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ABSTRACT

Multiple-effect distillation (MED) plants with horizontal tube falling film evaporators for
sea water desalination exhibit relatively high heat transfer coefficients achieved by film flow
under clean surface conditions. However, they are susceptible to heat transfer deterioration
and scale formation accompanied by film breakdown. Thus, maintaining all heated tubes in
a fully wetted state is one of the key issues to be considered in designing falling film evapo-
rators. Surface tension, hydrophilicity, hydrophobicity and wettability of materials play an
important role in scale formation. The wetting rate, that is the brine mass flow rate on one
tube per unit tube length, is one of the most important parameters in the design and opera-
tion of MED plants. It has an impact on heat transfer, tube bundle design, scale formation,
the capital and operational costs of the plant and its operational flexibility. Thus, it is very
important to acquire a better understanding of the wetting behaviour and the impact of dif-
ferent tube materials, various process parameters and sea water properties on tube wetting.
The wetting behaviour of different tube materials such as aluminium brass, copper–nickel
90/10 and aluminium alloy AlMg2.5, which are commonly used in MED plants, was inves-
tigated in a horizontal tube falling film evaporator in pilot plant scale. In tests with stepwise
increasing and decreasing wetting rate, pictures of the film flow over the horizontal tubes
were taken and the percentages of the wet surface area were evaluated by means of an
image processing software. The tube surfaces were characterized by measuring contact
angles and determining surface free energies. Furthermore, the horizontal tube falling evap-
orator was used to study the effect of the wetting rate on composition and quantity of
mixed salt scale. Experiments were performed with artificial sea water at wetting rates from
0.14 kg/(s m) down to 0.025 kg/(s m) for different tube materials such as aluminium brass,
copper–nickel 90/10 and AlMg2.5. New insights into the wetting behaviour of different tube
materials and the influence of the wetting rate on scale formation in the horizontal tube fall-
ing film evaporators are given. The effects of various process parameters such as wetting
rate, temperature and salinity on the wettability of typical tube materials and the effect of
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the wetting rate on composition and quantity of mixed salt scale are presented and
discussed.

Keywords: Tube wetting; Wetting rate; Scale formation; Calcium carbonate; Magnesium
hydroxide; Multiple-effect distiller

1. Introduction

In multiple-effect distillation (MED) plants with
horizontal tube falling film evaporators for sea water
desalination, a major problem encountered is the scale
formation on the outside of the tubes, which prevents
the use of mechanical cleaning methods such as ball
cleaning systems. The crystalline scale formed on the
heat transfer surfaces reduces the overall heat transfer
coefficient. Thus, the efficiency of the distiller
decreases and the distillate production drops at a cer-
tain limit. Assuming a scale layer of calcium carbonate
with a thermal conductivity between 1.5 and 2.9 W/
(m K) [1], a layer thickness of only 150–290 μm would
result in a fouling resistance of 0.1 (m2 K)/kW which
is often assumed in the design of multiple-effect dis-
tillers [2]. Achieving effective scale control is conse-
quently a major concern of the desalination industry.

Sea water is a multi-component electrolyte solu-
tion. Scale formation is caused by co-precipitation of
different calcium- and magnesium-containing salts
such as calcium carbonate, magnesium hydroxide and
calcium sulphate. The solubilities of these salts
decrease with the increasing temperature. There are
many factors influencing crystallization fouling which
can be classified into the three following major
categories [3,4]:

� Operating parameters (surface and bulk temper-
ature, pressure, heat flux and fluid dynamics
such as flow velocity and flow regime);

� solution composition (components, concentra-
tions, pH, supersaturation and suspended parti-
cles); and

� heat exchanger characteristics (surface free
energy, topography and surface roughness).

Common materials used for heat exchanger tubing
in MED plants are copper–nickel 90/10, aluminium
brass, titanium grade 2, aluminium alloy AlMg2.5
(alloy EN AW 5052) and highly corrosion-resistant
stainless steel grades such as SS 1.4565. The choice of
tube material affects the wettability, the adhesion
forces between surface and deposit as well as the
induction time of crystallization fouling.

Wettability studies usually involve the measure-
ment of contact angles which indicates the degree of

wetting when a solid and liquid interact [5]. Calcula-
tions based on measured contact angles yield the solid
surface free energy, which quantifies the wetting char-
acteristics of a solid material.

The contact angle is the angle formed by the solid–
liquid interface and the liquid–vapour interface mea-
sured from the side of the liquid. The contact angle is
the resultant of adhesive and cohesive forces and pro-
vides an inverse measure of the wettability of the sur-
face. A contact angle less than 90˚ indicates that the
wetting of the surface is favourable, and the liquid
will spread over a large area on the surface; while a
contact angle greater than 90˚ generally indicates that
the wetting of the surface is unfavourable so the liquid
will minimize its contact with the surface and form a
compact liquid droplet [5].

As described by Young [6], the contact angle of a
liquid drop on an ideal solid surface is defined by the
mechanical equilibrium of the drop under the action
of three interfacial tensions:

clv cos hY ¼ csv � csl (1)

where γlv, γsv and γsl are the liquid–vapour, solid–
vapour and solid–liquid interfacial tensions, respec-
tively, and θY is referred to as Young’s contact angle.

The phenomenon of wetting is more than just a
static state. The liquid moves to expose its fresh sur-
face and to wet the fresh surface of the solid in turn
[5]. The dynamic contact angle between a solid and a
liquid is the contact angle which occurs in the course
of the wetting and de-wetting process. In particular,
the contact angles formed by expanding and contract-
ing the liquid are referred to as the advancing contact
angle and the receding contact angle, respectively. The
advancing contact angle is always larger than or equal
to the receding contact angle. The difference between
the advancing angle and the receding angle is called
contact angle hysteresis. It is generally believed that
the contact angle hysteresis arises from surface rough-
ness and/or heterogeneity [5]. A pure liquid in the
saturated vapour phase on an ideal, chemically and
topographically homogeneous solid forms an ideal
contact angle as described by Young’s equation. With
real solids, liquids and ambient conditions, the contact
angle can vary as a function of time and location. If

A. Stärk et al. / Desalination and Water Treatment 55 (2015) 2502–2514 2503



the effect of the contact time and location is to be min-
imized, then the advancing angle is usually measured.
Technical wetting processes are often dynamic pro-
cesses which are better modelled by means of
dynamic contact angle measurements. On smooth but
chemically heterogeneous solid surfaces, the experi-
mental advancing contact angle might be expected to
be a good approximation of Young’s contact angle [5].
There are no general guidelines regarding how
smooth a solid surface must be for surface roughness
not to have an obvious impact on the contact angle
[5].

One of the most important parameters in the
design of multiple-effect distillers is the wetting rate,
Γ. It can be defined as the falling film mass flow rate
on one side or on both sides of a horizontal tube per
unit tube length. In the following, the wetting rate is
expressed as the mass flow rate, _m, on both sides of a
horizontal tube per unit tube length, L:

C ¼ _m

L
: (2)

Different definitions of the film Reynolds number can
be found in the literature. In the following, the film
Reynolds number ReF given by:

ReF ¼ C
g

(3)

is used with η as the dynamic viscosity of the liquid.
The film Reynolds number can also be expressed as:

ReF ¼ _m

L g
¼ 2 �u d q

g
(4)

where �u is the average flow velocity in the film, δ is
the film thickness and ρ is the density of the liquid.

The wetting rate has an impact on heat transfer,
tube bundle design (width and height of the tube bun-
dle), scale formation, the capital and operational costs
of the plant and its operational flexibility. The wetting
rate determines whether the tube surface is completely
covered with water or the thin sea water film breaks
down and dry patches occur. Moreover, the wetting
rate strongly influences the film thickness and the flow
regime on the tubes (laminar, wavy-laminar, turbulent
flow), the pattern of liquid flow between adjacent hori-
zontal tubes (droplet dripping, liquid jets, liquid
sheets), and thus heat transfer. The brine mass flow
rate is increasingly reduced towards the lower tubes
due to the evaporation when the brine falls down to

successive heated tubes. The liquid film on a tube
breaks down when the flow rate falls below a certain
minimum.

The sea water film on the horizontal tubes creates
a resistance to heat transfer and it should be as thin as
possible, that is the wetting rate should be as low as
possible. MED plant manufacturers (e.g. [7]) and oper-
ators strive for low wetting rates because low wetting
rates are beneficial for the heat transfer, the thermal
and the electrical energy consumption (pumping
power). On the other hand, dry patches, that is areas
that transmit essentially no heat and thus reduce ther-
mal performance, should never appear. Scale forma-
tion preferably starts at the edges of the dry patches
because they induce full local evaporation of the sea
water and a salt concentration beyond the scale forma-
tion thresholds [7]. Baujat and Bukato [7] raise the
question to what extent the height of the tube bundle
can be increased without risk if the quality of sea
water distribution is not consistent from top to bottom
and what will be the long term operation of the MED
plant if scaling cannot be controlled. Furthermore,
MED plants with high thermal efficiencies require
large heat transfer surface areas which must be wet-
ted. Thus, it is difficult to design an MED plant with
high thermal efficiency with respect to tube wetting
and scale formation [8]. Furthermore, the design of
MED plants with small capacities is also particularly
difficult because it is hard to find reasonable tube bun-
dle dimensions (height and width of the tube bundle)
if relatively high wetting rates are required [9].

The mass flow rate per unit tube length, that is the
wetting rate, affects the thickness of the thin film and
the flow velocity of the film (Eq. (4)), which in turn
influences the scaling process. Growth of a crystal
scale layer involves mass transport of the crystallizing
constituents towards the solution–crystal interface fol-
lowed by a crystallization surface reaction [10]. The
mass transport step is attributed to the molecular dif-
fusion of ions through the laminar boundary layer at
the surface. The attachment step is described by the
strongly temperature-dependent surface integration of
ions into the crystal lattice which has often been found
to follow Arrhenius type rate equation [11]. Fluid flow
velocity can either promote or suppress the severity of
the scaling process. On the one hand, an increase in
the velocity enhances the mass transfer rate in turbu-
lent flow and thus acts to augment the scaling rate.
On the other hand, an increase in the velocity also
intensifies the interfacial shear stress on the scale sur-
face, counteracting the adhesion forces that act to
incorporate freshly formed material into the scale
structure [10].
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Crystallization fouling of calcium carbonate has
been mainly studied in turbulent, forced convection
systems. It can be controlled by mass transfer, by
chemical reaction at the heat transfer surface or by
both mechanisms [12]. Hasson et al. [13] reported that
CaCO3 crystallization fouling in an annular test sec-
tion under turbulent, constant heat flux conditions is
controlled by the rate of diffusion as fouling rate
increased with the increasing Reynolds number.
Instead, Augustin and Bohnet [14] considered crystal-
lization fouling of CaCO3 in an annular duct to be
controlled by surface integration. Helalizadeh et al.
[12] proposed that the fouling process is diffusion con-
trolled at low flow velocities of the mixed CaCO3–
CaSO4 solution and surface integration controlled at
high flow velocities. Fouling behaviour of the same
salt may therefore vary in different systems and oper-
ation conditions which make it essential to understand
the fouling behaviour in the system of interest in
order to reduce fouling [11].

In industrial practice, it is known that dry patches
should be avoided and that the wetting rate has an
influence on scale formation in horizontal tube falling
film evaporators, but the effects of the wetting rate on
scale formation have not systematically been investi-
gated in detail. The objective of this study is to con-
tribute to a better understanding of the wetting
behaviour of different tube materials and the effects of
the wetting rate on scale formation. A better insight
may help to design and operate more efficient heat
exchangers.

In the following, the experimental set-up is
described and the results of the experimental study
are shown and discussed.

2. Materials and methods

2.1. Test rig

The experimental studies were performed in a hor-
izontal tube falling film evaporator in pilot plant scale.
Fig. 1 shows a schematic diagram of the test rig.

As shown in Fig. 2, the main part of the test rig is
an evaporator fitted with a bank of 6 horizontal tubes
arranged below each other with a tube pitch of
s = 50 mm. Saturated steam from an electrical steam
generator is introduced into the tubes and condensed
under vacuum conditions while the heat is transferred
to the evaporation side. The test liquid is evenly dis-
tributed onto the first tube by means of a toothed
overflow weir and trickles down by gravity forming a
thin film flow over the horizontal tubes. The mass
flow rate per unit tube length can be varied in a wide
range. The enthalpy of condensation allows the test
liquid to be preheated to the boiling point on the
upper tube and then part of it to be evaporated on the
lower tubes. The generated vapour is condensed in a
plate heat exchanger. After leaving the evaporator, the
test liquid flows into a collecting tank and is mixed
with the distillate. Then, the test liquid is recirculated
by a pump.

CO2 released from evaporating sea water and
ambient air potentially penetrated into the evaporator
are extracted by means of a vacuum pump which
maintains the saturation pressure in the evaporator
shell. The pilot plant provides conditions for CO2

release from sea water very similar to those in indus-
trial multiple-effect distillers. CO2 release shifts the
pH value of the sea water to higher values and influ-
ences the carbonate system.
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Fig. 1. Schematic diagram of the test rig.
Fig. 2. Drawing of the horizontal tube falling film
evaporator.
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The test rig is equipped with various temperature,
pressure and flow rate measuring devices in order to
monitor and control the process. Control of the appa-
ratus is completely automatic so that it requires a min-
imum of supervision. This is an important feature
because continuous, steady operation over long peri-
ods is essential to obtain reproducible scaling results.

The tubes can be removed from the tube sheets in
order to renew the tubes, to test different tube materials
and to analyse the adherent scale. On both sides of the
evaporator, inspection glasses are installed which allow
for a visual observation of the wetting behaviour.

2.2. Test liquids

For investigating scale formation, test series were
performed with artificial sea water. The wetting
behaviour of different tube materials was studied
using artificial sea water as well as deionized water.

The preparation of artificial sea water was based
on salt mole fractions for standard artificial sea water
as suggested in the formulation by Kester et al. [15].
After mixing the salts and stirring the solution, the
artificial sea water was aerated. The aeration tended to
equilibrate the solution with atmospheric gases and
removed the excess CO2 resulting from the conversion
of HCO�

3 to CO2�
3 . The pH of the artificial sea water

after aeration was between 8.1 and 8.3.
The salinity of ocean surface waters throughout

the world is fairly uniform about 35 g/kg. In areas
with a high level of rainfall or river runoff, the salinity
is less. In areas with higher rates of evaporation, the
salinity is higher, for example in the Persian Gulf. In
sea water, the relative proportion of the major ions
compared to the salinity remains constant [16]. The
composition of artificial sea water is within 1 mg/kg
of natural sea water for all the major constituents [15].
Therefore, the composition of the artificial sea water
used in the experiments is representative for natural
sea water with respect to the salts.

Experiments were performed with artificial sea
water having a salinity of 65 g/kg simulating the con-
centrated sea water on the bottom tubes in industrial
MED plants taking into account a typical concentra-
tion factor between 1.3 and 1.6. Sea water with a salin-
ity of 65 g/kg has an ionic strength of 1.39 mol/kg.
For comparison, average sea water having a salinity of
35 g/kg has an ionic strength of 0.72 mol/kg.

2.3. Tube materials

In the horizontal tube falling film evaporator,
seamless tubes made of copper–nickel 90/10, alumin-

ium brass and the aluminium alloy AlMg2.5
containing 2.4–2.8% magnesium, which are typical
tubing materials in MED plants, were used. Addition-
ally, tubes made of the stainless steel grade 1.4301
were used.

The outer diameter of the tubes was d0 = 25 mm
and d0 = 26.9 mm for SS 1.4301, respectively. The effec-
tive length was L = 453 mm. For studying the wetting
behaviour and scale formation, the tubes were used
with their typical surface topography as delivered by
the tube suppliers. Only the SS 1.4301 tubes used for
the tests on the effects of the wetting rate on scale for-
mation were sandblasted. The surface roughness was
determined using a tactile stylus unit (perthometer).
The tube materials, thermal conductivities, outer
diameters, wall thicknesses and surface roughnesses
are summarized in Table 1.

2.4. Tube surface characterization

The tube surfaces were characterized by measuring
contact angles and determining surface free energies.
Before measuring the contact angle, the surface was
thoroughly cleaned with isopropyl alcohol to remove
any deposits, grease, oil, etc. The advancing contact
angle was measured using a drop shape analysis
(DSA) instrument (Krüss, contact angle measurement
system G2). A sessile drop is formed on the surface by
means of a syringe needle, and the volume of the drop
is slowly increased. In doing so, the interface migrates
outwards. By means of a CCD camera and a data pro-
cessing system, the image of the liquid droplet is digi-
tized. A contour recognition is initially carried out,
and afterwards, the drop shape is fitted to the con-
tour.

The surface free energy was determined on the
basis of the contact angle measurements with three
test liquids and Young’s equation (Eq. (1)). The solid–
liquid interfacial free energy between tube surface and
droplet in Young’s equation was calculated using the
geometric mean approach (Owens–Wendt–Rabel–Kael-
ble method). For metallic surfaces, the geometric and
harmonic mean approaches to calculate the solid–
liquid interfacial free energy should be favoured
because they are state of the art and have been used
frequently in many research areas for the combination
of wetting and adhesion [17].

2.5. Chemical and structural characterization of the scale
layers

The crystalline scale layers formed on the outside
of the tubes of the evaporator were characterized at
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the laboratories of BASF by various methods to obtain
chemical, structural and quantitative information. The
scale formed on the fifth tube from the top of the tube
bank was analyzed using scanning electron micros-
copy (SEM) in combination with energy dispersive
X-ray spectroscopy (EDXS) and wide-angle X-ray
diffraction (XRD) to provide qualitative information
on structural and chemical characteristics/properties
of the scale, especially about composition, crystal
structure, crystal size and orientation and crystal
perfection.

The amounts of calcium and magnesium in the
scale were detected by atomic absorption spectroscopy
(AAS). To this end, the scale of the fourth tube was
dissolved in a hot solution of acetic acid and the con-
centrations of Ca2+ and Mg2+ ions in the solution were
measured using AAS.

Additionally, the scale thickness was determined
on the outside of the third tube. It was measured 10
times each at 4 different positions around the tube
and at 9 different positions along the tube with a
gauge (MiniTest 2100, ElektroPhysik, Germany)
designed for non-destructive and precise coating
thickness measurement.

2.6. Test procedure

The wetting behaviour of different tube materials
(wetting experiments) and the effects of the wetting
rate on scale formation (scaling experiments) were
studied. Prior to each test, the tube surface was thor-
oughly cleaned with soap solution, rinsed with plenty
of deionized water, and cleaned again with isopropyl
alcohol to remove any deposits, grease, oil, etc.

2.6.1. Wetting experiments

Starting with completely dry tube surfaces, the
wetting rate was stepwise increased with increments

of about 0.005–0.01 kg/(s m). At each wetting rate,
pictures were taken of the film flow over the top 5
tubes at certain time intervals. When a fully wetted
state was reached, the wetting rate was stepwise
decreased with decrements of about 0.005–0.01 kg/(sm)
and pictures were taken of the film flow at certain
intervals of time.

The percentages of the wet surface areas on the
tube surfaces were evaluated by means of image pro-
cessing software. The film flow over about 63% of the
tube length was considered in the picture analysis.
The non-relevant areas between adjacent tubes were
cut off with a graphics editing software (Adobe Photo-
shop, Adobe Systems, USA). Afterwards, the dry
patches were marked with an image processing soft-
ware (ImageJ, National Institutes of Health, USA), and
the percentages of the wet surface area were calcu-
lated.

The inspection glasses of the falling film evaporator
are partially steamed up and covered with water drop-
lets during operation. Thus, a clear analysis of the pic-
tures taken through the inspection glasses is difficult.
Therefore, the wetting tests were performed without
inspection glasses at ambient pressure. The tempera-
ture of the test solution was varied. The wetting behav-
iour of different tube materials with deionized water
and sea water was analyzed and compared.

2.6.2. Scaling experiments

All scale formation experiments were performed
with 240 L of artificial sea water with a salinity of
65 g/kg for a test period of 50 h. In previous experi-
ments, different volumes of test solution and time
periods were tested. Experiments with 240 L of test
solution and a test period of 50 h were found to be
favourable because the period is long enough to find
differences in scale formation and supersaturation
levels are still high enough.

Table 1
Tube data

Alloy UNS no.
Thermal conductivity
(W/(m K))

Outer diameter
(mm)

Wall thickness
(mm)

Surface roughness
Ra (μm)

CuNi 90/10 C70600 52 (@ 20˚C) 25 1.0 0.28
60 (@ 100˚C)

Al brass C68700 112 (@ 100˚C) 25 1.0 0.44
AlMg2.5 A95052 146 (@100˚C) 25 1.25 0.46
SS 1.4301 S30400 15 (@ 20˚C) 26.9 2.0 0.16 (wetting experiments)

16 (@ 100˚C) 3.17 (scaling experiments)
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In order to consider a possible extension of the oper-
ating range of multiple-effect distillers towards higher
top brine temperatures, experiments were performed at
an evaporation temperature of tEV = 75˚C exceeding the
top brine temperatures currently used in industrial
MED distillers. The difference between the condensa-
tion temperature tCO inside the tubes and the evapora-
tion temperature tEV outside was tCO– tEV = 5˚C.

3. Results and discussion

In the following, the wetting behaviour of different
tube materials is presented. Furthermore, the effects of
the wetting rate on the composition and quantity of scale
formed on the tube surfaces are shown and discussed.

3.1. Contact angles and surface free energies

Fig. 3 shows the advancing contact angles of water
on the tube materials based on the DSA. The contact
angles of water on the metals decrease in the order of
CuNi 90/10 > SS 1.4301 > AlMg2.5 > Al brass. Decreas-
ing contact angles indicate an improved wettability of
the surfaces.

The surface free energies of the metals determined
with Young’s equation on the basis of the contact
angle measurements are shown in Fig. 4. The solid–
liquid interfacial free energy between tube surface and
droplet in Young’s equation was calculated using
the geometric mean approach (Owens–Wendt–Rabel–
Kaelble method). The increasing polar part of the sur-
face free energy indicates that the degree of wetting of
the surface with water might increase in the order of
CuNi 90/10 < SS 1.4301 < AlMg2.5 < Al brass.

3.2. Wetting hysteresis and influence of wetting time and
tube position on wetting behaviour

The wetting experiments were performed in the
horizontal tube falling film evaporator as described in

Section 2.6.1. Fig. 5 shows the percentages of the wet
surface areas depending on the wetting rate for CuNi
90/10 tubes with deionized (DI) water at a tempera-
ture of 27˚C. At each wetting rate, pictures of the
tubes were taken immediately (0 min), after 10 min
and after 20 min. Except for the results in Fig. 6, the
top tube was not taken into account in the picture
analysis because it was observed that the top tube
serves as some sort of distribution tube for the liquid
flow.

The wet surface area increases with wetting time
at a constant wetting rate, as shown in Fig. 5. The
technical wetting process of falling films on horizontal
tubes is a dynamic process, and wetting time has an
influence. In the following, results are shown for a
relaxation time of 10 min because the differences in
the percentages of the wet surface areas between 10
and 20 min are very small.

Fig. 5 also shows the hysteresis between the wet
surface areas occurring at the increasing and decreas-
ing wetting rate. Starting with dry tube surfaces, the
wet surface area increases with the increasing wetting
rate until the tube surface is completely covered by a
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thin water film at a critical wetting rate of
Γcrit = 0.147 kg/(s m). However, starting from a fully
wetted state and decreasing the wetting rate, the
whole tube surface stays wet until the film breaks
down at Γcrit = 0.038 kg/(s m). The effect of wetting
time and the wetting hysteresis were observed for
each tube material. Rio and Limat [18] investigated
dry patches in a film flowing over an inclined plate
and also observed a wetting hysteresis which was
explained by the contact angle hysteresis.

The liquid flow distribution was improved by fix-
ing thin wires at the toothed overflow weir to ensure
that the jets of the test liquid run down the wires in
even distances. Fig. 6 shows the wetting behaviour of
the top five CuNi 90/10 tubes. It is evident that the
wetting of the top tube differs from the other tubes.
Gebel [19] and Fujita and Tsutsui [20] also observed
that the top tubes in horizontal tube falling film evap-
orators serve as liquid distribution tubes.

3.3. Impact of tube material and test liquid on wetting

Wetting experiments were performed with deion-
ized water and sea water on different tube materials.
Sea water with a salinity of 65 g/kg has a slightly
higher surface tension than water at the same temper-
ature. Furthermore, the dynamic viscosity of sea water
is higher than the one of water at the same tempera-
ture. Consequently, the film Reynolds number of sea
water given by Eq. (3) is lower at the same wetting
rate. Fig. 7 shows the percentages of the wet surface
areas depending on the film Reynolds number.

The wettability of the different alloys with deionized
water in the pilot plant was found to be in the order of
Al brass > AlMg2.5 > CuNi 90/10 > SS 1.4301. For
sea water, the wettability of the different alloys was in
the order of AlMg2.5 > Al brass > CuNi 90/10 >
SS 1.4301.

The measured contact angles, shown in Fig. 3, also
indicate that the wetting of the Al brass and AlMg2.5
tube surfaces is more favourable than the wetting of
the SS 1.4301 and CuNi 90/10 surfaces. The measured
contact angles of SS 1.4301 and CuNi 90/10 are simi-
lar, and surface roughness and/or physical/chemical
reactions between the solid and the liquid may cause
a better wetting of the CuNi 90/10 tube surface than
that of the SS 1.4301 tube surface.

At the same film Reynolds number, all the tube
materials show higher percentages of the wet surface
area with artificial sea water than with deionized
water, as shown in Fig. 7. The higher values of surface
tension and viscosity of sea water would rather lead
to a decrease in the percentages of the wet surface
area compared to deionized water. A higher surface
tension of the liquid means that the liquid would min-
imize the contact with the solid surface and the wet
surface area would get smaller. However, the results
suggest that physical/chemical effects between solid
surface and sea water cause an increase in the wet
surface areas.

3.4. Impact of temperature on wetting

The wetting experiments were performed with
deionized water at ambient pressure and a fluid tem-
perature of 29˚C as well as with deionized water on
heated tubes (condensing steam inside tubes) at ambi-
ent pressure and a fluid temperature of 63˚C. The
dynamic viscosity of water decreases with the increas-
ing temperature. Consequently, the film Reynolds
number of hot water given by Eq. (3) is higher than
the one of cold water at the same wetting rate. Fig. 8
shows the effect of the film Reynolds number on the
percentages of the wet surface area for cold and hot
deionized water.
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For CuNi 90/10 and AlMg2.5 tubes, the degree of
wetting with hot water is higher than with cold water.
The surface tension of water decreases with the
increasing temperature, which reduces the contact
angle and tends to increase the degree of wetting. If
wettability with cold water is already high as in the
case of Al brass, it will be difficult to show an
improved wettability with hot water at low wetting
rates in such a dynamic process.

3.5. Effect of wetting rate on scale formation

In order to study the effect of the wetting rate on
scale formation, experiments were performed with
artificial sea water at an evaporation temperature of
tEV = 75˚C and a condensation temperature of
tCO = 80˚C. Tubes made of CuNi 90/10, Al brass,
AlMg2.5 and SS 1.4301 were used. The tube surface of
the stainless steel tubes was sandblasted. The wetting
rate was varied in a range between 0.025 and 0.14 kg/
(sm), which corresponds to the film Reynolds num-
bers of 56–313. Some researchers assume (e.g. [21])
that the Reynolds numbers indicating the transition
point from laminar to wavy-laminar and to turbulent
flow, originally developed for falling films on vertical
surfaces, also apply to falling films on horizontal
tubes. Applying correlations for the transition between
laminar flow and wavy-laminar flow given by Kapitza
[22] and for the transition between wavy-laminar and
turbulent flow given by Wilke [23], the film flow is in
the wavy-laminar regime. The tube surfaces were
completely covered with a thin film during the experi-
ments. Dry patches did not occur according to the
visual observation.

All tubes exhibited a relatively uniform scale layer
after the experiments. SEM and EDXS analyses reveal
that the tube surfaces were covered with a two-layer

scale comprising a thin, flaky magnesium-rich base
layer underneath a thick layer of calcium carbonate
crystals in the form of aragonite. In previous experi-
ments [24], XRD analyses mainly indicated Mg(OH)2
(brucite) or iowaite (layered double hydroxide, also
known as hydrotalcite-like compound) in the magne-
sium-rich scale. Iowaite, having a structure based on
the brucite structure, may be formed in the presence
of corrosion products.

Fig. 9 shows the effect of the wetting rate on the
mass of calcium per unit tube surface area, which was
determined by AAS. The mass of calcium per unit
tube surface area increases with the decreasing wet-
ting rate for all the tube materials. After a test period
of 50 h, most CaCO3 scale was found on the CuNi
90/10 and SS 1.4301 tubes. Less calcium-containing
scale formed on the AlMg2.5 tubes.

The effect of the wetting rate on the mass of mag-
nesium in the scale per unit tube surface area, which
was determined by AAS, is shown in Fig. 10. While
the magnesium mass per unit tube surface area was
low on the CuNi 90/10, Al brass and SS 1.4301 tubes
and the quantity of the magnesium-containing scale
did not notably change at different wetting rates, the
magnesium mass in the scale was relatively high on
the AlMg2.5 tubes. In previous experiments [25], the
magnesium content found on aluminium alloy Al-
MgSi0.5 (alloy EN AW 6060) tubes was also higher
than on CuNi 90/10, Al brass and SS 1.4565 tubes.
The results suggest that the magnesium-containing
scale has a higher affinity to aluminium alloys than to
copper alloys or stainless steel grades.

Fig. 11 shows the effect of the wetting rate on the
average thickness of the scale layer. Since the scale
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layer mainly consists of calcium carbonate in the form
of aragonite and to a lesser extent of magnesium-con-
taining compounds, the average scale thickness
increases with the decreasing wetting rate which cor-
responds to the increasing calcium content on the tube
surface, as shown in Fig. 9.

Crystallization fouling is a complex process, and
flow velocity has opposing effects. In turbulent flow,
an increase in the flow velocity enhances mass trans-
fer. On the other hand, an increase in the velocity also
intensifies the interfacial shear stress on the scale sur-
face, counteracting the adhesion forces. Therefore, an
increase in the flow velocity may either increase the
fouling rate (mass transfer controlled) or decrease it if
the interfacial shear has the greater effect (surface
integration controlled).

Gazit and Hasson [26] studied the mechanism of
CaCO3 scale deposition from an evaporating laminar
falling film on a vertical tube. They developed a
kinetic model describing scale layer growth assuming
that the crystallization surface reaction controls the
fouling process. Hasson and Perl [27] extended the
previous study and made a more fundamental analy-
sis of transport processes occurring during scale depo-
sition in a laminar falling film system. They concluded
that the diffusional effects can be of importance even
in thin film flow.

As in vertical tube falling film systems, a falling
film on horizontal tubes creates a resistance to heat
and mass transfer in the laminar flow regime. Heat
and mass transfer decrease with increasing wetting
rate and film thickness. Except at very low film Rey-
nolds numbers with the flow being laminar, liquid
films develop an interfacial wave structure which
increases heat and mass transfer rates above those
obtained for smooth liquid film flows. With increas-
ing flow rate and film Reynolds number, the wavy-
laminar flow changes to turbulent flow. In their
review, Ribatski and Jacobi [28] summarized that in
convection-dominated conditions, as the flow rate
increases, the heat transfer coefficient decreases first,
but increases after a minimum value. This minimum
might represent a transition from laminar to turbu-
lent film flow. They pointed out that the heat trans-
fer coefficient was also found to be almost
independent of the flow rate and it was found to
increase with the flow rate.

Assuming the crystallization fouling process to be
diffusion controlled and the resistance to mass transfer
to increase with increasing wetting rate and film thick-
ness in the wavy-laminar regime, an increase in wet-
ting rate may reduce the fouling rate, as shown in
Fig. 9. A decrease in the mass transfer resistance with
increasing wetting rate would rather tend to enhance
the fouling rate. But at the same time, an increase in
the wetting rate also intensifies the interfacial shear
stress on the scale surface, counteracting the adhesion
forces. It is known that the adhesion forces are suffi-
ciently high so that shear stress removal effect is
absent in the deposition of a scale layer consisting of a
pure uncontaminated crystalline substance [10]. How-
ever, for mixed salt precipitation, it is believed that
shear stress removal may lead to asymptotic fouling
behaviour [10].

The wetting rate also influences heat transfer and,
thus, the surface temperature which in turn affects
crystallization fouling. As described above, some heat
transfer models predict an increase in the heat transfer
coefficient with the increasing wetting rate (e.g. [20]),
others predict a decrease (e.g. [29]) in the
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wavy-laminar regime. Thus, the surface temperature
may be reduced or increased.

The enhanced scaling tendency at low wetting
rates, as shown in Fig. 9, may also be attributed to the
variation in the film thickness. The film thickness sig-
nificantly decreases with the decreasing wetting rate.
Hodgson et al. [30] assumed that in the vertical tube
falling film evaporators, high local solution concentra-
tions, exceeding the average brine concentration, are
formed by fluid elements having either the smallest
thickness or residing for a longer period of time in the
film.

Furthermore, the co-precipitation of the calcium- and
magnesium-containing salts might play an important
role. The effect of tube material on the co-precipitating
calcium- and magnesium-containing salts in a sea water
environment is poorly understood. It is conceivable that
some tube materials promote the formation of magne-
sium-containing scale, for example the magnesium-
containing aluminium alloy, which in turn influences
the precipitation of calcium carbonate scale.

In previous experiments with CuNi 90/10 tubes
[24], a thin Mg-rich scale layer formed on the tube
surface even at a low evaporation temperature of 50˚C
which promotes the assumption of locally high pH
values at the metal–solution interface. A shift in pH to
high values in the sea water film due to CO2 release
and, additionally, cathodic reactions resulting in a
locally enhanced OH– concentration may promote a
high degree of supersaturation of Mg(OH)2 to drive
its rapid precipitation on the tube surface. The quan-
tity of the Mg-rich scale on the CuNi 90/10 tubes did
not notably change with increasing test period, ionic
strength or in experiments with a calcium-depleted or
calcium-free model solution. The present study shows
that the magnesium content in the scale does not nota-
bly change for CuNi 90/10, Al brass and SS 1.4301
tubes at varying wetting rates. This observation sup-
ports the notion that the Mg-rich base layer forms in
the early stages and its growth ceases and aragonite
crystals start to precipitate once the tube surface is
completely covered with the Mg-rich scale layer.

While the calcium content decreases with the
increasing wetting rate for all the tube materials and
the magnesium content does not notably change for
CuNi 90/10, Al brass and SS 1.4301 tubes, the results
suggest that the magnesium content on the AlMg2.5
tubes increases with the increasing wetting rate from
0.025 to 0.1 kg/(s m), as shown in Fig. 10. However, at
a high wetting rate of 0.14 kg/(s m), the magnesium
content in the scale falls to a level which is similar to
the one at a low wetting rate of 0.025 kg/(s m).
Further work is needed to study co-precipitation of

calcium- and magnesium-containing salts on alumin-
ium alloys.

4. Conclusions

The wetting behaviour of aluminium brass, cop-
per–nickel 90/10, aluminium alloy AlMg2.5 and stain-
less steel 1.4301 tubes was investigated in a horizontal
tube falling film evaporator. In tests with stepwise
increasing and decreasing wetting rates, pictures were
taken of the film flow over the tubes. The percentages
of the wet surface areas on the tube surfaces were
evaluated. The wet surface area increases with wetting
time at a constant wetting rate. A hysteresis between
the wet surface areas occurring at the increasing and
decreasing wetting rate was found. The wettability of
the different tube materials with deionized water was
found to be in the order of Al brass > AlMg2.5 > CuNi
90/10 > SS 1.4301 and with sea water in the order of
AlMg2.5 > Al brass > CuNi 90/10 > SS 1.4301 which
corresponds to the results of the contact angle mea-
surements. All tube materials show a better wettability
with artificial sea water than with deionized water.
The results suggest that the physical/chemical effects
between metal surface and sea water cause an increase
in the wet surface areas with sea water. Furthermore,
higher liquid temperatures lead to a better wettability
of the tube surfaces caused by a decrease in surface
tension and viscosity.

Moreover, the effect of the wetting rate on composi-
tion and quantity of mixed salt scale was studied for
aluminium brass, copper–nickel 90/10, aluminium
alloy AlMg2.5 and stainless steel 1.4301 tubes in the
horizontal tube falling film evaporator. The wetting rate
was varied in a range between 0.025 and 0.14 kg/(s m),
which corresponds to film Reynolds numbers of 56–313
and leads to a wavy-laminar film flow. The tube sur-
faces were covered with a flaky magnesium-rich base
layer and a thick layer of calcium carbonate in the form
of aragonite. The mass of calcium in the scale per unit
tube surface area increases with the decreasing wetting
rate for all the tested tube materials. While the magne-
sium mass in the scale per unit tube surface area was
low on the CuNi 90/10, Al brass and SS 1.4301 tubes
and did not notably change with the wetting rate, the
magnesium mass was relatively high on the AlMg2.5
tubes, which suggests that the magnesium-containing
scale has a higher affinity to aluminium alloys than to
copper alloys or stainless steel grades. The average
thickness of the scale layer increases with the decreas-
ing wetting rate which corresponds to the increasing
calcium carbonate content. The increase in CaCO3 depo-
sition with the decreasing wetting rate was discussed in
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the light of film thickness, flow velocity, mass transport
and co-precipitation of calcium- and magnesium-con-
taining salts in the wavy-laminar falling film.

Symbols

d0 outside diameter of tubes, m
L length of tubes, m
_m mass flow rate, kg/s
Ra surface roughness, μm
ReF film Reynolds number, -
S salinity, g/kg
s tube pitch, m
tCO condensation temperature, ˚C
tEV evaporation temperature, ˚C
�u average flow velocity, m/s

Greek symbols

Γ wetting rate, kg/(s m)
Γcrit critical wetting rate, kg/(s m)
γlv liquid–vapour interfacial tension, mN/m
γsl solid–liquid interfacial tension, mN/m
γsv solid–vapour interfacial tension, mN/m
δ film thickness, m
η dynamic viscosity, Pa s
θ contact angle, ˚
ρ density, kg/m3

τ test period, h
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