy
films. In this technique a photochromic dye (solid particles) is added to the
liquid in low concentrations, so that the influence on the fluid properties is
negligible. Pulses of a UV laser beam are directed normal to the liquid film
from the front side to create photochromic dye traces, that are captured by
a high speed CCD camera. The test section was made of copper but the side
walls had to be transparent to permit the visual inspection of the traces.

Zaitsev et al. [51] reported about the measurement of the film thickness of
locally heated films by means of double-fiber optical probes. A double-
fiber optical probe consists of two quartz-quartz fibers inserted in a stainless
steel tube with a glass plate attached at the end of the probe. A light beam
is emitted by a lamp and passes through the emitting fiber to the film. The
light is reflected and passes through the receiving fiber to a photodiode and
an amplifier. After an analog-digital converter, the signal is stored by a
computer. A part of the total reflected light is related to the film thickness.
Capillary waves could not be properly detected by using this method. Fur-
thermore, in order to minimize the light reflection from the plate, the surface
had to be covered by a thin layer of a black paste.

Lel et al. [56] adapted the measurement principle of the Extended Field
Chromatic Confocal Scanning Optical Microscope (used for three-
dimensional surface metrology) for the measurement of the time-varying film
thickness. Polychromatic light passes through a mirror and then through a
lens that generates a continuum of monochromatic focal points at different
distances from the lens. The monochromatic light passes through the film
and is reflected by the wall. Due to the refraction of the light at the film
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surface, the wave length differs compared to the case without film. This wave
length difference is the output signal that allows the calculation of the film
thickness. The advantage compared to LFD is that no transparent wall is
required. This means that metal walls and heating are not a problem. But
due to the size of the lens, it is not possible to measure at two consecutive
locations with small distance to obtain the velocity.

Al-Sibai et al. [42] measured the thickness of silicon falling films by the
light induced fluorescence (LIF) method. A fluorescence tracer had to
be added to the liquid. Two laser beams were directed normal to the film.
The fluorescing light from the tracers is proportional to the thickness of the
falling film. The lightness was detected by two photomultipliers and con-
verted into an output voltage signal, which is proportional to the thickness
of the film. Since the two measuring spots were very near, the wave velocity
was also obtained. Ausner [43] extended LIF for a two phase liquid film with
water and toluene by using two fluorescence tracers: Rhodamin B (soluble in
water and toluene) and MNPH (only soluble in toluene). Since Rhodamin B
diffuses from water to toluene, the water circuit had to be fed continuously
with fresh Rhodamin B.

Unfortunately not all these measurement techniques are applicable for the
objective of this work. Optical methods are at the moment very popular due
to their non-intrusive nature but some of them (e.g. laser scattering method,
LFD) require a transparent wall. The wettability is different from the one on
metal plates and heating for the evaporation becomes a problem. Also fine
structures on the surface could not be applied. As shown in tab. 5.1, most
of the non-intrusive methods need a tracer that has to be added to the liq-
uid. During the evaporation, the concentration of the additive changes and
the calibration is not valid any more. Electrical conductance probes with
at least one electrode mounted in the wall can not be used with structured
surfaces and the parallel-wire-probes are only appropriate for films thicker
than δ=1mm. Capacitance probes are non-intrusive and their problems with
phase change [58] have been solved but their size (the inner electrode has
already a diameter of 2.5mm) make this method in case of fine structures
not applicable. The black paint needed for the fiber optical probes is temper-
ature sensitive and the application for evaporation conditions at atmospheric
pressure is not possible.

In the next section the high frequency (HF) needle contact probes will be
presented as a suitable method for the study of evaporating thin films on
structured surfaces.
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5.2 High Frequency Needle Probes

The high frequency impedance technique is an electrical measurement tech-
nique, where no electrodes on the wall are required. Since both electrodes
are mounted in the probe and due to their small dimensions, measurements
on structured surfaces by means of this technique are possible. Further-
more, no additives are needed so that they can be applied successfully under
evaporation conditions. Also non-conductive falling films can be measured
because the HF probes are not based on the conductivity but on the dielectric
constants εr of the media between the electrodes. Maun [26] and Leuthner
[47] have already applied this measurement technique to evaporating falling
films. A summarizing description of their operating mode is presented in the
following.

5.2.1 Measuring principle: electromagnetic fundamen-
tals

A HF probe (fig. 5.1) consists of a micro-coaxial cable, whose inner copper
wire (diameter: 50µm) is separated from the outer copper shell (diameter:
0.2mm) by a PTFE insulation. At the tip of the probe, about 3mm of the
cable is stripped from insulation and the copper shell. Only the inner micro
wire is immersed into the liquid film during a measurement. Although this is
an intrusive technique, several tests reveal insignificant interaction with the
liquid film due to the very small diameter. Also a possible oscillation of the
wire in the film was checked out and found to be insignificant.

If an alternating voltage is applied to the coaxial cable, between the two
electrodes the energy is transported in form of electromagnetic waves. A de-
tailed description of the mode of operation of the probes is given in Maun[26]
and Auracher and Marroquin[49]. The output signal of a HF-probe changes
when the impedance Z between the electrodes varies. The impedance at the
tip of the probe can be calculated from the ohmic resistance, the capacitive
resistance and the inductive resistance between the inner wire and the copper
shell:

Z =

[(
1

R

)2

+

(
2πfC − 1

2πfI

)2
]−0.5

. (5.1)
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Figure 5.1: HF probe

Since the applied frequency is very large, the impedance between both elec-
trodes is only a function of the capacitive resistance and with it of the di-
electric constant εr of the fluid between the electrodes.

Z ≈ 1

2πfC
, (5.2)

C = f(εr) . (5.3)

Since the dielectric constants of air and water are very different (εr(air) ≈ 1,
εr(water) ≈ 80), the impedance at the tip of the probe varies strongly at a
phase change. If the probe is in air, the impedance is large due to the small
dielectric constant of the air. If the tip is immersed in liquid, the impedance
is smaller due to the larger dielectric constant of the liquid. During a mea-
surement, the impedance oscillates between these two extreme cases. When
the probe tip is immersed into the film, the impedance varies due to the
fluctuation of the wetted length of the tip. The output voltage signal and
the wetted length of the tip probe are correlated.

The acquisition of the fluctuation of the impedance takes place by means
of the components shown in fig.5.2. The data monitoring system for each
probe consists of a HF-generator, two amplifiers, a directional coupler and a
filter. All the components are commercially available and are connected by
BNC coaxial cable (50Ω). Main part of the system is the dual directional
coupler. Here a fraction of the wave power is measured and decoupled. Af-
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HF-generator HF-amplifier directional coupler

filter
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A/D-converter/PC

filter
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HF-probe 1
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Figure 5.2: Data monitoring scheme of 2 HF probes

ter rectifying and amplifying, the voltage output signals of both probes are
transferred to the acquisition system. An oscilloscope permits the real time
visual inspection of the probe signals during the measurement.

5.2.2 Calibration Procedure

Since the correlation between voltage output signal and film thickness is not
linear, a calibration is required before test run. It takes place in situ and
under the same conditions as in the measurement. Kang and Kim [39] devel-
oped this calibration procedure for conductance sensors and needle contact
probes. Later Maun[26] adapted the procedure for HF probes. In the follow-
ing a brief summary of his method is given.

First the probes are moved by a computer-controlled stepping motor in
0.1mm steps from a distance to the wall higher than the maximum film
thickness until the heating wall is reached (see fig.5.3). The step precision of
the motor is ±25µm. During this run the signal of the probes is registered
by the computer every 0.1 mm during 60 seconds with a sampling rate of
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1000 Hz (i.e. 60000 total measured values per position). With these data it
is possible to calculate the liquid contact probability (Pk) for every measured
distance to the wall zi as:

Pk,zi
=

number of measured values with U > U0

total number of measured values = 60000
(5.4)

where U0 is the voltage signal of the probe in the air.

zmin
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zmax

zmax
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N
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U
UmaxU0 Ui

Ui
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Figure 5.3: Calibration procedure

With the signal of the measurements for the contact probability, the lowest
film thickness can be estimated with an error of 0.1mm. A second run of the
probes with a step of 0.025mm is necessary to identify with higher precision
the position where the thinnest film occurs. Then the probes are moved into
the film to a tip position zmin. This position is immediately close to the
thinnest film but 25-50µm closer to the wall so that the probes have always
contact with the liquid. The signal of the probes is registered during 60s and
the probability Pu of a voltage larger than the voltage set at Ui is calculated
for several Ui.

PU,Ui
=

number of measured values with U > Ui

total number of measured values = 60000
(5.5)
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In the position zmin the probability Pu of an output voltage larger than U0 is
1 and the probability Pu of an output voltage higher than Umax is 0 (Umax is
obtained at the highest wave). Fig. 5.4 shows an example for the measured
contact probability Pk and voltage probability Pu for one test run. Since
both probability distributions are nearly identical for the same calibration
run, a direct correlation between output signal (voltage) and film thickness
can be found for each measurement.
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Figure 5.4: Equality of PU and PK

Once the correlation between voltage and film thickness is known, the car-
ried out measurements at a position zmin closer to the wall than the base
film thickness can be converted from voltage U=U(t) into film thickness
z = δ = δ(t).

5.2.3 Conventional statistical data processing

When the time-varying film thicknesses under different conditions have been
obtained, the hydrodynamics of the films can be compared. The usefulness of
a visual inspection of the probe results depends on the wave characteristics.
Fig. 5.5 a) shows excited waves promoted by means of a peristaltic pump with
a flexible tube, which is alternating closed by compression. This measurement
was carried out in cooperation with Ilja Ausner [43] at the Institute for
Energy Engineering of the Berlin University of Technology. The waves were
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detected by HF probes. Natural waves are presented in fig. 5.5 b). Excited
waves are much more similar to each other and a sequence of 0.5 s gives a clear
view of the wave characteristics. On the other hand, natural waves are of
stochastic nature. Short time sequences of 0.5 seconds are not representative
for the whole measurement and a statistical analysis is required to compare
different measurements with each other.

Telles and Dukler [59] characterized natural waves by a statistical method.
They used the auto- and cross-correlations of the film thicknesses in the
frequency domain to obtain the wave frequency and the average velocity of
the waves. Later Maun [26] found out that the same results are obtained
if both correlations are used in the time domain. Therefore in the present
work the analysis was carried out in the time domain. The expressions for
the auto-correlation (ACF) and the cross-correlation (CCF) are:

Figure 5.5: Comparison of a) excited waves and b) natural waves
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ACF (t) = lim
t→∞

1

2t

+t∫

−t

δi(t)δi(t + dt)dt , (5.6)

CCF (t) = lim
t→∞

1

2t

+t∫

−t

δ1(t)δ2(t + dt)dt , (5.7)

where δi is the film thickness measured by a probe i and δ1 and δ2 are the
film thicknesses measured with probes 1 and 2 for the same test run. In the
ACF, the film thickness of a probe is multiplied by itself with a delay time
dt and consequently the first maximum of this function is obtained at t=0.
The second maximum represents the average time needed to find a second
wave. The inverse of the second maximum is the wave frequency fw.

In the CCF, the film thickness of both probes is multiplied with a time delay
dt. The meaning of the first maximum in this case is the average time for the
waves to travel from the upper probe to the second probe. Since the distance
between the probes s is known, the average wave velocity can be calculated as:

wCCF =
s

∆tCCF

. (5.8)

This velocity wCCF is the average wave velocity in flow direction provided
that the waves travel down the plate in the flow direction. If the wave veloc-
ity also has a transverse component, the consecutive probes can not detect
the wave at the same position and higher or lower velocities than real ones
would be measured.

In order to calculate statistically the thickness of the base film and that of
the waves, and to determine the fraction of the film with base film and waves,
Chu and Dukler [27, 28] proposed to use the film thickness probability dis-
tribution. For each film thickness value, the relative probability is calculated
as the number of data with this value divided by the total number of data. A
typical film thickness distribution for natural waves is shown in green color
in fig. 5.6.

Chu and Dukler separated the total distribution into two distributions: the
distribution of the base film (blue) and the wave distribution (red). They
postulated, that the maximum of the total distribution represent the average
base film thickness δB. Under the assumption that the base film variation
has a Gaussian distribution, the distribution from δ = 0 until δ = δB can
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Figure 5.6: Wave and base film distribution according to Chu and Dukler[27,
28]

be mirrored resulting in the base film distribution (blue). If the base film
distribution is subtracted from the total distribution, the wave distribution
is obtained. The maximum of the wave distribution is just a characteristic
wave value δW but not the average wave thickness (see explanation in chap-
ter 5.2.4, fig. 5.7). Furthermore, Chun and Dukler calculated the base film
fraction FB as the area under the base film distribution and the wave fraction
FW as the area under the wave distribution.

5.2.4 Own statistical wave analysis

The statistical analysis of Telles[59] and Chu and Dukler[27, 28] enables to
calculate:

• the average wave velocity wCCF

• the wave frequency fW

• the base film and wave fraction FB, FW

• the average base film thickness δB and wave characteristic thickness δW
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Although a normal distribution of the base film thickness has to be assumed,
the determination of the average base film thickness δB is very realistic. How-
ever, the maximum of the wave distribution is a characteristic wave thickness
δW which does not correspond to the most frequent real wave peak. This is
illustrated in fig.5.7. Wave thickness values between the base film thickness
and the wave peak have a larger probability than the real wave peak. Hence,
the wave thickness with the highest probability, i.e. the maximum of the
wave thickness probability distribution δW , is not the most probable wave
crest but a value of the wave thickness between the base film thickness and
the real wave peak. Consequently no information about the real wave thick-
ness (see fig. 5.7) is provided by Chu and Dukler’s analysis.

Figure 5.7: Wave parameters of Chun and Dukler’s analysis

The wave velocity wCCF is the average value of the wave velocity whereas no
information about the dispersion of the velocity of different waves is given.
These facts reveal that the statistical analysis should be improved to ensure
a better characterization of the waves, providing not only more wave proper-
ties but also probability distributions of these properties, that contain more
information than average values. This was the objective to develop an ad-
vanced wave analysis in the present work.

The principle of the new method is shown in fig. 5.8. By means of a self-
written program the limit value for the film thickness (dashed line) is set so
that above this value only roll waves occur. Then the roll waves are identified
and three parameters of every single wave are computed:
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• real wave thickness δW

• area under the wave surface line AW (measure for the liquid quantity
in a wave)

• delay time ∆t to the signal of the second probe

Figure 5.8: Wave parameter of the new analysis

The velocity of a roll wave is then

w =
s

∆t
. (5.9)

Furthermore, since the real wave thickness δW is now available, it is possible
to compute also the net and dimensionless wave amplitude of roll waves as:

net wave amplitude = δW − δB , (5.10)

dimensionless wave amplitude = δW /δB , (5.11)
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where δB is calculated according to Chu and Dukler’s probability distribu-
tion method (fig.5.6). These parameters are crucial when falling films with
different base film thicknesses have to be compared.

The available properties of roll waves are wave thickness δW , area under
a wave AW , wave velocity w and wave amplitude (net and dimensionless).
Probability distributions of each parameter can be obtained which provide
an insight that was not possible with methods considering only average val-
ues. The following additional information is contained in the probability
distributions:

• Width of the distribution: giving a measure of the variance of the
waves. If the distribution is narrow, the waves are similar in height. If
the distribution is wide, the height variation of the waves is larger.

• Most frequent value: maximum of the distribution.

• The representativeness of the arithmetic mean value. If the probability
distribution is normal, the arithmetic mean value agrees with the maxi-
mum of the distribution but if the distribution is skewed, the two values
do not coincide. The arithmetic mean value is no longer representative
(see fig.5.9).

Figure 5.9: Comparison of a) normal distribution and b) skewed distribution
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6 Results

6.1 Preliminary Measurements

Maun [26] measured the heat transfer coefficient of evaporating water and
water-ethylene glycol falling films on smooth and on finned surfaces (see
fig.3.5). The time varying film thickness was detected with two consecutive
high frequency needle probes. He analyzed the data statistically based on
Telles[59] and Chu and Dukler’s method[28] (see section 5.2.3), that provides
average wave parameters. Because of the importance of Maun’s time varying
local film thickness data, the new statistical analysis developed in the frame
of this work was applied to his data. The new method leads to significant
additional information with respect to Chu and Dukler’s analysis.

In the following a brief summary of Maun’s results is given. Afterwards the
supplementary results of the new statistical analysis are presented.

6.1.1 Summary of Maun’s results

Maun measured the local heat transfer coefficient of water and water-ethylene
glycol falling films at a flow length of 700mm. The results for a smooth ver-
tical plate and a finned heating surface are shown in fig. 6.1. Although the
surface enlargement due to the fins was only about 13%, a maximal improve-
ment of the heat transfer for water-ethylene glycol films by a factor 2.1 was
found. Maun reported in [26] about an average heat transfer enhancement
for the mixture by a factor 1.9, without taking into account the outlier1 at
Re=300. The positive effect of the structure on the heat transfer to the
mixture increases at high Reynolds numbers. In case of water, the maximal
improvement was by a factor 1.75 at the lowest Reynolds number. A factor
of 1.44 was found for the average heat transfer enhancement.

In order to understand the mechanism of the enhancement, Maun observed
first the raw data for the time varying film thickness and after that, he applied
Chu and Dukler’s statistical method. He arrived at the following conclusions:

1even taking into account its error, this measurement is far away from the trendline of
the rest of the measurements
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Figure 6.1: Heat transfer coefficient of water and water-ethylene glycol films
on smooth and on finned heated surfaces, Maun[26]

Water

• Base film thickness δB and characteristic wave thickness δW are smaller
on the finned surface

• The film becomes more wavy and the waves have a larger amplitude
on the finned surface than on the smooth one.

• Characteristic wave thickness (but not crest of the wave, see section
5.2.4) is clearly larger in the middle between two fins than on the fin.
In Maun’s opinion secondary streams from the fin to the middle of the
channel are responsible for this fact.
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• The wave fraction FW increases with Re-number on both smooth and
finned surface and is higher on the finned surface than on the smooth
one.

• The average wave velocity wCCF is about 7% smaller than on a smooth
surface, which is in the error range and is therefore not significant.

• The wave frequency fW is 25% higher than on a smooth surface. Maun
concluded that the fins cause the generation of more frequent small
waves.

Water-ethylene glycol mixture, ξEG = 0.6

• Base film thickness δB and characteristic wave thickness δW are smaller
on the finned surface.

• Waves become more developed and have a larger amplitude.

• Both base film thickness and characteristic wave thickness present a
maximum at a distance of 0.8 mm from the fin but Maun concludes
this is not significant. The base film thickness and the characteristic
wave thickness are independent of the Reynolds number on the finned
surface. On the smooth surface, they increase with Reynolds.

• Wave fraction Fw decreases with Re-number for both smooth and finned
surface and is higher on the finned surface than on the smooth one.

• The average wave velocity wCCF is 40% smaller than on the smooth
surface.

• The wave frequency decreases also by 40% on the finned surface. Maun
argues that the mixture waves become more developed and the fraction
of small frequent waves decreases.

Maun concluded that finned surfaces reduce the base film thickness and pro-
voke waves of larger amplitude. The thinner the base film and the higher the
waves, the better is the heat transfer in falling films, because the waves are
responsible for an intensive heat and mass transfer and improve the mixing in
the film. In addition, thin base films minimize the heat conduction resistance.
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6.1.2 Additional conclusions (new statistical analysis)

In the former analysis by Maun[26], two parameters were considered in order
to analyze the wave thickness :

• maximal film thickness, i.e. the maximal value achieved in the entire
measurement (1 value of 60000)

• characteristic wave thickness δW , which is not the real value for the
wave crest but some other between the film thickness and the wave
crest (see fig. 5.7 in section 5.2.4).

The new statistical analysis permits to obtain the probability distribution of
the real wave crests. Figs. 6.2 and 6.3 show the real wave thickness prob-
ability distributions for evaporating water-ethylene glycol and water falling
films at two different test conditions at different locations on the heated sur-
face. The results on the smooth heating surface (dashed line) are compared
with the results at four different positions on the finned surface, namely, on
the fin, 0.4mm far from the fin, 0.8mm far from the fin and 1.2mm far from
the fin, i.e. in the center between two fins (see fig. 3.5).

The distributions for the mixture (fig. 6.2) show that the wave peaks on the
finned surface are in average larger than on the smooth surface. This means,
that the finned surface provoke higher waves. This was already observed by
Maun with the former analysis of the maximal film thickness, whereas the
characteristic wave thickness after Chu and Dukler [27, 28] showed the op-
posite trend.

An additional feature of the probability distributions is their width. The
probability distributions on the finned surface are wider than on the smooth
plate. The wave peaks are not only higher but also less regular. This effect
is very clear for mixture films. On the contrary, for water films the distribu-
tions on the finned surface are nearly as wide as on the smooth surface and
the shift of the maxima to higher values are only significant at the largest
Reynolds numbers.

In all measurements on the finned surface, a dependence of the wave crest
with the position on the surface is observed. In average the wave crest in-
creases from the position ”on the fin” to the position ”center”. The wave
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crests on the fin are smaller and the largest waves take place in the center
between two fins. This effect is very pronounced in case of water films (see
fig. 6.3). Maun concluded that for the mixture the maximum was at 0.8 mm
away from the fin but it was in the error range and therefore in his opinion
not significant. Here the skew distributions (fig. 6.2) show that the average
value is not representative for the whole distribution. Maun considered the
characteristic wave thickness at the maximum of the distribution. The media
should be instead taken into account. The probability distributions are very
near each other at Re ≈ 200. However at Re ≈ 300 and Re ≈ 400, the same
tendency as for water can be observed. The waves are smaller on the fin and
larger in the center.

A last conclusion from figures 6.2 and 6.3 is that the probability distribu-
tion of the wave peaks for water on the smooth surface is much wider than
for the mixture. Maun already reported this finding by comparing the to-
tal film thickness probability distribution of Chu and Dukler. He concluded
that mixture films are more developed than water films due to the smaller
Reynolds number, which leads to a smaller inlet region until the development
of the film. Water Reynolds numbers are higher but the film waviness seems
to be less developed. However, the width of distributions for water on the
smooth surface (fig. 6.3) decreases with increasing Re-number, i.e. the larger
the Re-number, the more developed is the film. The very different viscosity
and surface tension of the mixture with respect to water could be responsible
for this apparent discrepancy. Al-Sibai [42] has found recently that the flow
regime of a falling film is not sufficiently described by Reynolds number (see
section 6.2.4). Also the Kapitza number Ka∗, that contains the influence of
the viscosity and surface tension is needed. The lower the Ka∗-number, the
lower the critical Re-number for the transitions from a regime to another one.
If Ka∗-number influence the flow regime in this way, it influences certainly
the development of the film also. Therefore mixture films develop faster than
water films.
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Figure 6.2: Real wave thickness distribution of water-ethylene glycol films
(after experiments by Maun[26])
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Figure 6.3: Real wave thickness distribution of water films (after experiments
by Maun[26])
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The probability distributions of the wave velocity for water-ethylene
glycol and water films are shown in fig. 6.4 and 6.5, respectively. The
distributions on the finned surface are clearly at smaller velocities than the
distributions on the smooth surface. This means that although larger wave
crests are caused by the fins (fig. 6.2 and 6.3), the waves velocities are smaller.
The fins slow down the waves, specially in case of ethylene-glycol films and,
less significantly, for water films. Maun reported in [26] about a 7% reduction
of the velocity for water. Here the distributions show that the decrease of
the velocity is more significant than it seemed in Maun’s evaluation (see fig.
6.5 position between the fins), in spite of the measurement uncertainty of
∆w = ±11% (see chapter 8.5).

The very wide probability distributions (see fig. 6.4) on the smooth surface
reveal that the waves have very different velocities. On the finned surface, the
wave velocity probability distributions are smaller in all measured positions.
Obviously the structured surface has a regularity effect on the waviness.

The wave velocity probability distributions on the finned surface are quite
close to each other. However a clear tendency can be observed for water-
ethylene glycol falling films. The wave velocity correlates with the wave
crest (fig. 6.2). The slowest wave velocities were measured on the fin, where
the smallest waves were detected. The velocity increase progressively and
reaches its maximum in the center between two fins, where the largest waves
were identified.

The wave velocity of water falling films do not show an apparent tendency
with the position or correlation with the wave peaks shown in fig. 6.3. On
the contrary, at Re ≈ 780 the smallest waves on the fin show the largest
velocity. A comparison of the velocity of the base film on the smooth and on
the finned surface could clarify this fact. Unfortunately HF-probes are not
able to detect it.

In fig. 6.6 and 6.7 the area under a wave as a measure of the amount of
liquid in a wave is represented (see fig. 5.8). The units are mm · s and result
of the integration of the wave contour over the time. Clearly, since the wave
velocity on the finned surface (shown in fig. 6.4 and 6.5) is lower than on the
smooth surface, the surfaces under a wave on the smooth surface and on the
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finned surface are not comparable.

As explained before, due to the fins in mixture films the wave amplitude
is larger and their velocity is smaller. Since both effects have a positive
influence on the integrated area under a wave, the probability distributions
on the finned surface are expected to be displaced to the right. However,
the probability distributions on the finned surface are very similar compared
with the ones on the smooth surface in case of water-ethylene glycol falling
films (fig. 6.6). A possible explanation for this is that the waves on the
finned surface are smaller than on the smooth surface. They carry less liquid
than on the smooth surface. This can be observed in fig. 7.3 in Maun[26] for
mixture films at Re=201 on the smooth surface and Re=197 on the finned
surface. Mixture waves on the smooth surface have a lower amplitude but
are clearly wider than on the finned surface.

In water falling films the probability distributions of the area under a wave
(fig. 6.7) for Re ≈ 780 and Re ≈ 1030 are shifted to the right in case of
a finned surface. This correlates with the reduction of the wave velocity
shown in fig. 6.5. The lowest wave velocities in the center between two fins
(green line) lead to the largest integrated area under a wave. Therefore a
similar conclusion as in the case of the mixture, namely, that waves on finned
surfaces are smaller, is not possible for water films. The visual inspection of
the film structure in fig. 7.2 in Maun[26] for water films at Re=522 on the
smooth surface and Re=508 on the finned surface do not reveal wider waves
on the smooth surface indeed.



60 Results

Figure 6.4: Wave velocity distribution of water-ethylene glycol films (after
experiments by Maun[26])
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Figure 6.5: Wave velocity distribution of water films (after experiments by
Maun[26])
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Figure 6.6: Probability distribution of the area under a wave of water-
ethylene glycol films (after experiments by Maun[26])
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Figure 6.7: Probability distribution of the area under a wave of water films
(after experiments by Maun[26])
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If the wave thickness is divided by the thickness of the base film (deter-
mined by Chu and Dukler’s method), a dimensionless wave amplitude (see
eq. 5.11) is obtained. This parameter is relevant for the analysis because it
contains the base film thickness. Two films with the same wave thicknesses
but different base film thicknesses have different heat transfer properties. The
film with the thinner base film has a better heat transfer (lower heat transfer
resistance), although the waves have the same thickness. A dimensionless
wave amplitude allows to take into account this effect. The probability dis-
tributions of the dimensionless wave amplitude of mixture and water
films are presented in figs. 6.8 and 6.9, respectively.

The probability distributions on the smooth surface are very similar at all
measuring conditions. This means that there is no significant influence of the
Reynolds number on the dimensionless wave amplitude on smooth surfaces.
This can be observed for both water and mixture falling films.

On the contrary, on finned surfaces the higher the Reynolds number, the
wider and the more shifted to the right are the distributions with respect
to the ones on the smooth surface. Extreme examples are at the highest
Re-numbers for both liquids. The conclusion is that the fins promote higher
more diverse waves with respect to the base films and this effect is more
pronounced the higher the Reynolds number.

Especially for the mixture film, the largest dimensionless wave amplitude is
often found on the fin or 0.4mm far from the fin, although the waves here are
smaller than in the center. The reason for this is the reduction of the base
film thickness caused by the fins.

An interesting phenomenon can be observed for water films at Re ≈ 780 on
the fin (pink line). Although the wave peak shown in fig. 6.3 is the lowest of
all positions, the wave velocity is highest as well as the dimensionless wave
amplitude. This fact leads one to doubt whether the wave velocity is deter-
mined by the wave thickness or the ratio of the wave peak to the base film, i.e.
the dimensionless wave amplitude presented in figures 6.8 and 6.9. The base
film flows down certainly slower than the waves and breaks the waves, whose
velocity depends on the amount of liquid that they transport. However, the
interrelation of all these factors is still unclear. Unfortunately the velocity of
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the base film can not be detected by HF-probes and therefore no own data
are available. Al-Sibai[42] measured the velocity in non-evaporating films by
means of PIV (particle image velocimetry) measurement technique. He found
that the velocity at the wave crest is only half of the Nusselt’s prediction.
On the other hand, the velocity in the back of the wave is even 30% larger
than Nusselt’s prediction. Base film velocities are also accelerated compared
to the theory for smooth films. The velocity field in the falling film is very
complex and should be further studied.

The wave peak distributions and the dimensionless wave amplitude distribu-
tions are influenced by the base film thickness. In order to study the net
wave amplitude (see eq. 5.10), the base film thickness has to be subtracted
from the wave peak. The resulting net wave amplitude probability distribu-
tions are presented in fig. 6.10 and 6.11.
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Figure 6.8: Dimensionless wave amplitude distribution of water-ethylene gly-
col films (after experiments by Maun[26])
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Figure 6.9: Dimensionless wave amplitude distribution of water films (after
experiments by Maun[26])
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In fig. 6.10 the probability distributions of net wave amplitudes for
water-ethylene glycol evaporating falling films are shown. The distributions
on the finned surface are wider and shifted to the right with respect to the
distributions on the smooth surface. Thus the waves have a larger amplitude
and are more diverse. This was already observed in fig. 6.2. but now no
influence of the base film is included in the probability distributions. The
distributions on the finned surface at different Re-numbers at any position
are rather similar. Obviously, the mixture waves are independent on the
Reynolds number and the position. These factors influence the base film
thickness but not the net wave amplitude.

The probability distributions of the net wave amplitude for water films are
presented in fig. 6.11. At Re ≈ 515 and Re ≈ 1030 the distributions on the
finned surface at the different positions are clearly different from each other.
This could mean that the water fronts are more chaotic than the mixture
ones.

In case of mixture films, a lack of dependence between net wave amplitude
and position was found. However, for water films a clear trend can be ob-
served in fig. 6.11. At Re ≈ 515 and Re ≈ 1030 the net wave amplitude
increases progressively from the fin to the center. This indicates that the
maximum of the wave front tends towards the center between two fins.

The common range of the net wave amplitude of mixture waves is from
0.2mm up to 1mm. In case of water films, the net wave amplitude even
reaches 1.5mm.

In the following a summary of the most important additional conclusions
provided by this statistical wave analysis of Maun’s experiments is given:

- Mixture films on the finned surface have wider probability distribu-
tions of wave thickness and net wave amplitude than on smooth sur-
face. The fins promote by means of secondary streams not only waves
of larger amplitude but also with more diverse amplitudes. The higher
the Re-number, the larger the amplitudes and the higher the diversifi-
cation of their values.

- The wave velocity of mixture films is clearly reduced by the fins, al-
though the waves amplitudes are higher. Furthermore, the wave ve-
locity probability distributions on the smooth surface are extremely
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Figure 6.10: Net wave amplitude distribution of water-ethylene glycol films
(after experiments by Maun[26])
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Figure 6.11: Net wave amplitude distribution of water films (after experi-
ments by Maun[26])
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wide compared with the ones on finned surface. This means, that al-
though the amplitudes of the waves are more diverse, the fins have a
regularization effect on the velocity.

- The probability distributions of the area under a wave reveal that the
mixture waves are smaller on the finned surface.

- The net wave amplitude probability distributions of mixture films on
the finned surface at the different measuring positions are very similar.
A possible interpretation is that the mixture wave fronts flow down
regularly distributed over the width of the plate and every position
gives the same probability located at any point in the 3D wave front.
A second possible interpretation is that the wave front is very wide and
their properties at any position between the two fins are very similar.

- The amplitude distributions of water films on the finned surface are
shifted to the right, i.e. they are higher than on the smooth surface
but they are not wider than on the smooth surface. They have larger
amplitudes on the finned surface but their amplitudes are not more
diverse.

- Water waves are also slowed down by the fins but not so pronounced as
in the case of mixture films. Nevertheless, this effect is significant. The
probability distributions at the different positions are slightly narrower
than on the smooth surface but the superposition of the distributions on
the finned surface is so wide as the distribution on the smooth surface.
Hence, a regularization effect as in case of mixture films can not be
concluded.

- The net wave amplitude distributions of water films are very different
at any position on the finned surface. Their maximum increases from
the fin to the center. The fins act as a liquid barrier that promote
secondary streams which influence not only the base film but also the
net wave amplitude depending on the position related to the fin. Water
waves seem to be more chaotic than mixture waves.

In general, it can be concluded, that fins reduce the base film thickness, pro-
mote waves of higher amplitudes and slow down the waves. These combined
effects lead to a better heat transfer. Nevertheless, the intensity of these ef-
fects and the wave property diversification or regularization depends on the
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test conditions. How the structured heating surface influence the hydrody-
namic properties of the falling film depends certainly on the viscosity, the
surface tension and the flow regime of the film.

Table 6.1: Viscosity and surface tension of the test fluids at their saturation
temperature

Fluid ν(m2/s) σ(N/m)

water 2.9 · 10−7 61.1 · 10−3

water-ethylene glycol (ξEG = 0.6) 7.6 · 10−7 45.8 · 10−3

Tab.6.1 shows the kinematic viscosity ν and the surface tension σ for water
and water-ethylene glycol mixture at their saturation temperatures, 100oC
and 109.2oC, respectively. The kinematic viscosity of the mixture is about
2.5 times the one of water. This higher internal resistance to flow in case of
the mixture explains why the fins slow down the wave velocity of the mixture
more intensively than in case of water. The auxiliary regularization effect of
the mixture wave velocity remains unexplained. The surface tension is the
result of intermolecular attraction forces. The molecules in the bulk of the
liquid have molecules in all directions. Thus, the resulting force is zero. The
molecules at the surface of the liquid have only inward forces to the molecules
in the bulk. The liquid squeezes itself altogether and tries to minimize the
surface. This means in case of a film, that the surface tension tries to flat the
film. The higher surface tension of water respect to the mixture let suppose,
that the suppression of waves is more pronounced in water films. In case of
mixture films two effects have to be considered also. On the one hand, the
surface tension during the evaporation process is a dynamic surface tension.
When the water molecules at the interface evaporate, new water molecules
have to migrate from the bulk to the surface. This process takes some time.
The surface tension is in fact lower than the estimated. On the other hand,
if evaporation takes place more intensively in some regions, the mass fraction
of ethylene-glycol becomes richer (surface tension is reduced because the sur-
face tension of pure ethylene-glycol is lower than the one of water) and the
saturation temperature is higher, which also reduces the surface tension. The
lower surface tension of the mixture explains why the fins promote a signifi-
cant diversification of the wave thickness (wider wave thickness distributions)
in case of the mixture but not in case of water.
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6.2 Final Measurements

6.2.1 Heat transfer

With the test facility shown in fig. 3.1, the heat transfer of water evaporat-
ing falling films at a flow length of 800mm on a smooth heating surface and
on the grooved surface (see fig. 3.4) was investigated. The measured dimen-
sionless heat transfer coefficient Nu is plotted over the Reynolds number in
fig.6.12. The determination of the heat transfer coefficient has been already
explained in section 4.3. Filled symbols show results for the smooth heating
surface and empty symbols results for the grooved surface. The estimation
of the error bars by considering random errors is presented in section 8.5.
The aim of the present study is not to determine absolute values of the heat
transfer coefficient, but rather to show that the heat transfer on grooved
surfaces is better than on smooth surfaces and that this is due to the effect
of the structured surface on the hydrodynamic characteristics of the wavy
films. Therefore random errors, that are more disadvantageous than system-
atic errors, are taken into account in the estimation of error propagation,
although some errors are surely systematic but unknown. Two black solid
trendlines for the data on the smooth and on the grooved surface have been
also plotted. The measured data are compared with correlations from the
literature for convective boiling in falling films on smooth heating surfaces.
These correlations are compiled in section 8.1.

An average enhancement of the heat transfer of 52% was achieved by means
of the structured surface compared with the smooth surface, although the
surface enlargement due to the grooves was only 15%. The improvement of
the heat transfer increases with Re-number. The lowest improvement (38%)
was found at Re ≈ 500 and the largest heat transfer enhancement (63%) was
measured at Re ≈ 1100.

The curvature of the trendline for the smooth surface suggests that the mea-
surements were carried out in the transition from the laminar regime to the
turbulent one. Several transition criteria can be found in the literature. Table
6.2 shows the prediction for the transition Reynolds number Retr according
to Chun and Seban[60], Wilke[61] and Baehr and Stephan[62]. Their equa-
tions are complied in section 8.2. Chun and Seban’s forecast for Retr fits very
well with the measured data. On the contrary, Wilke and Baehr/Stephan
predict too low values for Retr. The reason is the different definitions of every
author for Retr. Chun and Seban define the transition as the intersection of
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Figure 6.12: Dimensionless heat transfer coefficient for water films

their equations for the laminar and turbulent equations, Wilke considers the
Retr as the first departure of the heat transfer coefficient from the laminar
performance and Baehr/Stephan define the begin of the transition when the
heat transfer coefficient differs 1% from Nusselt’s theory. Thus, the Retr for
Chun and Seban is located in the middle of the transition regime, whereas
Wilke’s is located at the beginning of the transition and Baehr and Stephan’s
Retr is located even earlier in the departure from Nusselt’s theory.

Table 6.2: Transition Reynolds number for evaporating water and water-
ethylene glycol films at atmospheric pressure

Author Water (Pr=1.75) Water-ethylene glycol (Pr=6.23)

Chun and Seban [60] 801 209
Wilke [61] 427 187

Baehr and Stephan [62] 197 108

The measured data on the grooved surface are not only above the data on
the smooth surface, but they show a transition region at lower Re-numbers.
This means that the grooves provoke the transition to the turbulent regime
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at lower Reynolds numbers than on a smooth surface.

Own measured heat transfer coefficients are visibly lower than those calcu-
lated with the correlations from the literature. This is probably in part due
to the minimization of the heat losses in the own experiments by means of
guard lateral and back heaters (see figs. 3.2 and 3.4). The correlation for
the turbulent regime from VDI (Schnabel and Schlünder [63]) and Num-
rich’s correlation fit the measured data on the smooth surface with a 13%
and 14% deviation, respectively, without considering the outlier at Re=915.
The VDI correlation was developed based on measurements of several au-
thors with water, R11 and R113 at flow lengths between 0.3m and 1.25m,
whereas Numrich’s correlation was adapted to the turbulent condensation
data of water, methanol, isopropanol and 2-methyl-2-butanol. Chun and Se-
ban’s correlation fits the data trend very well but the average deviation is
-20%. A reason for this could be the already mentioned reduction of the heat
losses in this work. The measurements from Chun and Seban were carried
out in 1972 and their data could be influenced by heat losses and therefore
they predict higher heat transfer coefficients. Grooved surface data are fitted
by the global correlations of VDI and Alhusseini with average deviations of
6% and 7%, respectively.

The results for the water-ethylene glycol (ξEG = 0.6) are plotted in fig.
6.13. As in the case of water films, filled symbols show the results for the
smooth surface and empty symbols those for the grooved one. Error bars for
the measured data (determination in chapter 8.5) and black solid trendlines
have been added.

The average heat transfer enhancement on the grooved surface was 34%.
There is a clear dependence of the enhancement on the Reynolds number.
The higher the Re-number, the better the improvement of the heat transfer.
The lowest improvement (24%) was achieved at Re ≈ 200 and the largest
one (42%) at Re ≈ 400. Both measured data on the smooth surface and on
the grooved surface show a turbulent trend. This agrees with the criteria for
the transition to the turbulent regime shown in tab. 6.2.

The here considered correlations were developed based on pure components.
Correlations for mixture falling films are rare in the literature. An addi-
tional phenomenon compared to evaporation of pure components takes place,
namely, mass transfer resistance. During the evaporation of mixtures, the
concentration of the less volatile component at the interphase increases and
consequently the saturation temperature of the mixture. As a result the
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Figure 6.13: Dimensionless heat transfer coefficient for water-ethylene glycol
films (ξEG = 0.6)

driving temperature difference responsible for the heat transfer decreases.
No simple correlations can be found in the literature that take into account
this effect. Maun [26] tried to develop a correlation with an additional term
that accounts for the concentration difference of the less volatile component
in the film and in the vapor phase. The result was a light improvement (3%
for a mass fraction ξEG = 0.6) of the evaluated heat transfer coefficient com-
pared to Chun and Seban’s correlation. Therefore this equation has not been
plotted but it is complied in appendix 8.1.

Although the correlations were developed based on measurements of pure
components, Alhusseini’s equation for turbulent regime and Numrich’s cor-
relation fit the measured data with a deviation within the uncertainty range
for the measurement of Nu (13%). The good prediction of these correlations
has to do with the Prandtl number of the mixture Pr=6.23 and the valid-
ity range of the correlations. Chun and Seban’s data were carried out only
with water and they vary the Pr-number up to 5.7. Schnabel and Schlünder
[63] (VDI’s recommendation) affirmed that their correlation was valid up to
Pr=50 but in fact they used data of water, R11 and R113 with a Pr up to 7.
Only Numrich and Alhusseini tried to extend the range of the Pr up to 51.7
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and 46.6, respectively. Therefore only these equations can predict reliably
the heat transfer at higher Prandtl numbers.

The heat transfer coefficients α for both fluids on the smooth surface and on
the grooved one are plotted in fig.6.14. A solid black line shows the trend
of the data. Although the dimensionless heat transfer coefficient Nu of the
water-ethylene glycol mixture (see fig. 6.13) was higher than Nu of water
films (see fig. 6.12), the heat transfer coefficient α of water films is signifi-
cantly larger than for the mixture due to the different physical properties of
water and ethylene glycol. Therefore, no conclusions about the quality of the
heat transfer concerning different fluids should be done based on the Nusselt
number. For this purpose only a comparison of the heat transfer coefficient
α is reasonable.

Figure 6.14: Heat transfer coefficient

From fig. 6.14 it becomes again clear that the measured heat transfer co-
efficients for the mixture are clearly turbulent, whereas water films seem to
be in the transitions from laminar to turbulent regime. The heat transfer
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coefficients on the grooved surface are not only better than on the smooth
surface but their trend show also higher gradients with respect to Re-number.
Consequently the improvement of the heat transfer depends on the Reynolds
number. Since the Reynolds numbers of the experiments on the smooth and
on the grooved surface are not exactly the same, an enhancement factor was
calculated with the help of the trendlines at different fixed Reynolds num-
bers. The enhancement factor was calculated as:

enhancement factor =
αgrooved

αsmooth

. (6.1)

They are presented in fig. 6.15. The dependence on the Reynolds is nearly
linear.

Figure 6.15: Enhancement factor

In the following sections the hydrodynamic characteristics of water and water-
ethylene glycol evaporating films is studied in order to find out whether there
is a relation between hydrodynamic and heat transfer enhancement.
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6.2.2 Wave characteristics

The wavy interphase of the falling films was measured by means of two HF-
probes presented in section 5.2. Since the measurement of the film thickness
is sophisticated and time-consuming, the number of experiments was adapted
to the requirements for the understanding of the enhancement phenomenon.
Since the lowest enhancement was achieved at the lowest Re-number and
the best one at the largest Re-number, only measurements at two Reynolds
numbers per fluid were carried out: the upper and lower limit of their re-
spective Re-number range. In case of water Re ≈ 600 was chosen as lower
limit instead of Re ≈ 500 due to the bad wettability and film stability at
this Re-number. The flow rate of the measurements on the smooth and on
the grooved surface was nearly the same.

Table 6.3: Dimensionless numbers for the study of wave characteristics

Fluid Resmooth Regrooved Pr Ka

water-ethylene glycol 185 191 6.23 3.25 · 10−11

405 375
water 622 610 1.75 2.7 · 10−13

1076 1012

On the smooth surface, the measurement of the film thickness was carried
out at one lateral position. On the grooved surface 5 positions were studied.
Figures 6.16 until 6.19 show the time varying film thickness of water-ethylene
glycol and water films on the smooth surface and at the five positions on the
grooved surface for the upper and lower limit of Re-number. Only 2 seconds
from the 60s measured are shown. The location of the HF-probes on the
grooved surface is shown in the right upper corner of each diagram.

Figures 6.16 and 6.17 show the wave characteristic of mixture falling films
at the lower and upper Re-number, respectively. The film at position 1 (mid-
dle between two grooves) on the grooved surface has a much thinner and
smoother base film than the film on the smooth surface. At position 1 there
are only a few small waves between two waves of large amplitude. The very
thin and smooth base film in between leads to a reduction of the heat transfer
resistance.

In the groove (positions 4 and 5), the base film thickness increases and the
flow is more chaotic. Between two large waves there is no smooth base film
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but wavy regions.

At Re ≈ 400 (fig. 6.17), the influence of the grooves on the film characteristic
can be clearly observed. The grooves promote waves of larger amplitude and
higher frequency and the base film thickness is at least between position 1
to 3 smaller than on the smooth surface. This effect is almost not existent
at the lower Re-number in fig. 6.16 or the simple visualization of the film
surface does not allow to perceive it. This will be later clarified by means of
the new statistical analysis.

The time varying film thickness of water films is presented in figures 6.18
and 6.19. A significant reduction of the base film at position 1, 2 and 3 can
not be observed. At position 4 the base film becomes even slightly thicker.
This will be clarified in the next section by means of the statistic data pro-
cessing of Chu and Dukler[27][28].

At the lower Reynolds number (fig. 6.18), no clear distinction between base
film and wave can be noticed on the smooth surface. There the film surface
consists of larger waves with moderate amplitudes and very frequent small
waves in between. The film does not seem to be developed. At nearly same
Re-number but on the grooved surface, base film and waves can be better
distinguished. The base film is smoother and the base film sections are larger.
The waves have a much larger amplitude than on the smooth surface.

At the upper Reynolds number (fig. 6.19), the flow on the smooth surface
is more developed. The waves have larger amplitudes than at the lower Re-
number, but almost no base film can be observed between two large waves.
On the grooved surface the waves have even larger amplitudes and smooth
base film regions can be found between the large waves at positions 1, 2 and
3. These thin regions are characterized by a good heat transfer due to the
small heat transfer resistance. In the groove (positions 4 and 5) the flow is
again more chaotic and smooth base film sections does not exist.

Figures 6.16 to 6.19 show the film characteristic only during 2 seconds, which
is not representative for a entire measurement. Since a visual comparison of
60 seconds is not viable, statistical analysis is required for this purpose. This
is the focus of the following sections.
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Figure 6.16: Wave characteristics of water-ethylene glycol films at
Resmooth=185 and Restructured=191
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Figure 6.17: Wave characteristics of water-ethylene glycol films at
Resmooth=405 and Restructured=375
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Figure 6.18: Wave characteristics of water films at Resmooth=622 and
Restructured=610
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Figure 6.19: Wave characteristics of water films at Resmooth=1076 and
Restructured=1012
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6.2.3 Statistic data processing after Chu and Dukler

The results of the statistical analysis of Telles[59] and Chu and Dukler[27, 28]
(see section 5.2.3) are presented in the following.

In fig.6.20 the average base film thickness and the average characteristic wave
thickness for mixture films are presented. The measured values on the
smooth surface are compared with the five positions on the grooved surface
(see fig.3.4). A general tendency can be observed. The base film thickness
increases from the position 1 (middle between two grooves) to the position
5 (in the groove). At the lower Re-number (a), the base film on position 1
has been reduced compared to the values on the smooth surface but in the
grooves the base film thickness is even thicker than on the smooth surface.
At the higher Re-number (b) the film is also thicker in the groove than be-
tween the grooves but still thinner than on the smooth surface.

The base film thickness profile over a groove for Re=191 and 375 is shown
in fig. 6.21. In case of water-ethylene glycol mixtures, the groove is filled
completely by liquid and the remaining base film thickness above the level
of the fins is comparable with the base film thickness in positions 1,2 and 3.
At Re=375 the base film between the grooves gets thicker.

Figure 6.20: Average wave and base film thickness of water-ethylene glycol
films at a) Resmooth=185 Regrooved=191, b) Resmooth=405 Regrooved=375
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Figure 6.21: Average base film thickness distribution of water-ethylene glycol
films over the grooved surface at Re=191 and Re=375

The characteristic wave thickness increases with the Reynolds number. The
higher the Re-number, the larger the characteristic wave thickness for both
smooth and grooved surface. At low Reynolds (see fig. 6.20a), the grooves
provoke higher waves than on the smooth surface but at higher Re-number
(see fig. 6.20b), the characteristic wave thickness seems to be lower than on
the smooth surface, although the visual inspection of the film characteristic
in fig. 6.17 does not agree with this result from Chu and Dukler’s analysis.
The reason is that the characteristic wave thickness is not the actual crest
of the wave but just a value between the base film and the wave crest (see
section 5.2.4). Therefore the characteristic wave thickness is strongly influ-
enced by the base film thickness. Since at the higher Re-number the base
film thickness has been reduced by the grooves (about 40% in average), the
characteristic wave thickness decreases but the real wave amplitude is actu-
ally higher. This fact illustrates that the characteristic wave thickness from
Chu and Dukler’s analysis is not a proper value to quantify the amplitude of
the waves. Another parameter is required. In section 6.2.5 the probability
distributions of the real wave crest, the dimensionless amplitude and the pure
wave amplitude are suggested instead.

The average base film thickness and characteristic wave thickness for water
films on smooth and grooved surface is presented in fig.6.22. The base film
thickness depends on the Reynolds number. The higher the Re-number, the
thicker the base film both on smooth and grooved surfaces. In contrast to
mixture films, there is no significant reduction of the base film on the grooved
surface. Furthermore, the base film thickness in the groove is not larger than
in the middle between two grooves (position 1) as in case of mixture films.
The profiles of the base film thickness above the groove for Re=610 and
1012 are depicted in fig. 6.23. Water fills the groove but not completely as
the mixture. Water follows the structure of the groove and the remaining
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thickness above the level of the fins is significant smaller than the base film
thickness at positions 1, 2 or 3. At Re=1012 the base film thickness is thicker
at each position, however not in the middle between two grooves.

The average characteristic wave thickness is also plotted in fig.6.22. Since
there is no significant reduction of the base film thickness, the values for
the characteristic wave thickness are more representative for the real wave
crest than in case of mixture films. Its value at the positions on the grooved
surface oscillates around the value on the smooth surface and no conclusions
can be drawn. The probability distributions of the wave crest, dimensionless
wave amplitude and pure wave amplitude will clarify this aspect in section
6.2.5.

Figure 6.22: Average wave and base film thickness of water films at a)
Resmooth=622 Regrooved=610, b) Resmooth=1076 Regrooved=1012

Figure 6.23: Average base film thickness distribution of water films over the
grooved surface at Re=610 and Re=1012



88 Results

The average wave velocity wCCF , determined by means of the cross-correlation
(see equations 5.7 and 5.8) is shown in figures 6.24 and 6.25 for water-ethylene
glycol and water films, respectively. Results at lower Re-number are shown
by light colored triangles and results at higher Re-numbers are presented by
black squares. On the smooth surface, the wave velocity of mixture films is
independent of the Reynolds number. At both higher and lower Re-number,
the average wave velocity is ≈ 1m/s. On the grooved surface, the wave ve-
locity is slightly higher at the higher Reynolds number but still in the error
range of the measurement. Although the positions in the grooves (4 and 5)
were expected to yield the highest velocities because there the base film is
thicker, positions 1 and 3 (between the grooves) show the largest wave veloc-
ities at both Re-numbers. The grooved surface seem to accelerate the waves.
At Re=375 the waves are in average 20% faster than on the smooth surface
at Re=405.

Figure 6.24: Average wave velocity of water-ethylene glycol films

On the contrary, the wave velocity of water films on the smooth surface (fig.
6.25) correlates with the Reynolds number. The wave velocity at Re=1076 is
twice the wave velocity at Re=622. Surprisingly, the average wave velocity
on the grooved surface is the same for each position and for both Reynolds
numbers. Only in the groove at the upper Re-number the wave velocity is
slightly larger, but still in the range of the measurement uncertainty. This
means that at the lower Re-number, the grooves accelerate the water waves
as in case of mixture films but at the highest Re-number, the waves are
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slowed down. Their velocity on the grooved surface is in average 40% lower
than on the smooth surface.

Figure 6.25: Average wave velocity of water films

Literature data about falling films are given, amongst others, as average
values of the base film and average wave velocities. In the next section, a
comparison of the results obtained by means of the statistical analysis of
Telles, Chu and Dukler with the literature is presented.
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6.2.4 Comparison with data from the literature

Falling films have been the focus of many studies in the last 50 years. Ac-
cording to the literature, the hydrodynamic behavior of falling films is not
sufficiently described by Re-number. The Kapitza number, that takes into
account the capillary forces due to the surface tension, is also needed. Tab.
6.4 contains relevant information about the measuring conditions of the refer-
ences considered in this work. Since the Ka∗-number does influence the film
flow, the data from the literature were chosen as near as possible to the own
measurements, namely, Ka∗ = 3.7 · 1012 for water films and Ka∗ = 3.1 · 1010

for water-ethylene glycol mixture films. The available data in the literature
are mostly adiabatic water film measurements on smooth surfaces at ambient
temperature. The authors analyze their results by means of average values
like the average film thickness and average wave velocity. Only Telles [59]
considered the average base film thickness in the early stages. Other com-
mon registered parameters in the literature are the minimal and maximal
film thickness.

Nowadays the advance in the measurement techniques enables the measure-
ment of the time varying film thickness under evaporating conditions and
on structured heating surfaces. Since this is very recent, the amount of this
kind of data in the literature is still very limited. Only Maun’s [26] data were
considered.

In order to compare own measurements on the grooved surface at several po-
sitions with the data for smooth surfaces from the literature, own data were
averaged taking into account the not equidistant distribution of the measured
positions 1 to 5(see fig. 6.16). The average parameter x was calculated as
follows:

x =
x1 + x2 + x3 + 0.5 · x4 + 0.5 · x5

4
, (6.2)

where x is the studied parameter, i.e. the average base film thickness, the
minimal and maximal film thickness or the average wave velocity.

Flow regimes
Ishigai [64] distinguished five different film flow regimes (see fig. 6.26), that
are delimited by four critical Reynolds numbers Reci. Their equations are
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Table 6.4: Measuring conditions of cited authors from literature
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compiled in section 8.3. When Re < Rec1, the film is laminar and no waves
are present. The film surface is smooth. Between Rec1 and Rec2, sinus waves
are formed at the film surface. This is the so called first transient regime.
Then 2-D and 3-D waves appear at Rec2 < Re < Rec3 in the stable wavy
flow. After a second transient regime (Rec3 < Re < Rec4), the fully turbulent
flow is reached. Ishigai [64] found that Rec1 and Rec2 are dependent from
Ka∗-number but he settled constant values for Rec3 = 75 and Rec4 = 400.
Recently Al-Sibai [42] confirmed the differentiation of the five flow regimes
but he found out, that in order to define the transition into turbulent flow,
also Ka∗-number is necessary. Thus, he suggested the critical numbers Rec3

and Rec4 to be a function of Ka∗-number. Al-Sibai’s equations are also
compiled in section 8.3.

Figure 6.26: Flow regimes map according to Ishigai[64] and Al-Sibai[42]

The flow regimes map according to Ishigai[64] and Al-Sibai[42] is shown in
fig. 6.26. The solid lines represent the critical Reynolds numbers after Ishigai
and the dashed lines show the critical Reynolds numbers Reci limits after Al-
Sibai. The main differences between both authors are:

- The stable wavy flow according to Al-Sibai is much wider than for
Ishigai. According to the last one, this regime gets smaller at higher
Ka∗-number.

- According to Al-Sibai, the transition to turbulent flow begins at higher
Re-number and it depends on Ka∗-number.
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The measuring conditions of the own data are also plotted in fig.6.26. Ac-
cording to Ishigai, the mixture falling films (black triangles) are in the tran-
sition to turbulent flow and the higher Re-number is even at the limit for
the fully turbulent flow. However, according to Al-Sibai the water-ethylene
glycol films are far away from the turbulent regime and at the lower Re-
number, the film is still in the so called stable wavy flow. This agrees with
the wave characteristic shown in fig. 6.16 (see section 6.2.2). Water films
(black squares) are for Ishigai clearly in the fully turbulent regime. According
to Al-Sibai’s flow regime map, they are still in the second transient regime.

Average wave velocity
The average wave velocities are compared in fig. 6.27. Own data are pre-
sented in colored markers and show their uncertainty range (see determi-
nation in chapter 8.5). Data from the literature are depicted in grey scale.
Filled symbols illustrate data on smooth heating surfaces and empty symbols
on structured surface.

Figure 6.27: Average wave velocity comparison with literature

In general, the average velocity increases with Reynolds. Evaporating water
falling films (Maun’s and own data) have lower average wave velocities than
the rest. This has to do with the kinematic viscosity. Water at 100oC has
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a kinematic viscosity of about νH2O,100oC = 3 · 10−7m2/s, which is 3 times
lower than the viscosity at 20oC νH2O,20oC ≈ 10−6m2/s. Lower viscosities at
the same Reynolds number lead obviously to lower velocities. Water-ethylene
glycol evaporating films have similar velocities as the data from the literature
because the kinematic viscosity νH2O−EG,109oC ≈ 8 · 10−7m2/s is close to the
one of water at 20oC νH2O,20oC ≈ 1 · 10−6m2/s.

The own measured wave velocity of water-ethylene glycol films does not in-
crease with Re-number but remains constant. This effect was observed also
by other authors like Ambrosini et al. [58] and Karapantsios and Karabelas
[38] in a Reynolds range of Re=200-600. The hydrodynamic conditions of
these authors were very close to the conditions of the mixture films. They
worked with water films at 20 − 30oC whose viscosity is very close to the
viscosity of evaporating water-ethylene glycol mixture (see above). Further-
more, the Ka∗-number are similar and according to Al-Sibai for Re=200-600
are located at the end of the stable wavy flow and begin of the second tran-
sient regime (like own data).

The impact of structured surfaces on the wave velocity of water and water-
ethylene glycol was also studied by Maun[26]. He found that finned surfaces
slow down water-ethylene glycol waves in average 41% (see fig. 6.27). In
contrast, water waves are slowed down maximal 12% and in average only
7%. If the error of the determination of the wave velocity ∆w = ±11%
is considered (see chapter 8.5), the reduction of the velocity in the case of
water-ethylene glycol waves is unambiguous but in the case of water waves
is unclear. Finned and grooved surfaces seem to have a different impact on
the wave velocity. Own data show that the wave velocity of water-ethylene
glycol waves on smooth and grooved surfaces is almost equal. However, wa-
ter waves show other behavior. At lower Re-number the grooves accelerate
the water waves but at higher Re-number the velocity of water waves on the
smooth surface is larger than on the grooved surface. The influence of the
grooved surface on the wave velocity is further studied in the next chapter
by means of probability distributions (see fig. 6.34).

Average base film thickness
A comparison of the average base film thickness is presented in fig. 6.28.
Colored symbols show the own measurements with their error bars (see de-
termination in chapter 8.5). Data from the literature are depicted in grey
scale. Filled symbols illustrate measurements on smooth surfaces and empty
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markers illustrate measurements on a structured heating surface. Own data
for water-ethylene glycol mixtures films on smooth surface agree with Maun’s
data [26]. On the contrary, Maun’s data for water are over 60% larger com-
pared to own data. Telles’s data [59] are also below Maun’s data and show
a constant base film thickness at Re ≥ 1000. Own data for water films have
an average deviation of -25% compared with Telles’s data and present also
a constant base film thickness at Re ≥ 800. In case of water-ethylene glycol
mixtures the base film thickness is never independent of the Re-number. A
possible reason for this is the different hydrodynamic characteristics of the
films. Telles’s measurements with water films are located in the flow regimes
map (see fig. 6.26) at the beginning of the fully turbulent flow regime as
well as the water films in own measurements. Maun’s mixture films and own
mixture films are in contrast still in stable wavy flow. Perhaps the average
base film thickness reaches a constant value independent of Re-number in
turbulent regime.

Figure 6.28: Base film thickness comparison with literature

Minimal and maximal film thickness
The minimal and maximal value of the film thickness are also common data
in the literature. A comparison of the own data for water-ethylene glycol
mixture films and water films with the literature is presented in fig. 6.29
and 6.30, respectively. The data from the literature for the minimal thick-
ness for the Reynolds range Re=200-400 (fig. 6.29) vary from 0.2mm up
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to 0.35mm. Own data (black squares) show a very good agreement with
Takahama and Kato’s data [34]. They measured the film thickness by means
of needle contact probes at a flow length of 1500mm. Maun’s data, mea-
sured with HF-probes at 700mm, are only slightly lower than the own data
at 800mm.

Figure 6.29: Comparison of the minimal and maximal film thickness of water-
ethylene glycol films with literature

Figure 6.30: Comparison of the minimal and maximal film thickness of water
films with literature

In contrast to the data for the minimal film thickness, the data from the liter-
ature for the maximal film thickness show a clear discrepancy. Takahama
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and Kato, who showed the best agreement for the minimal film thickness,
measured lower values for the maximal film thickness. Also Takamasa and
Hazuku [40] detected much lower maximal values, but in this case, it is very
likely that this has to do with the fact that they measured the film thickness
at a very short flow length, namely 366mm. Karapantsios and Karabelas’s
data [38] show the best agreement to the own measured data.

In general the deviation of own water films data with the literature is larger
than for mixture films (see fig. 6.30). This is certainly due to the very differ-
ent Ka∗-numbers for water at room temperature and for evaporating water
(see tab. 6.4). Only Maun’s measurements were carried out at the same
Ka∗-number as the own measurements. Thus, the minimal film thickness of
the own measurements only agrees with his data. However Maun’s values
for the maximal film thickness are too large compared with the own data
and Takahama and Kato’s show the best agreement with an average error of
25%.

Conclusions

The comparison of own data with the literature confirms that a falling film
flow can not be described by the Re-number only. Just if the Ka∗-number is
similar, the film parameters are in agreement. Hence, own evaporating water
film (Ka∗ = 3.7 · 1012) data correlate only with Maun’s data for average
wave velocity and minimal film thickness and do not show a good agreement
with the data for water at ambient temperature (Ka∗ = 5.5 · 1010). How-
ever, own evaporating water-ethylene glycol data (Ka∗ = 3.1 · 1010) show a
very good agreement with literature data for water falling films at ambient
temperature due to the similar Ka∗-number. For instance, the wave velocity
of own water-ethylene glycol films correlates with the data from the litera-
ture and the local independence from Re-number as in the case of Ambrosini
et al.[57, 58] and Karapantsios and Karabelas[37, 38]. Also minimal and
maximal film thicknesses correlate with Takahama and Kato[34] and Kara-
pantsions and Karabelas[37, 38], respectively. The dispersion of the values
from the literature is certainly due to the different accuracy of the measure-
ment methods and the different flow length at which the measurement was
carried out.
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Taking into account the flow regime map after Al-Sibai[42] and the base
film thickness comparison (fig. 6.28), another significant conclusion can be
drawn. The average base film thickness raises with the Re-number in the
stable wavy flow and at the beginning of the second transient regime but in
the fully turbulent regime the base film thickness reaches a constant value
and it is not dependent on the Re-number.

Although the data from the literature have been helpful to draw the two
above mentioned conclusions, they are not sufficient for a precise character-
ization of falling films. A very common parameter in the literature is the
average film thickness, which has not been considered in this study because
very different falling films can have the same average film thickness. The av-
erage base film thickness is however useful to compare measurements but only
Telles und Dukler[59] and Maun[26] have taken it into account. In order to
characterize the waves there are three parameters available in the literature:
the characteristic wave thickness after Chu and Dukler[27, 28], the minimal
film thickness and the maximal film thickness. The first one was discussed
in chapter 6.2.3 and was found to show not the real wave thickness but a
value between the base film thickness and the wave thickness. The minimal
and maximal film thickness are just the minimal and maximal value of the
film thickness in the measurement but no information about the frequency
of such low or high values is obtained. This lack of a detailed wave charac-
terization and the importance of the dispersion of other average parameters
like the wave velocity are solved with the new statistical data processing by
means of probability distributions of real wave parameters. The results are
presented in the following chapter.
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6.2.5 New statistical data processing of single waves

The new analysis of wave properties based on probability distributions com-
plements the information achieved by Chu and Dukler’s analysis. The prob-
ability distributions of the real wave thickness, dimensionless and net wave
amplitude, wave velocity and area under a wave for water-ethylene glycol
and water films on both smooth and grooved surface (see fig. 3.4) are shown
in figures 6.31 to 6.35. Afterwards the wave frequency is shown in figures
6.36 and 6.37.

In chapter 6.2.2 it was observed, that mixture films at lower Re-numbers
have a smoother and slightly thinner base film thickness between the grooves
and the wave thickness in the groove is slightly larger than on the smooth
surface. The average wave velocity was the same on both surfaces. In fig.6.31
the real wave thickness is presented. The distribution on the smooth surface
is almost the same as on the grooved surface at position 1 (middle between
two grooves). Then the probability distributions in direction to the groove
follow. The base film thickness increases also from position 1 to 5 (see fig.
6.20a). In order to avoid the influence of the base film thickness, it has
been subtracted to get the net wave amplitude (see eq. 5.10). In fig. 6.33
the net wave amplitude at each position and surface reveal that the waves
are similar on both smooth and grooved surface. In fig. 6.34 the wave ve-
locity probability distributions for each position on the grooved surface is
presented. Unfortunately the probability distribution on the smooth surface
is not available but the average wave velocity from Chu and Dukler’s analysis
wCCF = 1m/s is a good reference. Since the wave velocity distributions on
the groove surface are not skew, the average value wCCF is representative for
the whole distribution and the conclusion from Chu and Dukler’s analysis
is valid. There is no significant difference between the wave velocity on the
smooth and the grooved surface.

Considering similar wave thickness and wave velocity, the distribution of the
area under a wave (fig. 6.35) for the lower Reynolds-number suggests that
there are more narrower waves and less wide waves on the grooved surface
than on the smooth one.

The wave frequency for mixture films is shown in fig. 6.36. If the average for
the groove surface at the lower Reynolds-number is calculated, no increase
of the wave frequency due to the grooves can be found.
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The visualization of the wavy flow of mixture films at the higher Re-
numbers in fig.6.17 has shown, that grooves promote waves of larger am-
plitude and higher frequency. Chu and Dukler’s analysis reveal a significant
reduction of the base film thickness δB and also of the characteristic wave
thickness δW (see fig. 6.20b), which does not correlate with the observa-
tions of the film characteristic. This apparent contradiction is clarified by
the wave thickness probability distributions shown in figures 6.31 to 6.33. In
fig. 6.31 the real wave thickness distributions are skew and shifted to the
left compared to the distribution on the smooth surface. The waves have
apparently a slightly lower amplitude on the grooved surface. In fact this
is only the influence of the reduction of the base film thickness promoted
by the grooves. In fig. 6.33 the base film thickness has been subtracted to
get the net absolute wave thickness. Here it is clear, that the waves on the
smooth surface and on the grooved surface are very similar. Therefore the
dimensionless wave amplitude of the grooved surface is wider than on the
smooth one (see fig. 6.32). This shows again, that the characteristic wave
thickness δW from Chu and Dukler’s analysis, which had shown a reduction
of the wave thickness in this case, is not an adequate value to represent the
wave amplitude because it is not the real wave thickness and it is influenced
by the base film thickness. The probability distributions of the wave velocity
(fig.6.34) are not skew and therefore the average value wCCF is representa-
tive. According to Chu and Dukler’s analysis, a significant change of the
wave velocity due to the grooves can not be concluded. In contrast the new
analysis shows differences of about 0.5m/s in the film on the grooved surface.
Finally, in fig.6.36 it can be observed, that the grooves increase the wave fre-
quency respect to the smooth surface. In average (calculation as in eq.6.2)
the wave frequency on grooved surfaces was increased by 17%.

Water films at lower Re-numbers have not shown a significant base film
thickness reduction in fig.6.18. However the films on the smooth and on the
grooved surface were different. On the smooth surface there was no distinc-
tion between base film and wave because the base film was very wavy. On
the contrary, on the grooved surface the base film regions are smoother and
the waves have a larger amplitude. The no-existent base film reduction was
confirmed by Chun and Dukler’s analysis but the enlargement of the wave
amplitude could not be drawn because their values on the several positions
on the grooved surface were round about the characteristic wave thickness on
the smooth surface. The probability distributions of the wave amplitude 6.31
to 6.33 can clarify this fact. The probability distributions of the real wave
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thickness in fig. 6.31 show that on the grooved surface the distributions are
wider and achieve higher values than on the smooth surface. Since the base
film thickness remains similar, the net wave amplitude in fig.6.33 confirms
that the grooves promote larger and more diverse amplitudes. The probabil-
ity distributions of the wave velocity in fig.6.34 show that the wave velocity
on the grooved surface is almost identical for each position and higher than
on the smooth surface. Since larger amplitudes and wave velocities have
contrary effects on the area under a surface, no conclusions about the width
of the waves can be drawn. The wave frequency (see fig.6.37) has been in-
creased by the grooves in average by 11%. If the base film thickness remains
equal, the waves have larger amplitudes and flow down with higher velocity
and frequency, then the waves must be smaller (have to transport less liquid)
than on the smooth surface.

The wave characteristic of the water films at higher Re-numbers in
fig.6.19 reveal smoother base film regions and waves of higher amplitude on
the grooved surface with respect to the smooth surface. However, as at the
lower Re-number, according to Chu and Dukler’s analysis there is no signif-
icant difference between the base film thickness and the characteristic wave
thickness on the smooth heating surface and the grooved one. The real wave
thickness and net wave amplitude probability distributions (see fig. 6.31 and
6.33) reveal that the waves do have more diverse amplitudes on the grooved
surface than on the smooth one. Furthermore, larger wave amplitudes are
achieved on the grooved surface. In fig. 6.34 the probability distributions of
the wave velocity on the grooved surface are shown. Unfortunately the wave
velocity distribution for water films on the smooth surface is not available,
but since this kind of distributions are normal, the average value from Chu
and Dukler’s analysis (wCCF = 1.4m/s) can be applied. The maxima of
the probability distributions in the groove is close to the wave velocity on
the smooth surface but positions 1 to 3 show lower velocities. In average
the water waves at the higher Re-number flow down slower on the grooved
surface than on the smooth one. The grooves increase the wave frequency
more intensively than at lower Re-number, namely by 23% in average (see
fig.6.37).
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Figure 6.31: Real wave thickness distribution of water-ethylene glycol and
water films
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Figure 6.32: Dimensionless wave amplitude distribution of water-ethylene
glycol and water films
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Figure 6.33: Net wave amplitude (mm) distribution of water-ethylene glycol
and water films
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Figure 6.34: Wave velocity distribution of water-ethylene glycol and water
films
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Figure 6.35: Distribution of the area under a wave of water-ethylene glycol
and water films
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Figure 6.36: Wave frequency of water-ethylene glycol films

Figure 6.37: Wave frequency of water films
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Conclusions from the HF-probe experiments

In the following the most important conclusions from all analyses that have
been applied in the present work are compiled. For both liquids the heat
transfer on the grooved plate is not only better than on the smooth surface,
but the grooves provoke the transition to turbulent regime at lower Reynolds
number than on the smooth surface.

Mixture films

Lower Re-number (Re ≈ 200)

- Slight base film thickness reduction only between the grooves. Here
the base film is smoother than on the smooth surface (figs. 6.16 and
6.20a).

- Similar wave thickness on the grooved surface and smooth surface. No
significant wave thickness increase can be drawn (fig. 6.31).

- No influence of the grooves on the wave velocity. The wave velocity on
smooth and grooved surface is in average equal (fig. 6.24 and 6.34).

- There are more narrow waves and less wide waves on the grooved sur-
face (fig. 6.35).

- No increase of wave frequency due to the grooves was found (fig. 6.36).

- Heat transfer improvement of 24%, not far from the enlargement of the
heating surface of 15% (figs. 6.14 and 6.15).

Higher Re-number (Re ≈ 400)

- Very pronounced base film thickness reduction with respect to the
smooth surface. It is not only between the grooves but also in the
groove (figs. 6.17 and 6.20b).
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- Net wave amplitude is highly similar on both surfaces. Only the base
film thickness reduction on the grooved surface is responsible for smaller
wave thicknesses than on the smooth surface (see fig. 6.33 and 6.31).

- The wave velocity on smooth and grooved surface is in average equal
(fig. 6.34).

- Grooves increase the wave frequency by 17% (fig. 6.36).

- Heat transfer improvement of 42% clearly above the enlargement of the
heating surface 15% (fig. 6.14 and 6.15).

In case of mixture films, the reduction of the base film thickness and the
resulting decrease of the heat transfer resistance in the film is the main
mechanism for the heat transfer improvement. At lower Re-number, apart
from a slight reduction of the base film thickness between the grooves, no
other significant changes caused by the grooves have been found. Here the
heat transfer improvement was only 24%, very close to the enlargement of
the heating surface due to the grooves (15%). At higher Re-number, a very
pronounced base film thickness decrease was observed but the net wave am-
plitude remains as on the smooth surface. The waviness of mixture films
seems not to be affected by the grooves, except for the higher Re where the
wave frequency was increased by the grooves. The base film thickness profile
in fig.6.21 shows that the groove is completely filled by the mixture and no
secondary streams transverse to the flow direction can be concluded. The
increase of the wave frequency explains that a part of the liquid from the
base film flows now down in form of waves. The heat transfer improvement
was found to be 42%.

Water films

Lower Re-number (Re ≈ 600)

- No apparent base film thickness reduction with respect to the smooth
surface. However, base film can not be clearly identified on the smooth
surface. In contrast on the grooved surface smooth base film regions
can be observed (figs. 6.18 and 6.22a).



110 Results

- Grooves promote more diverse and larger wave amplitudes (fig. 6.31).

- On the grooved surface the waves are accelerated with respect to the
smooth surface (figs. 6.25 and 6.34).

- Wave frequency increases due to the grooves by 11% (fig. 6.37).

- The waves on the grooved surface are smaller as a result of the last four
conditions.

- Heat transfer improvement of 38% (figs. 6.14 and 6.15).

Higher Re-number (Re ≈ 1100)

- No base film thickness reduction with respect to the smooth surface
(figs. 6.19 and 6.22b).

- Grooves promote more diverse and larger wave amplitudes (fig. 6.31).

- On the grooved surface the waves flow down slower than on the smooth
surface (figs. 6.25 and 6.34).

- Wave frequency increases due to the grooves by 23% (fig. 6.37).

- Heat transfer improvement of 63% (figs. 6.14 and 6.15).

The mechanism for the heat transfer improvement in water films differs from
the one for mixture films. Water does not fill the groove completely but
follows the contour of the groove. No base film thickness reduction has been
observed. Instead a significant wave enhancement was found. Grooves pro-
mote waves of larger amplitudes and higher frequency. The waves have a
mixing effect in the film and the film becomes more turbulent. This effect is
more pronounced at higher Reynolds numbers.
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6.3 Study of the Interaction between Fluid

and Substrate

The stability of the falling film on the evaporator plate is strongly determined
by the wetting behavior of the test fluid on the plate. Therefore a deep
knowledge of the wetting properties of the system is required to get a better
understanding of the macroscopic film breakdown. For this purpose the
contact angle of the test fluids on a plate made of the same copper alloy as
in the test facility was measured at the Stranski Laboratory for Physical and
Theoretical Chemistry at the Berlin University of Technology in cooperation
with Katarzyna Hänni-Ciunel. Although the real system is a dynamic one,
conclusions can be deduced from the studies of a static system. The real
dynamic system in the evaporation test facility consists of three phases:

1-Substrate: copper alloy
2-Test fluid: distilled water or water-ethylene glycol mixture
3-Water vapor
This dynamic system was replaced by the static system shown in tab. 6.5.

Table 6.5: Three phase system

a) Dynamic system b) Static system

Small plates of the same copper alloy were manufactured and both test fluids
were studied. Since the substrate is a non-deformable solid, the relation
between the interfacial tensions can be summarized by Young’s equation
[65]:

σSG = σSL + σLG · cos(θ) , (6.3)

where σij is the interfacial tension between the phases i and j and θ is the
contact angle. If the contact angle is 0o there is perfect wetting, i.e. the
liquid spreads on the substrate. Partial wetting is found when θ > 90o
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(poor wetting) or θ < 90o (good wetting). The solid-gas interfacial tension
σSG and the solid-liquid interfacial tension σSL can not be measured but the
liquid-gas interface tension σLG and the contact angle θ can be determined
experimentally. Equation 6.3 can be transformed to calculate the wetting
tension as follows:

σSG − σSL︸ ︷︷ ︸
wetting tension

= σLG · cos(θ)︸ ︷︷ ︸
measureable

. (6.4)

Equation 6.4 indicates that the wetting properties of a solid surface can be
attributed to both, surface tension of the liquid (σLG) and the contact angle
θ of the liquid droplet on the concerned solid substrate. The surface tension
σLG for water and water-ethylene glycol are taken from the literature (see
section 8.4). The contact angle θ is measured by means of OCA 20 device
from Dataphysics schematically shown in fig. 6.38.

Figure 6.38: Test facility for contact angle measurements at Stranski Labo-
ratory for Physical and Theoretical Chemistry (TU Berlin)

The copper-alloy plate is laid on a teflon block in a closed glass cell with test
fluid in it, so that the air is saturated by the liquid vapor. Such conditions
ensure unvarying atmosphere and prevent evaporation of the droplet, which
influence the reproducibility of the measurement [66]. By means of an injec-
tion through a tight hole drilled in the cell top cover, a small droplet is placed
on the plate. A CCD camera connected to a computer allows simultaneous
visualization of the droplet. Digital pictures provided by the software serves
for the calculation of the contact angle θ.

Both test fluids are measured on two plates of the same copper alloy but
different machining procedure: a milled plate and a polished plate. Several
droplets with the same substrate-liquid system have to be measured in order
to analyze statistically the results. A whisker plot of the results is shown
in fig. 6.39. Contact angles for Cu-water are in the range 90o − 95o and
the contact angle for Cu-mixture is about 20o smaller. It was expected, that
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the different machining procedures have an influence on the contact angle.
However, this influence can not be concluded from the present experiments.
Polished plates show for the Cu-mixture slightly higher values and for the
Cu-water system lower values.

Once the contact angle is known, the wetting tension can be calculated ac-
cording to equation 6.4. Results are compiled in table 6.6. Liquid surface
tensions σLG at 20oC are used (see section 8.4) since the contact angles are
measured at room temperature. The positive wetting tension of the mixture
system compared to the low and even negative tension for water indicates
a much higher wettability of the copper alloy by the water-ethylene glycol
mixture. This correlates with the experiments at the test facility (see fig.
3.1). Water-ethylene glycol films were more stable than water films, that
broke down more often at the same flow conditions.

Table 6.6: Wetting tension of the fluid-substrate systems

Fluid σLG,20oC θ wetting tension
mN/m (o) mN/m

water 72.88 92± 3 -6.4-1.3
water-ethylene glycol 55.2 73± 2 14-18
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Figure 6.39: Whisker-plot of the measured contact angles for the system
copper-water and copper-water ethylene glycol mixture (ξEG = 0.6)
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The stability of liquid films on solid substrates can be also studied at Stranski
Laboratory by means of the Thin Film Pressure Balance. This apparatus was
developed by Scheludko [67] in 1961 and is commonly used for investigations
of symmetric foam films. The porous plate technique is used to determine the
disjoining pressure isotherms corresponding to the interactions between the
interfaces of a liquid film. The film holder consists of a porous fritted glass
disc fused to a capillary tube opened to the atmospheric pressure (see fig.
6.40). A hole is drilled through the fritted glass disc where the liquid film is
generated. The film holder is inserted in a hermetically sealed stainless steel
cell where the inner pressure is controlled by means of a pump. An excess
of the investigated liquid placed in the measuring cell provides a saturated
atmosphere and avoids evaporation of the film. The equipment is adapted for
studies of wetting films by attaching the solid substrate to the bottom side of
the porous plate. A detailed description of this equipment is given in Ciunel
[68]. Fig. 6.40 shows a draft of the film holder modified for investigation
of wetting films. When the pressure in the cell is increased, the liquid flows
from the hole of the fritted glass disc into the porous material to equalize
the capillary pressure. A liquid thin film is formed on the substrate in the
hole of the fritted glass disc. The film is illuminated by white light and its
thickness is measured interferometrically [67]. A video camera mounted on
a microscope allows the visual inspection and recording of the film thinning.
When the pressure is too high, the film breaks down.

Figure 6.40: Wetting film formation by porous plate technique
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Both test fluids are studied by means of this technique on milled and polished
Cu-plates. During the test, the pressure in the cell was increased progres-
sively until the film breaks. Unfortunately, the film thickness cannot be
determined interferometrically because the reflection of copper is too inten-
sive. The film breaks directly without achieving an equilibrium thickness,
so that disjoining pressure can not be determined. This instability of the
films can be attributed to the roughness of the substrates. The thickness
of films investigated by the porous-plate technique is in the range of 5-120
nm. This order of magnitude correlates with the roughness of the prepared
copper substrates. For a quantitative comparison both milled and polished
plates were analyzed by Atomic Force Microscopy (AFM) at the Institute
of Solid State Physics at Berlin University of Technology with a Nanoscope
III of Digital Instruments. Contact mode was used for these measurements,
where the sensor tip made of silicon nitride scans a region of the plate of
80µmx80µm. Further information about this measurement technique can be
found in Fleischer [69]. The RMS-roughness (root mean square) of a copper
alloy plate is calculated as:

RMS =

√
ΣN

i=1(zi − z̄)2

N
, (6.5)

where zi is the the z value (i.e. the height) for a certain pixel, z̄ is the average
z value in the chosen area (80µmx80µm) and N the number of pixels in this
area. The results are shown in tab. 6.7.

Table 6.7: AFM results for the RMS-roughness

material machining RMS-roughness

copper alloy milled 180 nm
copper alloy polished 30 nm

Fig. 6.41a shows the topography picture provided by AFM of the milled
plate. A profile of the surface along the marked line in picture 6.41a is de-
picted in fig. 6.41b. Since the mean roughness of both machined plates is
higher than the dimension of the films investigated by Thin Film Pressure
Balance, the formation of nanofilms on substrates prepared in this way is not
possible. The liquid just flow into the grooves of the rough surface.
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Figure 6.41: Topography of a milled copper plate analyzed by AFM

However, the breakdown of the thin film can be observed by the CCD cam-
era. The dewetting process of water and mixture films was very different.
Water films break down abruptly. On the contrary, the dewetting of water-
ethylene glycol mixture films is a very slow process. This effect has been also
observed in the evaporating falling films on the milled heating plate of the
test facility (fig. 3.1). When a dry spot is formed with water evaporating
films, the film breaks within 1-2 seconds and the dry area reaches the top
of the test section. In case of water-ethylene glycol evaporation films, a dry
spot needs much more time to reach the liquid distributor.

The present study emphasizes the relevance of contact angle measurements
for the determination of wetting tension and characterization of the wetting
properties of a solid substrate. Measurements at the Thin Film Pressure
Balance enable to predict the dynamic stability of the liquid films. However,
a quantitative description is not possible for solids of high mean roughness.
In view of these results, further tests are required for different substrates,
machining and liquids in order to understand how to improve the wettability
of the plate and the resulting stability of the evaporating falling films.
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6.4 Thermocapillary Film Breakdown on Grooved

Surfaces

The good heat transfer in thin films is related to the small heat transfer
resistance. Hence, the thinner the film, the better the heat transfer. However,
when the films are very thin, they tend to break. In the literature four types
of breakdown are distinguished:

- Breakdown in isothermal conditions: no heating is applied to the film.
The flow rate is so low that the minimal flow rate to wet the surface is
reached and the film breaks down.

- Breakdown of evaporating films (film dryout): due to the intensive
evaporation, the film becomes thinner and thinner and drys out.

- Breakdown at the boiling crisis: film departure from the heating
surface at the boiling crisis.

- Thermocapillary breakdown: heating applied to subcooled films
provokes temperature gradients at the liquid-gas interphase that lead
to surface tension gradients. Then thermocapillary forces transport
the liquid from regions with a small thickness, higher temperature and
lower surface tension to regions with larger thickness, lower tempera-
ture and higher surface tension. Hence, the film breaks down.

The present work is focused on the study of thermocapillary breakdown on
grooved surfaces and its comparison with smooth surfaces. In the literature,
thermocapillary breakdown data on smooth surfaces with different heater
sizes are available. However no data on structured surfaces are existent.
Experiments on smooth surfaces reveal that the film breakdown is influenced
by the heater size. In order to compare the experiments, two criteria are
found in the literature:

- Kp: dimensionless number introduced by Zuber[70],

Kp =
− dσ

dT
q̇

λρ(νg)2/3
, (6.6)

which is the ratio between the thermocapillary tangential stress at the
surface of the film and the tangential stress at the wall in pure gravi-
tational film flow.
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- Lidp: distance between the location of the dry patch initiation and the
liquid distributor.

The thermocapillary breakdown experiments were carried out at the Berlin
University of Technology at the test facility shown in fig.3.1 in cooperation
with Dr. Dmitry Zaitsev in the frame of the program INTAS (International
Association for the Promotion of Co-operation with Scientists from the New
Independent States of the Former Soviet Union). Firstly, measurements on
the grooved surface (see fig.3.4) were carried out. Subcooled water was used
as test fluid. The inlet temperature was varied in the range Tinlet = 20−98oC
and the heat flux was increased up to q̇ = 1.5W/cm2. The range of the
Reynolds number was 58 up to 461. The measurements were carried out
as follows: first, the test facility was run at the inlet temperature without
heating during two hours to clean the surface of the plate. After that, the
Reynolds number was set and the heat flux was increased stepwise until a
dry patch was formed. A picture of the initiation of the dry patch was taken
and the heat flux was registered. The dry patch was observed during approx-
imately two minutes and only if it was stable, it was considered in the data
processing. Rewettable dry patches are not the focus of this investigation.

In fig.6.42a a photo of a water film on the grooved surface without heating is
shown. A typical dry patch on the grooved surface is shown in fig.6.42b. Dry
patches on the grooved surface are very small. Grooves prevent the spreading
of dry patches in transverse direction.

Figure 6.42: a) Water film on grooved surface at Tinlet = 64oC, Re=235,
q̇ = 0W/cm2, b) Dry patch in grooved surface, water Tinlet = 83oC, Re=190,
q̇ = 0.7W/cm2
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In fig.6.43 a comparison of the own data with the literature is presented.
Three different heater sizes are distinguished in the literature: local heaters
(length of the heater from 2.2 to 6.5mm), heaters of middle size (length of
150mm) and larger heaters (from 600mm to 2200mm). Their data are pre-
sented by means of trendlines. Only Gogonin’s[71] experiments were carried
out at similar conditions as the own measurements. He studied the break-
down of subcooled water films on a 1m long pipe. Local heaters were studied
by Kabov et al.[72, 73, 74]. They used water, ethyl alcohol and perflourine-
triehtyl-amine (MD-3F) as test fluids. A middle size heater was studied by
Chinnov et. al.[75] with a water film at 20oC. Fujita and Gimbutis[76] car-
ried out experiments with water films on pipes 0.6m and 2.2m, respectively.
Gogonin[71] extended his heater up to 2m to study water and alcohol falling
films.

Figure 6.43: Comparison of Kp (criterion eq. 6.6 for the beginning of break-
down) of own results on the grooved plate with literature data on smooth
surfaces

The data from the literature confirm a dependence of the heat flux for film
breakdown on the streamwise heater length. The longer the heater, the lower
the heat flux at which the breakdown of the film occurs. Chinnov et al.[75]
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postulate, that the development of hydrodynamic waves decreases this criti-
cal heat flux. A comparison of the own data with Gogoning’s data reveal that
the critical heat flux for film breakdown of grooved surfaces is up to three
times higher than the one of smooth pipes with the same heater length.

The distance to the liquid distributor at which the dry patch forms is shown
in fig.6.44. Obviously, only Gogonin’s data are comparable to the own data.
Both results show the same trend. The distance to the distributor decreases
with the Reynolds number. However, on the grooved surface the dry patches
start closer to the liquid distributor. The wave enhancement promoted by
the grooved surface is a possible reason for this fact. It was also observed,
that at the same inlet conditions, the distance at which the dry patch forms
decreases with increasing heat fluxes.

Figure 6.44: Distance from the liquid distributor at which dry patch forms

Final experiments were carried out on a plate with a smooth surface. For
this purpose, the grooves were filled with a paste to get a smooth surface. In
fig.6.45 two examples of dry patches on the grooved and the smooth surface
are shown. Dry patches on smooth surface are much wider and spread faster
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than on the grooved surface. Here the grooves prevent from spreading of the
dry patch in transverse direction. In addition, the critical heat flux for film
breakdown on the smooth plate was found to be two times lower than on the
grooved surface.

The relevance of the presented data resides in the fact that structured heat-
ing surfaces are not only able to enhance the heat transfer in falling films
but also to prevent the spreading of dry patches, to increase the critical heat
flux for dry patch formation and to delay the heat transfer crisis.

Figure 6.45: a) Dry patch on grooved surface, water Tinlet = 54oC Re=112
q̇ = 1.43W/cm2, b) Dry patch on smooth surface, water Tinlet = 90oC
Re=306 q̇ = 1.44W/cm2
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7 Summary and Outlook

7.1 Summary

Structured surfaces are used to enhance the heat transfer to evaporating
falling films. The improvement of the heat transfer is not only related to the
enlargement of the transfer area. It is known that structured surfaces also
affect the hydrodynamic properties of falling films. However, according to
the available literature, this effect depends highly on the physical properties
of the liquid and the mechanisms for the heat transfer enhancement are not
yet well understood. Due to the high complexity of the transport phenom-
ena in film flow (especially in case of mixtures) on structured surfaces, no
theoretical approach is feasible up to now and further experimental studies
are required.

The aim of the present work is to get a deeper understanding of the impact
of structured heating surfaces on the hydrodynamic characteristic of the film
and its correlation with the heat transfer enhancement. For this purpose,
the evaporation of water and water-ethylene glycol mixture (ξEG = 0.6)
falling films at atmospheric pressure on finned (Maun[26]) and grooved sur-
faces is investigated and compared with a smooth surface. The impact of
the structured heating surface on the heat transfer and the hydrodynamic
characteristic are the focus of the measurements. The measurement of film
thickness on structured surfaces under evaporation conditions is not trivial.
Therefore first an overview about the actual measurement techniques for the
film thickness is given. The implementation of these techniques for mea-
surements under the present special conditions (evaporation on structured
heating surfaces) is, however, not feasible without problems.

A new technique was applied in the present study: two consecutive non-
commercial high frequency needle probes were used to get the time varying
film thickness and the wave velocity at a fix position. An appropriate sta-
tistical characterization of the falling films is required due to the stochastic
nature of the waves. For this purpose, a new statistical wave analysis was
developed based on probability distributions of the wave properties and not
average values, as it is usual in the literature. The additional information
that can be achieved by applying this new method shows that this supple-
mentary statistical analysis is essential in order to compare the hydrodynamic
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characteristic of different falling films.

Finned surface

Maun[26] measured the time varying film thickness of water and water-
ethylene glycol (ξEG = 0.6) films on smooth and finned surfaces with the
same kind of probes. He characterized the wavy films according to statisti-
cal methods available in the literature. The new statistical data processing
developed in this work was applied to his measurements. The most impor-
tant conclusions from the new statistical data processing with respect to the
standard processing are:

- The characteristic average wave thickness from Chu and Dukler’s [27][28]
statistical analysis is not a proper value to characterize the amplitude
of the waves because it does not represent the wave crest and it is
influenced by the base film thickness. Therefore it leads to wrong con-
clusions regarding the wave thickness. Probability distributions of the
real wave crest should be used instead.

- Average wave properties are not representative if the property does not
have a normal probability distribution. The results show that this is
not always the case. Therefore probability distributions are needed to
compare different measurements.

- Furthermore, the width of the distributions represents the diversifica-
tion of the real wave thickness and the wave velocity, whereas after
Chun and Dukler’s method only the diversification of the global film
thickness could be analyzed.

The following conclusions for finned surfaces were drawn:

- The base film thickness of both water and water-ethylene glycol is re-
duced by the use of fins. The wave amplitude is larger on the finned
surface than on the smooth one for both fluids. Mixture waves become
more diverse but water waves remain as on the smooth surface. This
follows from the significant lower surface tension of the mixture with
respect to water.

- The wave velocity is slowed down by the fins. This effect is very pro-
nounced for mixture films but not for water films. The higher viscosity
of the mixture compared with water could be responsible for this dif-
ference. Furthermore, the fins provoke a strong regularization of the
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wave velocity of the mixture. In case of water films the regularization
is also observed, but much less pronounced.

- Mixture waves are smaller on the finned surface and their net wave
amplitude is very similar at each position on the finned surface. On
the contrary, the net amplitude of water waves increases from the fin
to the center between the fins. Secondary streams from the fin to the
center are responsible for this fact.

Grooved surface

The heat transfer on the grooved plate is for both liquids not only better
than on the smooth surface, but the grooves provoke the transition to the
turbulent regime at lower Reynolds numbers than on the smooth surface.
However, the effect of the grooves on the hydrodynamic properties of the
mixture (and consequently on the heat transfer) differs from the effect on
water films. The heat transfer improvement in case of mixture films was
found to be up to 42%. It increases with the Reynolds number. The main
heat transfer enhancement mechanism is the reduction of the base film thick-
ness (decrease of the thermal resistance) and increase of the wave frequency.
The net wave amplitudes are similar as on the smooth surface. They are not
affected by the grooves, which are completely filled by the mixture.

The heat transfer improvement in case of water films was found to be up to
63% and, as in case of mixture films, it increases with the Reynolds number.
However, the enhancement mechanism is quite different from mixture films.
Water does not fill the grooves completely but follows the contour of the
groove. Therefore, there is no reduction of the base film thickness. But the
grooves provoke a significant wave enhancement. The wave amplitudes are
more diverse and larger on the grooved surface than on the smooth surface
and the wave frequency is increased by up to 23%. This wave enhancement
leads to a better mixing effect and turbulization of the film and the resulting
heat transfer improvement.

Wettability and Film Stability

Since the stability of the film plays a crucial role in the performance of falling
film evaporators, two cooperations were carried out in the frame of this re-
search work. In cooperation with Kasia Hänni-Ciunel, the wettability and
film stability of water and the water-ethylene glycol mixture on the copper
alloy were experimental determined at the Stranski Laboratory for Physi-
cal and Theoretical Chemistry at the Berlin University of Technology. The
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higher wettability of the plate by the mixture correlates with the observa-
tions at the test facility at the Institute for Energy Engineering. The water
film stability is worse than of the mixture films, also under isotherm condi-
tions. Furthermore, the dynamic stability of water and mixture films was
studied by means of the ’Thin Film Pressure Balance Technique’. The film
breakdown was observed by a CCD camera. The dewetting process of water
film was found to be abruptly, whereas the dewetting of mixture films is a
much slower process. This agrees with the breakdown behavior of both liq-
uids at the test facility at the Institute for Energy Engineering. However, a
quantitative study requires substrates with very low roughness. Otherwise,
only qualitative conclusions can be drawn.

Thermocapillary Film Breakdown

In cooperation with Dmitry Zaitsev in the frame of the European INTAS-
Program, the effect of grooves on thermocapillary film breakdown of sub-
cooled water films was investigated. The critical heat flux for breakdown on
the grooved surface was found to be twice to three times higher than on a
smooth surface. Furthermore, the small dry patches on the grooved surface
reveal that the longitudinal grooves prevent the spreading of dry patches in
transverse direction.

Future objectives

This study is certainly not the final solution for the prediction of the optimal
structured surface for a given system but an important step forward to this
future vision. The new data processing based on probability distributions is
a powerful statistical method that provides more information than average
parameters. Furthermore, it ensures a fair comparison of different falling
film measurements by considering the real wave thickness. The HF-probe
measurements show that the flow characteristics not only depend on the
Re-number but also on Ka∗-number. This means that in the future, when
further measurements with liquids with different and similar physical prop-
erties have been carried out, the Ka∗-number will certainly be a necessary
parameter for the generalization of conclusions. And last but not least, the
analysis of the HF-probe measurements reveal that the effect of a structured
surface on the hydrodynamic characteristic of different liquid films and the
resulting heat transfer improvement mechanism is not necessarily the same.
Hence, the finned surface had a roughly similar hydrodynamic effect on both
water and mixture films but the grooved surface shows a clear different im-
pact on both liquids. However, the reduction of the base film thickness and



126 Summary and Outlook

wave enhancement (more frequent and larger waves with more diverse am-
plitudes) remain as expected positive effects of a structured surface. Which
one of both effects occurs depends on the structured surface and the physical
properties of the liquid. In order to achieve more information about this,
further measurements are required and the new data processing should be
used to study the hydrodynamic effect of structured surfaces.

7.2 Outlook

In the future a systematic change of the liquid properties should be carried
out in order to distinguish the influence of the viscosity and the surface ten-
sion (i.e. Ka∗). In the present work, the fluid properties seem to be too
different for the grooved heating surface. Water-ethylene glycol mixtures of
lower concentration (ξEG < 0.6) should be also measured.

A potential systematic variation of the current copper structured heating
surface is plotted in fig. 7.1. The actual width of the grooves W1 could be
doubled so that the width of the grooves and the space in between is equal
(see fig. 7.1, width W2). If the width of the grooves is enlarged again (W3),
then the grooved surface turns into a finned surface whose fins are so wide
as the grooves of the first surface (W1: 0.5mm). Hence also the influence of
grooves or fins with the same spacing could be compared.

The velocity in the base film remains unknown due to the limitations of the
measurement technique. Al-Sibai’s [42] measurements of the velocity field in
a wave by means of PIV have shown that the velocity in the wave and the
base film is not trivial but this information is necessary to understand the
change of the hydrodynamic behavior of falling films. Therefore additional
measurement techniques should be applied in order to achieve more informa-
tion. These techniques should be applicable under evaporation conditions on
structured surfaces.

The applied HF-probes give a very accurate information of the wave char-
acteristic in 2D. In reality the wave fronts are 3D. The HF-technique could
be extended to 3D if additional probes are applied. Pictures of the wave
fronts at different flow lengths could be taken to distinguish if the structured
heating surfaces have an influence on them. Another possibility to identify
3D-waves is to apply the light-induced fluorescence (LIF) like Ausner [43] did.
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The adaptation of the equipment required for LIF measurements for a closed
test facility under evaporation conditions is surely problematic. However, a
first test without phase change would be worth to observe the influence of
the structured surface on the three dimensional characteristics of the waves.

In the future not only thermal, strength and corrosion properties of the ma-
terial for the evaporator plate should be taken into account to choose the
alloy. Wetting tensions should be determined to know the wettability prop-
erties. The dynamic of the breakdown of films on the plate should be studied
by means of the ’Thin Film Pressure Balance’. The results of these analyses
would help to identify materials where the stability of the film flow is opti-
mized.

Figure 7.1: Potential systematic change of the structured heating surface
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8 Appendices

8.1 Correlations for heat transfer in convec-

tive boiling

The following correlations can be found in the literature for the calculation
of the heat transfer coefficient in convective boiling of pure components:
VDI [77]

Nu =
√

Nu2
lam + Nu2

turb ,

with
Nulam = 0.9Re−1/3 ,

and
Nuturb = 0.00622Re0.4Pr0.65 Pr < 50 .

Chun/Seban [60]
laminar:

Nulam = 0.82(4Re)−0.22 Re ≤ Recrit 1.7 ≤ Pr ≤ 5.7 ,

turbulent:

Nuturb = 0.0038(4Re)0.4Pr0.65 Re ≥ Recrit 1.7 ≤ Pr ≤ 5.7 .

They consider Recrit as the Reynolds number for the departure from the
laminar region. It is defined as the intersection of the equations for laminar
and turbulent regime:

4Recrit =
5800

Pr1.06
.

Numrich [78]
turbulent:

Nuturb = 0.003(4Re)0.44Pr0.4 Re ≥ Recrit 2.6 ≤ Pr ≤ 51.7 .

Alhusseini [29]

Nu = 5

√
Nu5

lam + Nu5
turb 9 ≤ Re ≤ 3896 1.7 ≤ Pr ≤ 46.6 ,
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with
Nulam = 2.65(4Re)−0.158Ka0.0563 ,

and

Nuturb =
Pr · δ+1/3

a1Pr3/4 + a2Pr1/2 + a3Pr1/4 + b(PrKa)1/2 + c1 + c2(4Re)
,

with
a1 = 9.17
a2 = 1.0304(130 + δ+)/δ+

a3 = 0.0289(152100 + 2340δ+ + 7δ+2)/δ+2

b = 2.51 · 106(δ+0.333/((4Re)3.49Ka0.0675
))Ka−0.173

c1 = 8.82
c2 = 0.0003
δ+ = 0.0946(4Re)0.8 .

Maun [26]

Nu =
0.82

1.05(x̃EG − ỹEG) + 1
(4Re)

−0.22
1+0.86(x̃EG−ỹEG) ,

15 ≤ Re ≤ 249 7.8 ≤ Pr ≤ 45.9 0.2 ≤ ξEG ≤ 0.8 .

8.2 Correlations for the Transition from Lam-

inar to Turbulent Heat Transfer

Chun and Seban [60]

4Retr =
5800

Pr1.06

Wilke [61]
4Retr = 2460Pr−0.65

Baehr and Stephan [62]

Retr = 256Pr−0.47
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8.3 Flow Regimes for Falling Films

Ishigai et al. [64]

laminar Re ≤ 0.47Ka∗0.1︸ ︷︷ ︸
Rec1

,

first transition regime 0.47Ka∗0.1︸ ︷︷ ︸
Rec1

≤ Re ≤ 2.2Ka∗0.1︸ ︷︷ ︸
Rec2

,

stable wavy flow 2.2Ka∗0.1︸ ︷︷ ︸
Rec2

≤ Re ≤ 75︸︷︷︸
Rec3

,

second transition regime 75︸︷︷︸
Rec3

≤ Re ≤ 400︸︷︷︸
Rec4

,

fully turbulent flow Re ≥ 400︸︷︷︸
Rec4

.

Al-Sibai [42]

laminar Re ≤ 0.6Ka∗0.1︸ ︷︷ ︸
Rec1

,

first transition regime 0.6Ka∗0.1︸ ︷︷ ︸
Rec1

≤ Re ≤ Ka∗0.1︸ ︷︷ ︸
Rec2

,

stable wavy flow Ka∗0.1︸ ︷︷ ︸
Rec2

≤ Re ≤ 25Ka∗0.09︸ ︷︷ ︸
Rec3

,

second transition regime 25Ka∗0.09︸ ︷︷ ︸
Rec3

≤ Re ≤ 192Ka∗0.06︸ ︷︷ ︸
Rec4

,

fully turbulent flow Re ≥ 192Ka∗0.06︸ ︷︷ ︸
Rec4

.
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8.4 Physical Properties

The physical properties of the test fluids mainly depend on the temperature
and concentration of the components. Different methods for the estimation of
physical properties are available. On the one hand, molecular theories relate
these macroscopical properties to the molecular structure and the intermolec-
ular forces. On the other hand, there are empirical correlations which are
based on experiments. Experimental data for pure components are relative
easy to find in databases or journals, whose aim is to collect physical prop-
erties. However the most test fluids are mixtures and unfortunately their
properties can not be estimated as a simple interpolation of the properties
of the pure components. Special mixing rules that consider the interaction
between the components are needed.

Due to the large number of applications of ethylene glycol, i.e. as antifreeze,
the mixture water-ethylene glycol has already been intensively studied, so
that empirical correlations for most of the physical properties depending on
the temperature and concentration are already available. A similar compila-
tion was presented by Maun [26].

General Properties
The critical pressure pcrit, the critical temperature Tcrit, the molar weight M̃
and the saturation temperature Tsat at a normal pressure of 101.3 kPa were
taken from Reid, Prausnitz and Poling [79]. Their values are shown in table
8.1.

Table 8.1: General properties for water and ethylene glycol

Property Water (H2O) Ethylene glycol (C2H6O2)

pcrit(kPa) 22048 7701
Tcrit(K) 647.3 645.0

M̃(g/mol) 18.015 62.069
Tsat(K) (at p=101.3 kPa) 373.2 470.4

Density
Hoke [80] suggests Palen’s [81] correlation (see eq. 8.1) for the estimation of
the density of pure components.

ρ = A + B · T + C · T2 +
D

Tcrit + 34.44− T
, (8.1)
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with the temperature T in K, the density is calculated in kg/m3. In table 8.2
constants A, B, C and D for pure water and pure ethylene glycol are shown.

Table 8.2: Parameters for the calculation of the density

Fluid A B C D

water 913.1 0.9622 -0.0021 -7458
ethylene glycol 1339 -0.7018 0 -7407

As mixture rule for the calculation of the density of the mixture, Hoke [80]
recommends to assume additive volumes and to calculate the density as fol-
lows:

1

ρmixture

=
ξH2O

%H2O

+
ξEG

%EG

, (8.2)

where ξi is the mass fraction of the component i in the mixture.

Dynamic Viscosity
Both Palen [81] and Hoke [80] propose the correlation 8.3 for the calculation
of the dynamic viscosity.

ln η = A +
B

T
+

C

T 2
, (8.3)

with the temperature in K, the dynamic viscosity is calculated in mPas. The
parameters A, B and C for pure components are given in tab. 8.3. For the
estimation of the dynamic viscosity of the mixture, Maun [26] determined
an empirical correlation (see eq. 8.4) based on the experiments of Jones and
Templin [82], which depends on the temperature and the concentration.

ηmixture =
A(ϑ) + C(ϑ) · ξEG

1 + B(ϑ) ·+D(ϑ) · ξ2
EG

. (8.4)

Parameters A, B, C and D are functions of the temperature and their poly-
nomial form depend also on the temperature range. The equations for the
parameters X=A, B, C and D are shown in tab. 8.4.

The coefficients Xi = Ai, ..., Di for i=1,...,5 are given in tab. 8.5.
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Table 8.3: Parameters for the calculation of the dynamic viscosity of pure
components

Fluid A B C

water -2.9868 -221.1 3.2028 · 105

ethylene glycol -1.4921 -1011.1 6.8704 · 105

Table 8.4: Polynomials for the calculation of the coefficients depending on
the temperature

parameter 82oC ≤ ϑ ≤ 138oC

A A1 + A2√
ϑ

B B1 + B2 · ϑ + B3 · ϑ2 + B4 · ϑ3

C C1 + C2 · ϑ + C3 · ϑ2 + C4 · ϑ3 + C5 · ϑ4

D D1+D3·ϑ
1+D2·ϑ+D4·ϑ2

Table 8.5: Coefficients for the polynomials in table 8.4 in the temperature
range ϑ = 82− 138oC

X1 X2 X3 X4 X5

A -0.28717 5.78985 0 0 0
B -1.45184 0.00049978 3.7406 · 10−5 −4.73523 · 10−8 0
C 2.35409 -0.079155 0.0010906 −6.75 · 10−6 1.57 · 10−8

D 0.5405805 -0.0055741 -0.0033161 2.82 · 10−5 0
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Latent Heat of Evaporation
Hoke [80] calculates the latent heat of evaporation for pure water and pure
ethylene glycol as follows:

∆hlv = A ·
(

Tcrit − T

Tcrit − Tnorm

)n

+ B ·
(

Tcrit − T

Tcrit − Tnorm

)m

, (8.5)

where Tnorm is the normal boiling temperature. If the temperature is intro-
duced in K, the latent heat of evaporation ∆hlv is calculated in J/kg. The
coefficients for water and ethylene glycol are shown in tab. 8.6.

Table 8.6: Constants for latent heat of evaporation of pure components

Fluid A B n m Tnorm(K)

water 2.25 · 106 0 0.3338 0 373.2
ethylene glycol 8.761 · 105 -8792 0.3305 -382.6 470.1

The latent heat of evaporation of the mixture was calculated by means of
the mixing rule

∆hlvmixture
= ξH2O ·∆hlv,H2O + ξEG ·∆hlv,EG . (8.6)

Vapor Pressure
Antoine’s equation (8.7) was used for the partial pressure of the pure com-
ponents. The temperature is in K and the partial pressure is calculated in
Torr. The coefficients A, B and C for water and ethylene glycol were taken
from Reid, Prausnitz and Poling [79] and are shown in tab. 8.7.

ln psat = A− B

T + C
. (8.7)

In case of an ideal mixture, the vapor pressure can be calculated by means
of the Raoult’s law:

psat,mixture = x̃H2O · psat,H2O + x̃EG · psat,EG . (8.8)

Unfortunately the mixture water-ethylene glycol is a real mixture and this
law can not be applied. Therefore experimental results from the literature
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Table 8.7: Constants for vapor pressure of pure components

Fluid A B C

water 18.3036 3816.44 -46.13
ethylene glycol 20.2501 6022.18 28.25

were used to estimate the saturation temperature at different concentrations.
If these data are fitted by a thermodynamical method as UNIQUAC or UNI-
FAC, the vapor pressure can be also calculated for the mixture. Fig. 8.1
shows the experimental dew and boiling points for mixtures of several con-
centrations at a pressure of 101,325Pa. A zoom at the mass concentration
of the experiments is plotted in fig. 8.2. The comparison of the experi-
mental data (Frolova[30] and Roscher[31]) with the ideal Raoult’s law show
that this mixture can not be treated as ideal. At a mass concentration of
ξEG=0.6 (mass fraction of water of 40%), the deviation between Roscher’s
experiments and the ideal law is about 1K. Considering that the wall super-
heat TW − Ts is about 4K or even lower, the error in the determination of α
would be larger than 25%. Since Frolovas’s data are not thermodynamically
consistent, Roscher’s data were used to estimate the saturation temperature
of all measurements in this work.

Figure 8.1: Phase diagram for water-ethylene glycol at 101,325Pa
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Figure 8.2: Zoom at ξEG = 0.6 of the phase diagram for water-ethylene glycol
mixture at 101,325Pa

Specific Heat Capacity
Both Hoke [80] and Palen [81] suggest the equation 8.9 for the estimation of
the specific heat capacity cp of pure components. The temperature is given
in K and cp is calculated in J/kgK. The constants A, B, C and D for water
and ethylene glycol are given in tab. 8.8.

cp = A + B · T + C · T 2 +
D

1− T
Tcrit

. (8.9)

Table 8.8: Parameters for specific heat capacity of pure components

Fluid A B C D

water 5049.3 -6.551 0.007658 221
ethylene glycol 1229.5 3.464 0.001695 -14.98

The mixing rule in this case results as an interpolation based on the mass
fraction of the components.

cp = ξH2O · cp,H2O + ξEG · cp,EG . (8.10)

Thermal Conductivity
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Palen [81] proposed to calculate the thermal conductivity of water and ethy-
lene glycol by means of the following correlation:

λ = A+B ·T +A·
[(

20

3

)
·
[
1−D ·

(
1− T

Tcrit

)C
]
·
[
1−

(
T

Tcrit

)]2/3
]

,

(8.11)

with the temperature T in K, the thermal conductivity λ is calculated in
W/mK. The constants A, B, C and D for the pure components are shown in
tab. 8.9.

Fuji’s correlation (eq. 8.12) was used to estimate the thermal conductivity
of the mixture water-ethylene glycol.

λmixture = y2
1 · λ11 + 2 · y1 · y2 · λ12 + y2

2 · λ22 , (8.12)

where

yi = ξi · %i

%mixture

, (8.13)

2

λij

=
1

λi

+
1

λj

. (8.14)

Table 8.9: Constants for the heat conductivity of pure components

Fluid A B C D

water 0.2475 0 0.75 1.05
ethylene glycol 0.1541 0 0.2 0.96



138 Appendices

Surface Tension
Jasper’s [83] suggestion for the surface tension was used to estimate σ for
the pure components:

σ = a + b · T . (8.15)

With T in K, the surface tension is calculated in eq. 8.15 in mN/m. The
coefficients a and b for water and ethylene glycol are given in tab. 8.10.

Table 8.10: Constants for surface tension of pure water and ethylene glycol

Fluid a b

water 75.83 -0.1477
ethylene glycol 50.21 -0.089

Connors and Wright [84] suggest for the calculation of the surface tension of
aqueous solutions of organic compounds the following correlation:

σmixture = σH2O −
(

1 + d · x̃H2O

1− c · x̃H2O

)
· x̃EG · (σH2O − σEG) . (8.16)

Where c and d are constant parameters depending on the mixture. Connors
and Wright [84] didn’t consider the obvious dependence of these parameters
with the temperature. Therefore Hoke [80] measured the surface tension of
water-ethylene glycol mixtures at several temperatures and different concen-
trations and determined the dependence of c and d with the temperature.
Equations 8.17 and 8.18 show Hoke’s polynomials. The temperature ϑ is to
be inserted in oC.

c = 0.8550 + 5.838 · 10−4 · ϑ + 1.668 · 10−7 · ϑ , (8.17)

d = 0.8072− 1.057 · 10−3 · ϑ + 1.901 · 10−6 · ϑ . (8.18)
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8.5 Analysis of Experimental Uncertainty

Usually the magnitude of interest is not a direct measurement result but
an indirect one that results of algebraic calculations of measured quantities
(measurands) and physical properties. The uncertainty of indirect measure-
ments is calculated from the estimation of systematic and random errors of
its components. If we consider a magnitude A, which is a function of single
components fi:

A = f(f1, f2, ..., fN) , (8.19)

the propagation of the error due to data processing taking into account ran-
dom errors can be calculated as:

∆A =

√(
∂A

∂f1

·∆f1

)2

+

(
∂A

∂f2

·∆f2

)2

+ ... +

(
∂A

∂fN

·∆fN

)2

, (8.20)

where ∆A is the error of interest, ∆fi are the random errors of the single
components fi and the partial derivatives ∂A

∂fi
are called influence coefficients.

Equation 8.20 results from the expansion of A in Taylor series, where only the
linear terms are considered, under the assumption of uncorrelated variables
with a Gaussian distribution of their error (for more details see [85] and [86]).

The absolute uncertainty of A is defined as ±∆A. It can be also expressed
as a relative uncertainty:

±∆A(%) =
∆A

A
· 100 . (8.21)

The most relevant uncertainties in the present study are those of indirect
quantities. Their uncertainty analysis is presented in the following sections.

8.5.1 Uncertainty of the heat transfer coefficient

The heat transfer coefficient for the falling film evaporation is defined as:

α =
q̇eff

TW − TS

. (8.22)
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Applying equation 8.20 we obtain:

∆α =

√(
∂α

∂q̇eff

·∆q̇eff

)2

+

(
∂α

∂TW

·∆TW

)2

+

(
∂α

∂TS

·∆TS

)2

,

(8.23)

where the partial derivatives are:

∂α

∂q̇eff

=
1

TW − TS

, (8.24)

∂α

∂TW

= − q̇eff

(TW − TS)2
, (8.25)

∂α

∂TS

=
q̇eff

(TW − TS)2
. (8.26)

The errors ∆q̇eff , ∆TW and ∆TS were calculated as follows:

• For water the error in the estimation of the saturation temperature ∆TS

was considered as 0.1 K. In the case of the mixture, the estimation
of TS is influence by the accuracy of the refractometer. An error of
∆ξEG = 0.005 leads to an error of ∆TS=0.3K in the phase diagram.

• For the wall temperature an error of ∆TW =0.1K was considered.

• The estimation of the error of the efficient heat flux ∆q̇eff is influenced
by the calculation of the heat losses to the sides and to the back:

q̇eff = q̇total − q̇lat − q̇back . (8.27)

Although the heat losses in equation 8.27 are negative, as Graenicher
[86] explains, the error of the terms is accumulative. Therefore:

∆q̇eff = ∆q̇total + ∆q̇lat + ∆q̇back . (8.28)

As explained in chapter 4.3, the total heat flux is a function of the
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voltage U, the resistance R and the heat transfer area A. The influence
coefficients for these parameters are shown in equation 8.29.

∆q̇tot =

√(
2 · U

R · A ·∆U

)2

+

(
U2

A ·R2
·∆R

)2

+

(
U2

R · A2
·∆A

)2

.

(8.29)

An error of 3% was considered in the measurement of U and R. For the
area of the heating zone, an error of 1mm per side of the rectangle were
supposed. This means for a heating area of 20x200 mm2 an absolute
error of 220 mm2. The error of the total heat flux was analyzed for
every single measurement. However, since the lateral and back losses
are much smaller, just an average of the error for every single fluid was
calculated. Both heat fluxes errors ∆q̇lat and ∆q̇back were analyzed by
means of equation 8.20. ∆q̇lat depends on the temperature difference
between the middle of the plate and the side of the plate and ∆q̇back

depends on the temperature difference between the back of the heating
foil and the aluminium plate. Based on the measurements, the follow-
ing values for every fluid were taken into account:

∆Tlat,water=0.3K ,
∆Tlat,mixture=0.4K ,
∆Tback,water=20K ,

∆Tback,mixture=30K .

In addition, an error in the determination of the global heat transfer k
through the silicone plate and the aluminium plate of 5% was consid-
ered.

The maxima and average values for the error in the determination of the
heat transfer coefficient α are presented in tab. 8.11.
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Table 8.11: Maximum and average relative uncertainty ±∆α(%)

Fluid Maximum Average

water 14 13
mixture 15 14

8.5.2 Uncertainty of the Nusselt number

To study the propagation of the error in the determination of the Nusselt
number, a Taylor series analysis was also carried out.

∆Nu =

√(
∂Nu

∂α
·∆α

)2

+

(
∂Nu

∂λ
·∆λ

)2

+

(
∂Nu

∂η
·∆η

)2

+

(
∂Nu

∂ρ
·∆ρ

)2

+

(
∂Nu

∂g
·∆g

)2

(8.30)

with

∂Nu

∂α
=

η2/3

λ · ρ2/3 · g1/3
, (8.31)

∂Nu

∂λ
= − α · η2/3

λ2 · ρ2/3 · g1/3
, (8.32)

∂Nu

∂η
=

2

3
· α

η1/3 · λ · ρ2/3 · g1/3
, (8.33)

∂Nu

∂g
= −1

3
· αη2/3

λ · ρ2/3 · g4/3
, (8.34)

∂Nu

∂ρ
= −2

3
· αη2/3

λ · ρ5/3 · g1/3
. (8.35)

The single error components were estimated as follows:

• The error of the heat transfer coefficient ∆α was already determined
in chapter 8.5.1.

• ∆λ, ∆ρ and ∆η are function of the temperature. For water an error
∆T=0.1K was considered.

∆λ =
∂λ

∂T
∆T , (8.36)
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∆ρ =
∂ρ

∂T
∆T , (8.37)

∆η =
∂η

∂T
∆T . (8.38)

For the error of the density of the mixture ∆ρ Hoke [80] proposes 1.1%
and Maun [26] calculates ∆η=2.5%. An error of 5% was considered for
the thermal conductivity of the mixture.

• An absolute error of ∆g = 0.01m2/s was taken into account.

The maxima and average relative values for both fluids are shown in tab.
8.12.

Table 8.12: Maximum and average relative uncertainty ±∆Nu(%)

Fluid Maximum Average

water 15 14
mixture 16 15

8.5.3 Uncertainty of the Reynolds number

Since the correlations for the heat transfer coefficient are a function of Re-
number, the error propagation in its determination should be calculated also
according to equation 8.20. The influence coefficients are shown in equation
8.39.

∆Re =

√√√√
(

ρ

b · η∆V̇

)2

+

(
V̇

b · η∆ρ

)2

+

(
V̇ · ρ
b · η2

∆η

)2

+

(
V̇ · ρ
b2 · η∆b

)2

.

(8.39)

The single error components ∆ρ and ∆η were calculated as in chapter 8.5.2.
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The width of the film b was measured with an error of ∆b=0.5mm. In the
measurement of the flow rate, an error of 5% was taken into account.

The Reynolds number were determined with a relative uncertainty of:

∆Rewater = ±5% ,
∆Remixture = ±6% .

8.5.4 Uncertainty of the film thickness and wave ve-
locity

As Maun reported in [26], the error in the measurement of the film thickness
by means of HF-probes is conditioned by the minimal step of the computer
controlled motor that positions the probes. A step of 25µm leads to the
absolute uncertainty of film thickness of ∆δ = ±25µm. Since the measured
film thickness is in the range 0.2-1.8mm, the relative uncertainty is:

∆δ = ±2− 13% .

The wave velocity is calculated as shown in eq. 5.8. By applying the equa-
tion 8.20:

∆w =

√(
∂w

∂S
∆S

)2

+

(
∂w

∂dtCCF

∆dtCCF

)2

=

√(
1

t
∆S

)2

+

(
S

dt2CCF

∆dtCCF

)2

.

(8.40)

The distance between the probes was measured with an accuracy of ∆S=0.5mm
and the accuracy of the time delay between the probes is determined by
the sampling rate (1 kHz), that leads to ∆dtCCF =0.001s. The average dis-
tance between the probes was S=10mm and a very common time delay be-
tween the probe signals was dtCCF =0.01s. This leads to an absolute error of
∆w=0.11m/s. Considering a typical wave velocity of w=1m/s, the relative
uncertainty is:

∆w = ±11% .
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8.6 Experimental Parameters and Results

The parameters and results of the measurements on the smooth and finned
surface at the first test facility can be found in Maun[26]. Results from the
second test facility are presented in the following.

Table 8.13: Measuring conditions and results for the heat transfer
Nr. Surface ξEG Re Pr Ka V̇ ϑs ϑinlet q̇eff

l/h oC oC W/m2

1 smooth 0 763 1.75 2.70·10−13 53.8 100.0 98.0 8268
2 smooth 0 622 1.75 2.70·10−13 43.8 100.0 98.6 7425
3 smooth 0 504 1.75 2.70·10−13 35.5 100.0 98.8 7377
4 smooth 0 915 1.75 2.70·10−13 64.4 100.0 99.3 8200
5 smooth 0 786 1.75 2.70·10−13 55.4 100.0 98.8 7944
6 smooth 0 1076 1.75 2.70·10−13 75.7 100.0 99.4 9094
7 smooth 0 1060 1.75 2.70·10−13 74.7 100.0 99.2 8423
8 smooth 0 938 1.75 2.70·10−13 66.1 100.0 99.2 7062
9 smooth 0 791 1.75 2.70·10−13 55.7 100.0 99.0 7620
10 grooved 0 519 1.75 2.70·10−13 39.3 100.0 98.6 7803
11 grooved 0 601 1.75 2.70·10−13 45.5 100.0 99.3 8156
12 grooved 0 736 1.75 2.70·10−13 55.7 100.0 99.2 8201
13 grooved 0 852 1.75 2.70·10−13 64.5 100.0 99.0 7869
14 grooved 0 979 1.75 2.70·10−13 74.1 100.0 99.1 8557
15 grooved 0 1077 1.75 2.70·10−13 81.5 100.0 99.0 9105
16 smooth 0.592 204 6.23 3.25·10−11 37.1 108.8 107.8 5888
17 smooth 0.603 243 6.23 3.25·10−11 44.9 109.4 107.9 6220
18 smooth 0.595 301 6.23 3.25·10−11 54.9 109.0 108.3 6086
19 smooth 0.594 358 6.23 3.25·10−11 65.4 108.9 108.2 6371
20 smooth 0.6 405 6.23 3.25·10−11 74.5 109.2 108.1 6082
21 grooved 0.599 186 6.23 3.25·10−11 36.8 109.1 107.5 6515
22 grooved 0.6 233 6.23 3.25·10−11 45.9 109.1 107.7 6617
23 grooved 0.599 281 6.23 3.25·10−11 55.6 109.2 109.2 7457
24 grooved 0.598 330 6.23 3.25·10−11 65.1 109.1 109.1 6645
25 grooved 0.6 383 6.23 3.25·10−11 75.7 109.2 109.2 7219
26 grooved 0.6 397 6.23 3.25·10−11 78.6 109.2 109.2 7839
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Table 8.14: Measuring conditions for film thickness studies
Nr. Surface Position ξEG ϑs Re Pr Ka V̇

kg/kg oC l/h

1 smooth - 0 100.0 504 1.75 2.70·10−13 35.7
2 smooth - 0 100.0 622 1.75 2.70·10−13 44
3 smooth - 0 100.0 786 1.75 2.70·10−13 55.6
4 smooth - 0 100.0 915 1.75 2.70·10−13 64.7
5 smooth - 0 100.0 1076 1.75 2.70·10−13 76.1
6 grooved 1 0 100.0 610 1.75 2.70·10−13 45
7 grooved 2 0 100.0 610 1.75 2.70·10−13 45
8 grooved 3 0 100.0 610 1.75 2.70·10−13 45
9 grooved 4 0 100.0 610 1.75 2.70·10−13 45
10 grooved 5 0 100.0 610 1.75 2.70·10−13 45
11 grooved 1 0 100.0 1012 1.75 2.70·10−13 76
12 grooved 2 0 100.0 1012 1.75 2.70·10−13 76
13 grooved 3 0 100.0 1012 1.75 2.70·10−13 76
14 grooved 4 0 100.0 1012 1.75 2.70·10−13 76
15 grooved 5 0 100.0 1012 1.75 2.70·10−13 76
16 smooth - 0.605 109.4 185 6.23 3.25·10−11 36
17 smooth - 0.640 110.9 233 6.23 3.25·10−11 45
18 smooth - 0.605 109.4 301 6.23 3.25·10−11 55
19 smooth - 0.630 110.6 332 6.23 3.25·10−11 63
20 smooth - 0.602 109.3 405 6.23 3.25·10−11 74
21 grooved 1 0.596 109.2 191 6.23 3.25·10−11 38
22 grooved 2 0.600 109.2 191 6.23 3.25·10−11 38
23 grooved 3 0.603 109.3 191 6.23 3.25·10−11 38
24 grooved 4 0.600 109.2 191 6.23 3.25·10−11 38
25 grooved 5 0.600 109.2 191 6.23 3.25·10−11 38
26 grooved 1 0.605 109.4 375 6.23 3.25·10−11 75
27 grooved 2 0.600 109.2 375 6.23 3.25·10−11 75
28 grooved 3 0.621 110.1 375 6.23 3.25·10−11 75
29 grooved 4 0.600 109.2 375 6.23 3.25·10−11 75
30 grooved 5 0.600 109.2 375 6.23 3.25·10−11 75
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Table 8.15: Results of film thickness measurements
Nr. Surface Position ξEG ϑs δb δw δmin δmax wCCF

oC mm mm mm mm m/s

1 smooth - 0 100.0 0.188 0.385 0.036 1.154 0.7
2 smooth - 0 100.0 0.183 0.427 0.074 1.562 0.7
3 smooth - 0 100.0 0.250 0.428 0.086 1.215 1.0
4 smooth - 0 100.0 0.250 0.408 0.129 1.217 1.0
5 smooth - 0 100.0 0.250 0.492 0.110 1.421 1.4
6 grooved 1 0 100.0 0.223 0.497 0.088 1.348 1.0
7 grooved 2 0 100.0 0.172 0.395 0.102 1.198 1.0
8 grooved 3 0 100.0 0.150 0.340 0.105 1.591 1.0
9 grooved 4 0 100.0 0.212 0.453 0.102 1.562 1.0
10 grooved 5 0 100.0 0.175 0.416 0.042 1.272 1.0
11 grooved 1 0 100.0 0.174 0.416 0.044 1.336 1.0
12 grooved 2 0 100.0 0.263 0.497 0.104 1.553 1.0
13 grooved 3 0 100.0 0.200 0.392 0.132 1.500 1.0
14 grooved 4 0 100.0 0.275 0.603 0.057 1.734 1.1
15 grooved 5 0 100.0 0.212 0.492 0.049 1.555 1.1
16 smooth - 0.605 109.4 0.200 0.353 0.169 1.198 1.0
17 smooth - 0.640 110.9 0.386 0.584 0.290 1.301 1.0
18 smooth - 0.605 109.4 0.420 0.658 0.296 1.634 1.1
19 smooth - 0.630 110.6 0.525 0.737 0.290 1.417 1.0
20 smooth - 0.602 109.3 0.450 0.703 0.296 1.690 1.0
21 grooved 1 0.596 109.2 0.175 0.318 0.098 1.138 1.2
22 grooved 2 0.600 109.2 0.187 0.393 0.061 1.066 0.9
23 grooved 3 0.603 109.3 0.261 0.461 0.106 1.185 1.3
24 grooved 4 0.600 109.2 0.125 0.434 0.191 1.141 0.8
25 grooved 5 0.600 109.2 0.150 0.442 0.208 1.234 0.9
26 grooved 1 0.605 109.4 0.238 0.417 0.129 1.577 1.4
27 grooved 2 0.600 109.2 0.249 0.527 0.059 1.509 0.9
28 grooved 3 0.621 110.1 0.263 0.504 0.108 1.511 1.4
29 grooved 4 0.600 109.2 0.138 0.490 0.191 1.550 1.0
30 grooved 5 0.600 109.2 0.175 0.560 0.166 1.587 1.0
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Table 8.16: Measurement conditions and results of thermocapillary break-
down experiments

Nr. Tinlet Re q̇ Kp Lidp
oC W/m2 m

1 20 59 14368 9.9 0.4
2 23 67 14948 10.7 0.4
3 24 82 9637 7.0 0.4
4 24 93 13372 9.7 0.38
5 31 72 12967 10.3 0.45
6 35 77 14368 12.0 0.4
7 44 95 9195 8.5 0.3
8 44 95 14082 13.0 0.4
9 54 80 9195 9.4 0.41
10 54 112 14368 14.7 0.38
11 60 114 6644 7.2 0.32
12 62 162 14368 15.9 0.35
13 65 103 7040 8.0 0.39
14 65 160 9195 10.4 0.38
15 65 179 14082 16.0 0.4
16 70 161 11638 13.8 0.25
17 75 161 9195 11.4 0.4
18 75 204 11638 14.4 0.38
19 75 237 13241 16.4 0.4
20 83 190 7040 9.3 0.23
21 85 304 9195 12.3 0.3
22 85 413 12967 17.4 0.17
23 85 462 14082 18.8 0.16
24 91 325 11638 16.3 0.24
25 92 197 7040 9.9 0.25
26 92 315 9195 13.0 0.25
27 92 421 11381 16.0 0.2
28 95 217 7040 10.1 0.25
29 98 350 12161 17.9 0.2
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bei der Fallfilmverdampfung an senkrechten strukturierten Platten. PhD
thesis, Fakultät für Prozesswissenschaften der Technischen Universität
Berlin, Germany, 2001.

[2] A.E. Bergles. The imperative to enhance heat transfer. In Proceedings
of the NATO Advanced Study Institute on Heat Transfer Enhancement
of Heat Exchangers, see [87].

[3] R. Gregorig. Hautkondensation an feingewellten Oberflächen bei
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[15] A. Lehnberger. Wärmeübergang im Fallfilmverdampfer mit glatten und
profilierten Rohren bei kleinen Temperaturgefällen. PhD thesis, Fakultät
für Maschinenbau und Elektrotechnik, Technische Universität Carolo-
Wihelmina zu Braunschweig, Germany, 2002.

[16] V.G. Rifert, V.L. Podberezny, Ju.V. Putilin, Ju.G. Nikitin, and P.A.
Barabash. Heat transfer in thin film-type evaporator with profiled tubes.
Desalination, 74:363–372, 1989.

[17] A. Franco, E. Latrofa, and V.V. Yagov. Heat transfer enhancement in
refrigerant R141b pool boiling with wire nets structures. In Proceed-
ings of the 3rd International Symposium on Two-Phase Modelling and
Experimentation, Pisa, Italy, 2004.

[18] W.M. Salvagnini and M.E.S. Taqueda. Comparative study of film pro-
moters in falling-film evaporators. In Proceedings of the 14th Interna-
tional Congress of Chemical and Process Engineering, Prag, 2000.
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