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ABSTRACT

Horizontal tube falling film evaporators are the main components of multiple-effect distillation
plants for seawater desalination. Seawater is distributed onto a horizontal tube bundle and forms a
thin film on the outside of the evaporator tubes, which are internally heated by steam. The thickness
and the wave motion of the seawater film crucially determine heat and mass transfer rates in the
film and, therefore, scale formation on the tube surfaces. Falling film flow on horizontal tubes was
studied with a high-resolution optical micrometer in a unique test rig. The liquid film thickness was
measured at a high sampling frequency along and around a tube providing information on wave
structure and wave frequency at different wetting rates. Moreover, experiments were performed
in a horizontal tube falling film evaporator test rig at pilot plant scale with artificial seawater in
order to study the formation of calcium- and magnesium-containing salts at different wetting rates.
The mean film thickness on the tube surface increases with increasing wetting rate and it highly
depends on the position on the tube surface. The wave motion of the film is predominantly gov-
erned by liquid impingement at the tube top and liquid detachment at the tube bottom. Scale mass
and scale layer thickness are closely connected to falling film characteristics.
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1. Introduction

In horizontal tube falling film evaporators, which are
commonly used in multiple-effect distillation (MED) plants
for seawater desalination, heat transfer and crystallization
fouling are massively influenced by film flow characteris-
tics on the evaporator tubes. Seawater is distributed onto
the upper tube rows of a horizontal tube bundle by means
of spray nozzles. The liquid forms a thin film on the out-
side of the tubes and trickles down tube by tube. The liquid
load can be characterized by the wetting rate I which can
be defined as the falling film mass flow rate on one side or
on both sides of the horizontal tube per unit tube length.

* Corresponding author.

In the following, the wetting rate is expressed as the mass
flow rate on both sides of the tube per unit tube length:

r== (1)

The film Reynolds number is a common dimension-
less quantity that is used to describe the falling film flow.
Different definitions of the film Reynolds number can be
found, as described by Mitrovic [1]. In the following, the
film Reynolds number is defined as:
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with the dynamic viscosity p of the liquid and the wet-
ting rate I' according to Eq. (1). In falling film evapora-
tors for seawater desalination, the initial wetting rate on
the top tube row commonly ranges between 0.06 and
0.14 kg/(s m) [2], which corresponds to a film Reynolds
number between 250 and 600 for a seawater temperature of
65°C and a salinity of 35 g/kg. The tubes are heated from the
inside by heating steam. As the seawater flows down the tube
bundle, it is first preheated and subsequently partly evapo-
rates, decreasing the wetting rate far below the initial values.

Seawater is a multi-component salt solution containing
inversely soluble salts, such as calcium carbonate, calcium
sulfate and magnesium hydroxide. As the seawater is
heated, the solubility of these salts decreases and the super-
saturation — the driving force of crystallization — increases.
Precipitation of supersaturated salts, mainly calcium
carbonate and magnesium hydroxide, preferably starts on
the heat transfer surface, forming a scale layer which dete-
riorates the heat transfer performance. Thus, scale formation
needs to be controlled in falling film evaporators to ensure
a stable and efficient operation.

Crystallization is driven by supersaturation and it is
massively influenced by reaction rates and by mass trans-
fer rates of the involved species towards the heat transfer
surface. Mass transfer, in turn, is strongly connected to fluid
dynamics. Different flow regimes on and between the hori-
zontal tubes can be identified for different wetting rates.

The intertube flow is characterized by the formation of
droplets, jets or sheets on the bottom of each tube [1]. The
flow rate, tube spacing, gravity and the physical properties
of the liquid determine the flow regime [1]. Droplet for-
mation occurs at low flow rates and large tube spacings.
As the flow rate increases or the tube spacing decreases,
the flow configuration changes from droplets to jets and
finally reaches the sheet regime with interjacent transition
regions. Droplets and jets are usually present at common
film Reynolds numbers in practical applications. The free
surface of the liquid exhibits a wave pattern which can
be described by Taylor instability theory [3]. On the tube
bottom, droplets/jets detach from locations with maxi-
mum wave amplitude [3]. The distance between droplet/
jet formation sites decreases with increasing film Reynolds
number [4]. In the droplet regime, detachment sites are
not simultaneously active at first. With increasing film
Reynolds number, more droplets detach at the same time
and the droplet frequency increases until continuous jets are
formed [5]. In the jet regime with low film Reynolds num-
bers, jet impingement and detachment sites are inline. As the
flow rate increases, two impinging jets form a crest between
each other, resulting in a detachment site right underneath [3].

Film flow regimes can generally be described by the
physical properties of the liquid, the flow rate and the
slope of the substrate [6]. The description is complicated
due to the presence of the free surface. Below a critical film
Reynolds number, the film is mainly laminar. As the flow
rate increases, the free surface is covered with capillary
and/or gravity waves, referred to as laminar-wavy regime.
Finally, the flow becomes turbulent above a critical film
Reynolds number. No matter which flow regime is pres-
ent, a substantial part of the film is still occupied by a rel-
atively large non-turbulent sublayer [7]. The laminar-wavy

regime sets in at a film Reynolds number of 20 for film flow
on an inclined plate [8]. The transition of flow regimes on
horizontal tubes has rarely been examined. The transition
to turbulent flow was reported to occur at a film Reynolds
number of 2,000 on a large-diameter horizontal tube [9].
Barba and Di Felice [10] assumed turbulent flow in a hor-
izontal tube falling film evaporator at film Reynolds num-
bers greater than 1,500. Han and Fletcher [11] postulated
a turbulent flow on horizontal tubes in a range of film
Reynolds numbers between 770 and 6,800. Parken et al. [12]
assumed turbulent flow at film Reynolds numbers above
1,000 for falling film flow on a horizontal tube. Film flow
on horizontal tubes is additionally influenced by imping-
ing and detaching droplets/jets. The tube perimeter may be
divided into an impingement region and a hydrodynami-
cally fully developed region [13]. The above-mentioned
flow regimes are of concern in the fully developed region.
Droplet/jet impingement significantly determines heat and
mass transfer rates in the impingement region. Moreover,
the film is agitated by splashing, inducing surface
waves of different nature than capillary and gravity waves.

Several studies of film flow on horizontal tubes have
been performed [14-17]. However, the film flow on hori-
zontal tubes has mainly been investigated for the jet regime.
Film thickness data are mostly evaluated at circumfer-
ential angles between the tube top and the tube bottom.
Film flow at circumferential angles of 0° (upper crown line)
and 180° (lower crown line) as well as axial variations of
film thickness has rarely been examined.

Several methods of measuring the liquid film thickness
have been reported in literature [15-17]. Zhang et al. [18]
used an optical shadow method, similar to the one in this
study, to measure the liquid film thickness on a vertical tube.

The effects of film flow on crystallization fouling in fall-
ing film evaporators for seawater desalination have rarely
been investigated. Stérk et al. [19] studied scale formation in
a falling film evaporator at different wetting rates. Scale layer
thickness and scale mass per unit tube surface area decreased
with increasing wetting rate. Mabrouk et al. [20] developed a
numerical model of a falling film evaporator and showed the
effect of an uneven seawater distribution on scale formation.

The objective of this study is to give new insights into the
effects of film flow on scale formation in falling film evapora-
tors for seawater desalination.

2. Experimental setup

Experiments were performed in two different test rigs in
order to investigate film flow characteristics on horizontal
tubes as well as their influence on scale formation.

2.1. Film thickness measurements

In the following, the film thickness test rig and the
experimental procedure of the film thickness measurements
are described.

2.1.1. Test rig

A unique test rig was constructed for the investigation of
the film flow on horizontal tubes, comprising a bank of four
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tubes and a high-resolution optical micrometer, as illustrated
in Fig. 1.

The test liquid is evenly distributed onto a bank of four
horizontal tubes arranged one below the other. A perforated
transparent polymer tube with liquid supply at both ends
serves as liquid distribution system. The distribution tube
has an outer diameter of 16 mm and a wall thickness of 2 mm.
Holes with a diameter of 1 mm are aligned with a distance of
5 mm on the bottom of the tube. The center of the distribution
tube is positioned 50.5 mm above the center of the first tube.
The first two tubes of the test section serve to homogenize
the liquid flow. The effective wetted length of the tubes is
300 mm. The vertical distance of the tube centers amounts to
62 mm. Considering a triangular 30° tube pitch in a common
tube bundle, this layout represents a realistic tube pitch to
diameter ratio of 1.432. The tubes are not heated.

A centrifugal pump conveys the test liquid from a feed
tank through a heating coil placed in a thermostat bath to
the liquid distribution tube at the top of the test section.
The volume flow rate of the test liquid is controlled by a nee-
dle valve. Before the test liquid enters the distribution tube,
its temperature is measured with a Pt100 temperature sensor
(accuracy class A) and its volume flow rate is measured with
a turbine flow meter (FCH-midi-PVDF, Biotech, Germany).
The flow meter exhibits a measuring accuracy of +2%.

The liquid film thickness is measured on the third
tube by means of a high-resolution optical micrometer
(optoCONTROL 2600, Micro-Epsilon, Germany) at a high
sampling rate. The micrometer uses LED technology and
exhibits a resolution of 0.1 um, a reproducibility of +1 um
and a linearity of +3 pm. The measuring principle is illus-
trated in Fig. 2. An LED light source produces a parallel
light curtain (measuring range 40 mm) which is imaged
on a high-resolution CCD camera via a telecentric lens.
If an object to be measured is placed in the light curtain,
the shadow created by the object will be detected by the
CCD camera [21]. The test tube is placed in the light curtain
and the shaded length is measured. It is set to zero for the
dry tube before each measurement.

Once a liquid film is established, the sensor records
the film thickness. The optical micrometer is mounted on a
steel frame which, in turn, is directly fixed on the test tube
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Fig. 1. Film thickness test rig with the high-resolution optical
micrometer.

avoiding the measurement of vibrations and thermal expan-
sion. The frame can be moved in axial direction of the tube
as well as around the tube. The axial position is measured
by means of a potentiometric position sensor (FWA150T,
Ahlborn, Germany) with a measuring accuracy of +0.01 mm.
The tilting angle is determined by means of a digital
protractor with a measuring accuracy of +0.1°.

2.1.2. Test procedure

Film flow experiments were performed with deionized
water at ambient pressure and a temperature of 25°C, 45°C
and 65°C. Aluminum brass tubes (CW 702 R) with an outer
diameter of 25.0 mm and a wall thickness of 1.0 mm were
used. The tube material as well as the dimensions is widely
used in MED plants. The test tubes were thoroughly cleaned
with isopropyl alcohol and acetone before each experiment.

The tubes were completely wetted during the mea-
surements of the film thickness. Before each measure-
ment, however, the surface of the third tube (test tube) was
locally dried by compressed air and by covering the tube
surface directly above the measuring spot along a length of
around 3 cm. The film flow above the third tube was not
affected by this procedure. The shaded length measured
by the LED micrometer was set to zero for the dry tube
surface. Afterwards, the blockage of the liquid distribu-
tion was removed. The measurement of the film thickness
was started once the tube surface was completely rewetted.

As illustrated in Fig. 2, the film thickness was measured
on the top and on the bottom of the third tube, referred to
as 0° and 180°, respectively, along an axial length of 90 mm.
Measurements were performed 45 mm left and right from
the center of the wetted tube length at 19 measuring points
at a distance of 5 mm whereas the center of the wetted tube
length is located at a position of 150 mm. Moreover, the film
thickness was measured at circumferential angles between
0° and 180° at three different axial positions, namely the cen-
ter of the wetted tube length as well as 20 mm left and right
from the center. Measurements could only be performed
from 0° to 50° as well as from 130° to 140° as the LED light
curtain is blocked by the other tubes at high tilting angles
of the steel frame and by pendant liquid on the tube bot-
tom at high circumferential angles. Five different wetting
rates were applied, as listed in Table 1. In falling film evap-
orators, wetting rates can easily fall below the initial value
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Fig. 2. Measuring principle of the high-resolution optical
micrometer.
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due to evaporation and liquid maldistributions. Therefore, a
minimum value of 0.02 kg/(s m) was chosen. The maximum
wetting rate amounted to a common value of 0.10 kg/(s m).
At each measuring point, the film thickness was recorded
for 5 min at a sampling frequency of 230 Hz.

2.1.3. Test evaluation

Film thickness data were processed in order to deter-
mine characteristic film parameters. Owing to the dynamic
nature of the liquid film, a wide range of film thicknesses
was recorded at each measuring point. Therefore, statistical
evaluation of the data was necessary. The mean film thickness
and the average minimum film thickness were determined.

The surface of the falling liquid film is in wavy motion.
In order to analyze the wave motion, the power spec-
trum was estimated by means of the Welch’s method
[22]. The power spectrum was calculated by dividing the
data into overlapping segments, computing a modified
periodogram for each segment and averaging the peri-
odograms. Segments consist of 600 data points, whereby
400 values are overlapping from segment to segment. In
order to increase the resolution in the frequency-domain,
zero padding was used and 3,600 additional zeros were
added to the end of the time-domain signal. Blackman
window was chosen as window function. Peaks in the
power spectrum can be attributed to harmonic waves,

Table 1

Wetting rates and corresponding film Reynolds numbers for the
falling film flow of deionized water at different temperatures
applied during the film thickness measurements

whereby the peak value represents an estimate of the
root mean square value of the amplitude at a specific
frequency. The highest peak is related to the maximum
amplitude at the dominant frequency. The signal-to-noise
ratio was always higher than 50 dB for each measurement.

2.2. Scaling experiments

In the following, the falling film evaporator test rig and
the experimental procedure of the scaling experiments are
described.

2.2.1. Test rig

Scaling experiments were performed in a falling film
evaporator test rig at pilot plant scale. The main component
of the test rig is an evaporator equipped with a bank of six
horizontal tubes arranged one below the other, as illus-
trated in Fig. 3. The tubes are attached to the tube sheets
with screws and they are sealed by means of O-rings. The
tube length that is wetted by seawater amounts to 453 mm.
The vertical distance between the tube centers amounts to
50 mm. Seawater is evenly distributed onto the first tube
by a toothed overflow weir and trickles down to the lower
tubes, forming a thin film flow. Inspection glasses on both
sides of the evaporator shell allow a visual observation of
the falling film flow.

The flow diagram of the test rig is illustrated in Fig. 4.
The tubes are heated from the inside by heating steam,
which is generated by a steam generator. The heating steam
condenses inside the tubes and the condensate is directed
back to the steam generator. Heat is transferred from the
steam inside the tubes to the seawater on the outside of
the tubes. The seawater forms a thin film on the outer tube

I'/ kg/(s m) e .
Re, /- surface. It is first preheated up to saturation temperature
002 004 0.06 0.08 0.10 on part of the first tube and then partially evaporates on
5 44.9 89.9 134.8 179.8 2047 the subsequent tubes. Evaporation takes place at a pressure
s/°C 45 671 1342 2013 268.4 3355 below ambient pressure, WhI'Ch 1§ maintained by a vacuum
65 93 184.6 2770 369.3 4616 pump. The generated vapor is directed to a condenser and
: . . . : the condensate is collected in a tank equipped with a level
seawater T generated
vapor
e [ |Ief
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Fig. 3. Drawing of the horizontal tube falling film evaporator [23].
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Fig. 4. Flow diagram of the falling film evaporator test rig.

indicator. After leaving the evaporator, the concentrated
seawater, referred to as brine, flows into a collecting tank
where it is mixed with the distillate in order to keep the
salinity of the seawater approximately constant. The seawa-
teris conveyed back to the evaporator by a centrifugal pump.
The test rig is equipped with several temperature, pres-
sure and flow sensors, as illustrated in Fig. 4. Experiments
can be carried out at different condensation and evaporation
temperatures as well as at different wetting rates.

2.2.2. Test procedure

Experiments were performed with tubes made of
aluminum brass, which is an established evaporator tub-
ing material in MED plants. The aluminum brass tubes
(CW 702 R) were supplied by MPG Mendener Prazisionsrohr
GmbH (Menden, Germany) and had an outer diameter of
25.0 mm and a wall thickness of 1.0 mm. The tubes were
used with their typical surface topography as delivered by
the tube supplier with a mean surface roughness of 0.73 pm.
New tubes were used for each experiment and thoroughly
cleaned with deionized water, isopropyl alcohol and acetone.

Artificial seawater with a high salinity of 65 g/kg and an
ionic strength of 1.39 mol/kg was used for the scaling exper-
iments, representing concentrated brine at the bottom of an
MED tube bundle. The initial pH value was approximately
8.3. The formulation of the artificial seawater originates
from oceanography, including 99 mass% of salts in natural
seawater [24].

An evaporation temperature of 65°C in the evapora-
tor shell and a condensation temperature of 70°C inside
the tubes were chosen, representing common conditions
in the first stage of an MED plant. Wetting rates rang-
ing from 0.02 to 0.10 kg/(s m) were applied, as listed in
Table 2. Droplet formation is expected at wetting rates below
0.06 kg/(s m) and jet formation at higher wetting rates [25].

Table 2

Wetting rates and corresponding film Reynolds numbers for the
scaling experiments with artificial seawater at a temperature of
65°C and a seawater salinity of 65 g/kg

I'/ kg/(s m)
0.02 0.04 0.06 0.08 0.10
Re, /- 78.5 157.1 235.6 314.1 392.7

Experiments with 240 L of artificial seawater and time
periods of 50 h were found to be favorable because time peri-
ods are long enough to find differences in scale formation
and supersaturation levels are still high enough.

The inside of the evaporator was manually cleaned
with deionized water and with diluted acetic acid solution
after each test run. The collecting tank for the seawater was
cleaned with water jets. The whole circuit was cleaned by
flushing with deionized water for several days.

2.2.3. Scale characterization

The scale layers on the tube surfaces were analyzed
using different methods. The scale layer thickness was mea-
sured by means of a gauge (MiniTest 2100, ElektroPhysik,
Germany) in combination with the probe FN 1.6 using the
eddy current method. The measuring range of the probe
is between 0 and 1,600 pm. It exhibits a high resolution of
0.1 pm. The tolerance amounts to +1 um due to the cali-
bration standard. A two-point calibration was performed
at each tube. First, the probe was placed on a clean sample
determining the lower reference value. Afterwards, a cali-
bration foil with a thickness of 96 um (+1 pm) was used.
The scale layer thickness was measured on each of the six
evaporator tubes at four different circumferential angles,



namely 0°, 90°, 180° and 270°. At each circumferential angle,
the scale layer thickness was measured at 25 different points
along the tube, as shown in Fig. 5. The distance between the
measuring points was 20 mm near to the ends of the scale
layer and it was 10 mm near to the tube center. The scale
layer edges at both tube ends were excluded from the mea-
surements because scale formation is considerably affected
by low tube wetting at the tube ends where the tubes are
attached to the tube sheets and the scale layer thickness is
higher than that on the main tube body. The measurements
were repeated 10 times at each position.

Scale formation is dominated by calcium carbonate
and magnesium hydroxide precipitation during seawater
evaporation [23]. Therefore, the calcium and magnesium
contents of the scale on the fourth evaporator tube were
determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The scale layers at the edges were
removed with sandpaper along a length of 1 cm on each
side before analysis in order to only determine the scale on
the main tube body. The scaled tube was submerged in a
10 mass% acetic acid solution at a temperature of 90°C for
2 h in order to dissolve the scale. The solution was trans-
ferred to a beaker and the tube as well as the vessel was
extensively rinsed with deionized water which was added
to the solution. Afterwards, the solution was boiled down to
a volume of about 300 mL. Then the volume was increased
to 500 mL by adding deionized water in a volumetric flask.
The concentrations of Ca* and Mg? ions in the solution
were determined with ICP-AES.

3. Results

In the following, the results of the film flow measure-
ments and the scaling experiments are presented.

3.1. Film thickness and wave motion

The intertube flow patterns of deionized water are
illustrated in Fig. 6 for different wetting rates ranging from
0.02 to 0.10 kg/(s m) at a temperature of 25°C. At a low wet-
ting rate of 0.02 kg/(s m), only few droplet detachment sites
are simultaneously active. The number of active detachment
sites increases with increasing wetting rate. The distance
of the detachment sites remains approximately constant at
each wetting rate. The images only represent an isolated
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moment. In fact, the detachment sites were not located
at a constant position but moved along the bottom of the
tube. The flow pattern gradually changes from the drop-
let regime to the jet regime with increasing wetting rate.
The transition seems to occur at a wetting rate of around
0.06 kg/(s m). Whereas the liquid jets almost always fall
down vertically at 0.08 kg/(s m), they are more chaotic at
0.10 kg/(s m).

In Fig. 7a, the local mean film thickness is illustrated
at the tube top in dependence of the axial position along
the tube for different wetting rates at a temperature
of 25°C. The local mean film thickness increases with
increasing wetting rate. At low wetting rates of 0.02 and
0.04 kg/(s m), the local mean film thickness is almost con-
stant along the tube. Slight variations set in at 0.06 kg/(s m)
and major fluctuations occur at 0.08 and 0.10 kg/(s m).
Moreover, Fig. 7b shows the impact of different tempera-
tures on the mean film thickness at the tube top based on
all 19 measuring points along the upper crown line of the
tube. The mean film thickness decreases with increasing
temperature at a constant wetting rate.

The local mean film thickness at the tube bottom is
illustrated in Fig. 8a in dependence of the axial position
along the tube for different wetting rates at a temperature of
25°C. Similarly to the tube top, the local mean film thickness
generally increases with increasing wetting rate. There are
almost no variations of the local mean film thickness along
the tube at low wetting rates. Strong fluctuations along the
tube set in at a wetting rate of 0.06 kg/(s m). Generally, the
mean film thickness at the tube bottom is about an order of
magnitude higher compared with that at the tube top shown
in Fig. 7a. The mean film thickness at the tube bottom at var-
ious wetting rates for different temperatures is illustrated in
Fig. 8b. The mean film thickness at the tube bottom shows
no clear dependence on the temperature in the range under
examination.

Fig. 9a shows the circumferential variation of the mean
film thickness for different wetting rates at a temperature of
25°C. At each circumferential angle, the mean film thickness
was determined from data of three different axial positions
along the tube, as described in Section 2.1. Analogously
to the tube top and tube bottom, the mean film thickness
increases with increasing wetting rate on the tube perimeter.
At a given wetting rate, the mean film thickness is almost
constant on the upper half of the tube at circumferential

20 mm 40 mm

—

Heating
steam inlet

<
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\

Fig. 5. Positions of the scale layer thickness measuring points on the evaporator tubes.
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Fig. 6. Intertube flow patterns of deionized water for different wetting rates at a temperature of 25°C.
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thickness at the tube top at various wetting rates for different temperatures (b). The local mean film thickness (a) was calculated from
data at each measuring point. The mean film thickness (b) was determined from data of all 19 measuring points and the error bars

represent the standard mean deviation.

angles above 0° and increases on the lower half of the tube.
Local variations of the mean film thickness along the tube
increase with increasing wetting rate, which is obvious
from the growing size of the error bars, but are negligible
for low wetting rates. In Fig. 9b, the mean film thickness
is illustrated at various circumferential angles for different
temperatures at a wetting rate of 0.04 kg/(s m). The mean
film thickness decreases with increasing temperature.

The impact of different wetting rates and tempera-
tures on the average minimum film thickness is illustrated
in Fig. 10 for the tube top (a) and for the tube bottom (b).
The average values at the tube top and at the tube bottom
were determined from measuring data of 19 different axial
positions along the upper crown line and along the lower
crown line, respectively. In general, the average minimum
film thickness decreases with increasing temperature and it

is higher at the tube bottom compared with the tube top.
At the tube top, a minimum of the average minimum film
thickness was detected at a wetting rate of 0.06 kg/(s m).
At the tube bottom, the average minimum film thickness
increases with increasing wetting rate.

The average minimum film thickness at different cir-
cumferential angles and wetting rates is illustrated in Fig. 11.
Results are presented for a temperature of 25°C. At each
circumferential angle, the average minimum film thickness
was determined from measuring data of three different
axial positions along the tube. An increasing circumferen-
tial angle is accompanied by an increasing minimum film
thickness. However, the minimum film thickness shows no
clear dependence on the wetting rate.

The wave motion of the liquid film was examined by
spectral analysis of the film thickness data. The dominant



8 M. Waack et al. / Desalination and Water Treatment 211 (2021) 1-14

(@ 10 (b) 10
9 —»—0.10 kg/(s m) 9 w25 °C
0.08 kg/(s m) g ¢ 145 °C
8 ——0.06 kg/(s m) g3 65 °C
g g 7 0.04 kg/(s m) - 7
= g —e—0.02 kg/(s m) 8
5= © g6
24 £
S
R x| E 5z B
e.g 3 = 3 s e o
— > o o 7
2 g2 i s ]
o e o
! =8 e :?: 7
0 0 ) o i

100 110 120 130 140 150 160 170 180 190 200
Position/ mm

0.02 0.04 0.06 0.08

Wetting rate / kg/(s m)

0.10

Fig. 8. Local mean film thickness at the tube bottom (180°) at various axial positions for different wetting rates at 25°C (a) and mean
film thickness at the tube bottom at various wetting rates for different temperatures (b). The local mean film thickness (a) was calcu-
lated from data at each measuring point. The mean film thickness (b) was determined from data of all 19 measuring points and the

error bars represent the standard mean deviation.

(@) 0.45
%0.10 Kg/(s m) _

g 0.40 0.08 ke/(sm) | 2=
035 ©0.06 kg/(s m)
9 0.04 kg/(s m)
E 030 1| ©0.02 kg/(s m) %

0.25
£ 0.20 233 X § :
EDUNREEES .
= 015 -
5010 e ===*
[}
= 0.05

0.00

0 20 40 60 80 100 120 140 160 180

Circumferential angle /°

Cs

0.45
@25 °C
I’ =0.04 kg/(s m
g 0.40 45 °C g/(s m)
Z 035 965 °C
v
% 0.30
=)
ﬁ, 0.25
= h 4
= 0.20 2
£ "
E 0.15 : : ; [ I
g 0.10 $s
(0]
= 0.05
0.00
0 20 40 60 80 100 120 140 160 180

Circumferential angle /°
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ous circumferential angles for different temperatures at a wetting rate of 0.04 kg/(s m) (b). The mean film thickness was determined
from data of three different measuring points along the tube. The error bars represent the standard mean deviation.

frequency of the wave motion and its maximum ampli-
tude were determined as characteristic parameters. In the
following, results are only presented for a temperature of
25°C. Similar results are obtained for higher temperatures.
Neither the maximum wave amplitude nor the dominant
wave frequency is substantially affected by changes in tem-
perature. Wave parameters prevailing at the tube top are
illustrated in Fig. 12 in dependence of the axial position for
different wetting rates at a temperature of 25°C. The dom-
inant frequency increases with increasing wetting rate up to
0.08 kg/(s m) and it is approximately constant along the tube.
At a wetting rate of 0.10 kg/(s m), there are positions where
the dominant frequency not only further increases but also
significantly lower values were detected. The maximum
amplitude behaves similarly to the local mean film thick-
ness and increases with increasing wetting rate. There are
minor changes of the maximum amplitude along the tube at

low wetting rates. At wetting rates of 0.08 and 0.10 kg/(s m),
however, the amplitude substantially varies along the tube.
Fig. 13 shows the dominant wave frequency (a) and
maximum wave amplitude (b) in dependence of the axial
position along the tube at the tube bottom for different
wetting rates. In contrast to the tube top, the dominant fre-
quency is independent of the wetting rate and axial position.
An almost constant value of around 0.55 Hz was determined.
The maximum amplitude at the tube bottom is an order of
magnitude higher than that at the tube top, as shown in
Fig. 12. The maximum amplitude increases with increasing
wetting rate. However, the slope of the increase seems to
decline at higher wetting rates. Furthermore, spatial fluc-
tuations of the amplitude are higher for high wetting rates.
Fig. 14 illustrates the characteristic wave parameters in
dependence of the circumferential angle for different wet-
ting rates. At a given wetting rate, the dominant frequency
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remains approximately constant over the perimeter. It
increases with increasing wetting rate similarly to the
tube top. However, axial variations increase with increas-
ing wetting rate, which is obvious from the growing size
of the error bars. The average maximum amplitude exhib-
its distinct differences in comparison with the mean film
thickness. At most circumferential positions, a maximum
of the average maximum amplitude was detected at a
wetting rate of 0.04 kg/(s m). A further increase of the wet-
ting rate results in a decrease of the maximum amplitude
whereas the mean film thickness increases with increasing
wetting rate. The amplitude first increases with increasing
circumferential angle, then decreases above a circumfer-
ential angle of about 30° and eventually increases again
on the lower half of the tube.

3.2. Scale formation during seawater evaporation

The calcium and the magnesium scale masses per tube
surface area of the fourth evaporator tube are illustrated in
Fig. 15 for five different wetting rates ranging from 0.02 to
0.10 kg/(s m). The specific magnesium scale mass is much
smaller compared with the calcium scale mass and shows
no systematic dependency on the wetting rate. In contrast,
the calcium mass is significantly affected by the wetting
rate. A lower wetting rate results in a higher calcium mass,
whereby the increase of the scale mass with decreasing
wetting rate seems to be exponential.

Scale formation is further characterized by the scale
layer thickness. The average axial scale layer thickness at
different circumferential angles on the fourth test tube is
depicted in Fig. 16a. The axial scale layer thickness decreases
with increasing wetting rate at each circumferential angle.
The thinnest scale layer was detected at the tube bottom
followed by the tube top. The thickest scale layer was mea-
sured at the tube sides.

Fig. 16b illustrates the average scale layer thickness
on each test tube for different wetting rates. The aver-
age scale layer thickness increases from the top tube to the
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Fig. 11. Average minimum film thickness in dependence of the
circumferential angle for different wetting rates at a temperature
of 25°C. The average values were determined from data of three
different measuring points along the tube. The error bars repre-
sent the standard mean deviation.

bottom tube for each wetting rate. Furthermore, the scale
thickness decreases with increasing wetting rate.

4. Discussion

The mean film thickness of a falling water film increases
with increasing wetting rate on the whole tube perimeter as
a consequence of a higher liquid load. At low wetting rates,
the local mean film thicknesses vary only slightly along the
tube axis, as shown in Figs. 7 and 8. The liquid detachment
sites chaotically move on the tube bottom, which leads to
a uniform liquid distribution over time. In contrary, as the
intertube flow pattern changes to jet mode, the position of
the detachment sites becomes stationary, which is accom-
panied by peaks of the local mean film thickness along the
tube axis at higher wetting rates. The peak values corre-
spond to the most likely positions of the detachment sites.



[y
o

M. Waack et al. / Desalination and Water Treatment 211 (2021) 1-14

(@) 10 (b) 0.40
N 9 9=25°C [[X0.10 kg/(s m) = 9=250°C || X%0-10 kg/(s m)
T 9p=0° 0.08 kg/(s m) g 03 p=0° 0.08 kg/(s m)
; 8 ©0.06 kg/(s m) ~ 030 #0.06 kg/(s m)
e 7 0.04 kg/(s m) 3 0.04 kg/(s m)
2 6|« X 00 kelsm)||  E 025 X " ©0.02 kg/(s m)
§ 5 X % X y § 020 | X X %
.§3 AO}% s * 00"\0(00’.0 5010 ’0'.x". J‘:’:Q"A”’v
gz AR R RN 5 e 2% _ Lo KX,020°
Iy < 005 XX e X
x X x X Xw x xx
0 0.00
100 110 120 130 140 150 160 170 180 190 200 100 110 120 130 140 150 160 170 180 190 200

Position/ mm

Position/ mm

Fig. 12. Dominant wave frequency (a) and maximum wave amplitude (b) at the tube top (0°) in dependence of the axial position

for different wetting rates and a temperature of 25°C.

(a) 2.0 (b) 4.5
L 18 9=25°C ||X0-10kg/(s m) £ 40 9=125°C | [X0.10kg/(s m)
= p=180° 8.82 ig;(sm) g @=180° ||40.08 kg/(s m)
=L 4 0.06 kg/(s m) S 38 ©0.06 kg/(s m)
? 1.4 0.04 kg/(s m) S 30 0.04 kg/(s m)
5 12 © 0.02 kg/(s m) £ 0 0.02 kg/(s m)
g 10 gz.s X y *2e
20 | xXXxeg XX_ ¢ X %
go.s X E s | e Xy o Txg¥eOxyx®x
L I s L
R T2 213353230 R 7 3 2 I-TNN RO B e SN I
£ 04 g
A 0.2 = 05
0.0 0.0

100 110 120 130 140 150 160 170 180 190 200
Position/ mm

100 110 120 130 140 150 160 170 180 190 200
Position/ mm
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The film thickness at the tube bottom is higher compared
with that at the tube top because inertia dominates the lig-
uid flow during impingement and capillary effects lead to
liquid accumulation on the tube bottom. Figs. 7 and 9 show
that the mean film thickness is approximately constant for
circumferential angles between 0° and 50° but lower com-
pared with that at the tube top. The liquid is accelerated
and, therefore, the film thickness declines. In contrast, the
liquid slows down on the lower half of the tube, which
results in an increasing film thickness, as shown in Fig. 9.
An increasing temperature is accompanied by a decreasing
mean film thickness on the upper half of the tube due to a
reduced liquid viscosity. Since capillary effects dominate the
liquid flow at the tube bottom, no systematic changes of the
mean film thickness with temperature can be observed at a
circumferential angle of 180°.

Another characteristic parameter of the film flow is
the minimum film thickness. As shown in 10a, at the tube
top, a minimum of the average minimum film thickness

is detected at a wetting rate of 0.06 kg/(s m) for which a
transition intertube flow pattern between droplet mode
and jet mode prevails. The impingement of a droplet is fol-
lowed by an inertia dominated spreading process on the
surface. As the wetting rate increases, the droplet volume
increases for low liquid loads [5]. A higher droplet vol-
ume results in a more intensive spreading and, therefore,
a lower minimum film thickness. As the intertube flow pat-
tern changes to stable jet mode, a continuous liquid bridge
is formed between the tubes. Liquid streams from two
neighboring jets interact forming a stagnant crest between
each other. Consequently, the axial liquid velocity compo-
nent is reduced and the minimum film thickness increases.
This trend is additionally promoted by the increasing mean
film thickness at higher wetting rates, as illustrated in Fig. 8.

While the water flows in tangential direction on the
tube surface, energy dissipates and the flow is increasingly
dominated by capillary effects. As a result, the minimum
film thickness increases with the circumferential angle,
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as depicted in Fig. 11. At the tube bottom, however, the
recoiling of detaching liquid bridges as well as the collision
of liquid streams induce turbulence so that the average
minimum film thickness shown in Fig. 10b is lower com-
pared with that at a circumferential angle of 140°. Moreover,
the average minimum thickness increases with increas-
ing wetting rate at the tube bottom, which is attributed to
the increasing mean film thickness. Higher temperatures
generally reduce the minimum film thickness because
viscosity and surface tension are lowered.

Furthermore, the wetting rate crucially affects the wave
motion of the water film, characterized by the dominant
wave frequency and maximum wave amplitude in this
work. As shown in Fig. 12, the dominant wave frequency
first increases with increasing wetting rate at the tube top,
which reflects the increasing droplet frequency. As a more
or less stable jet flow develops at higher wetting rates, the
dominant frequency shows strong fluctuations along the
tube between 7 Hz and about 0.5 Hz at the tube top. In this
case, the dominant frequency correlates with the mean film
thickness along the tube. The most likely axial positions of
the jet impingement are characterized by peaks of the mean
film thickness and the dominant frequency. The wave fre-
quency induced by the droplets also dominates in the range
of circumferential angles between 0° and 140°, as shown in
Fig. 14. At the tube bottom, however, the same dominant
frequency (0.5 Hz) prevails for each wetting rate, shown
in Fig. 13. Wave frequencies in this order of magnitude are
usually connected to Marangoni instabilities, which derive
from surface tension gradients due to temperature gra-
dients [26,27]. Temperature gradients in the film develop
in the test rig because no adiabatic conditions prevail and
surface perturbations lead to locally varying heat transfer
rates in the film. In falling film evaporators, the tempera-
ture of the liquid film is nearly constant as soon as the
saturation temperature is reached. Therefore, Marangoni
instabilities should not play an important role or they are
at least less intense during seawater evaporation.

The instability of a falling film on an inclined surface
derives from gravity and inertia effects in case of long-
wave perturbations [28]. While a liquid film is acceler-
ated, on the one hand, inertia leads to liquid accumulation
under the wave crest. On the other hand, the cross-stream
component of gravity stabilizes the film due to a higher
hydrostatic pressure under the wave crest. However,
when the film flows in vertical direction, the cross-stream
component of gravity vanishes. Moreover, it changes its
direction on the lower half of a horizontal tube leading to
an agitation of the surface perturbations. As illustrated
in Figs. 12 and 13, the maximum amplitudes at the tube
top and the tube bottom rise with increasing wetting rate
probably as a consequence of a growing droplet volume and
mean film thickness at low wetting rates. Droplet impinge-
ment onto the tube top and recoiling of liquid bridges at
the tube bottom induce perturbations of the film. The wave
amplitude at the tube top grows less with increasing wet-
ting rate at high wetting rates compared with low wetting
rates due to the formation of liquid jets between the tubes.
While the water flows in tangential direction on the tube
surface, the amplitude first increases up to a circumferential
angle of about 30°, then decreases and eventually increases
again on the lower half of the tube, as shown in Fig. 14.
Opposing effects of gravity and inertia presumably lead
to the maximum of the maximum amplitude on the upper
half of the tube. On the lower half of the tube, the ampli-
tude increases because the cross-stream component of
gravity additionally destabilizes the film. The highest
maximum amplitude correlates with the highest mean
film thickness and prevails at the tube bottom, as shown
in Fig. 13.

The effects of film flow on scale formation in falling film
evaporators are very complex because heat transfer as well as
mass transfer is governed by hydrodynamics. Crystallization
depends on the reaction kinetics and the mass transfer of
the participating species towards the surface. Moreover,
deposited salt crystals can be removed by shear forces.
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The falling film flow on the horizontal tubes was non-
turbulent in the experimental range of film Reynolds num-
bers, as listed in Table 1, comparing with critical film Reynolds
numbers from literature [9-12]. Kocamustafaogullari and
Chen [29] assumed that the flow on a horizontal tube can be
approximated by the flow on inclined surfaces. According
to this assumption and the transition criteria formulated
by Ishigai and Nakanisi [30] for the flow pattern on an
inclined plate, the falling film on the horizontal tubes was
in laminar-wavy motion in the experimental range of film
Reynolds numbers. Although the film surface exhibits a
wave pattern in the laminar-wavy mode, a relatively thick
laminar sublayer is present [7]. As a result, the heat trans-
fer on the tube surface is promoted by a decreasing liquid
film thickness in the investigated range of film Reynolds
numbers. The same trend holds for the mass transfer assum-
ing an analogy between heat and mass transfer, as widely
suggested [31-34]. The highest transport coefficients are
expected at the tube top since droplet or jet impingement
agitates the film and the thermal boundary layer is not
yet fully developed [35]. In turn, the slowest transport
processes are presumably present at the tube bottom in
the investigated range of film Reynolds numbers [35].

Scale formation in falling film evaporators for seawater
desalination is reported to be dominated by calcium car-
bonate precipitation, which can be confirmed by experi-
mental results [23,36,37]. The deposited calcium scale mass
per surface area is significantly higher compared with the
magnesium scale mass at each wetting rate. Former analysis
of scale from the same falling film evaporator test rig with
X-ray diffraction has shown that calcium carbonate primarily
precipitates in the form of aragonite [37].

Calcium carbonate crystallization can be either diffu-
sion-controlled or reaction-controlled [38-43]. In case of
a reaction-controlled calcium carbonate precipitation, the
temperature is expected to have the greatest impact on the
fouling process [42]. Film flow massively influences heat
transfer and, consequently, the temperature profile along
and around the evaporator tube. Moreover, the saturation
limits of salts are significantly determined by the sub-
strate surface temperature. A higher temperature results

in a higher supersaturation of the inversely soluble salts.
Since the heat transfer coefficients in the evaporating laminar
falling film are higher at lower wetting rates, the outer tube
wall temperature decreases with decreasing wetting rate
and scale formation might be reduced. However, scale for-
mation was most severe at low wetting rates. Consequently,
calcium carbonate precipitation is most probably controlled
by mass transport in falling film evaporators in the range
of wetting rates from 0.02 to 0.10 kg/(s m) at an evapora-
tion temperature of 65°C and a driving temperature dif-
ference of 5 K. Further discussion will be based on the
assumption that scale formation is diffusion-controlled.

Film flow characteristics can be used to explain changes
in scale formation. The liquid temperature is nearly con-
stant in falling film evaporators as soon as the saturation
temperature is reached. Therefore, Marangoni instabilities
should not play an important role or they are at least less
intense. However, it should be noted that the tempera-
ture-induced Marangoni effect may affect the film flow
in the film thickness test rig. Moreover, the film thickness
measurements were performed with deionized water, while
seawater was used in the scaling experiments. Dissolved
salts showed no effect on the film thickness in experi-
ments performed by Hou et al. [16], while a scale layer
decreased the film thickness. Chen et al. [17] reported a
slight increase of the film thickness with seawater com-
pared with pure water. Hence, film flow characteristics in
the falling film evaporator test rig might slightly differ from
those measured in the film thickness test rig. However, the
scale characteristics measured in the falling film evapora-
tor test rig correlate well with the film flow characteristics
measured in the film thickness test rig.

As shown in Fig. 15, the calcium scale mass per surface
area is massively reduced when the wetting rate is increased,
which confirms the results of Stark et al. [19]. In contrast,
the magnesium scale mass, which is already relatively low,
shows no obvious dependency on the wetting rate. Calcium
carbonate crystallization on the heat transfer surface is
increased by lower wetting rates due to higher mass trans-
fer rates. In contrast, magnesium hydroxide precipitation
is unaffected by hydrodynamics and rather determined by
electrochemical effects [37,44]. This trend is confirmed by
the scale layer thickness measurements for different wetting
rates, as shown in Fig. 16. The scale layer thickness is the
lowest at the highest wetting rate.

The strongest scale formation occurred at the sides of
the tubes (90° and 270°) followed by the tube top. Least
scale formed on the tube bottom, as depicted in Fig. 16.
Film thickness measurements revealed that the mean film
thickness as well as the average minimum film thickness is
smaller at the tube top compared with the tube bottom, as
illustrated in Figs. 7 and 8. Thinner films lead to a smaller
mass transfer resistance at the tube top promoting scale for-
mation. Additionally, impinging droplets and jets agitate the
film. Dominant wave frequencies are high and maximum
amplitudes are about half of the size of the mean film thick-
ness further intensifying mass transfer. Moreover, thinner
films result in higher heat transfer coefficients and, there-
fore, high evaporation rates. As a consequence, the smaller
minimum film thickness at the top of the tubes leads to high
local supersaturations increasing salt precipitation. On the
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bottom of the tubes, films are thick and the dominant wave
motion exhibits a low frequency. Therefore, scale formation
is less severe at the tube bottom.

The mean film thickness is smaller at the tube sides com-
pared with that at the top and bottom. However, transfer
rates are expected to be the highest at the tube top due to
droplet or jet impingement, which simultaneously increases
shear forces leading to higher scale removal rates. Since the
strongest scale formation was determined at 90° and 270°,
the effect of higher removal rates seems to be dominant at
the tube top.

Furthermore, scale formation generally increases from
the top tube to the bottom tube, as shown in Fig. 16. Seawater
evaporates, which is accompanied by an increasing salt
concentration, and therefore higher supersaturations pro-
mote scale formation.

5. Conclusions

Falling film flow plays an important role in scale forma-
tion on the heat exchanger tubes in horizontal tube falling
film evaporators for seawater desalination. Heat and mass
transfer are influenced by film thickness and wave motion
of the thin seawater film on the tubes. In order to extend
the knowledge of film flow on horizontal tubes and to give
new insights into the impact of falling film characteristics
on scale formation, extensive investigations of film flow
and scale formation were performed under various wetting
conditions.

Liquid film thicknesses on the bottom of the tube exceed
thicknesses on the top by an order of magnitude. The thin-
nest film is formed on the tube sides. The mean film thick-
ness increases with increasing wetting rate. Wave formation
on the tube top is dominated by droplet/jet impingement,
whereas capillary effects govern the film flow at the tube
bottom.

Least scale is formed at the bottom of the tube. The scale
formation on the top is stronger than that at the bottom.
The scale thickness is highest at the tube sides. This trend
correlates very well with the film thickness measurements.

The deposited calcium mass per tube surface area and the
scale layer thickness increase with decreasing wetting rate.
Assuming diffusion-controlled calcium carbonate crystal-
lization in the laminar-wavy falling film, increasing scale
formation can be explained by an intensified mass transfer
due to thinner liquid films and wave motion.

In future work, film thickness measurements will be
performed under the influence of different surface-active
substances in order to evaluate their effect on film flow
and scale formation.
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Symbols

— Tube length, m

— Liquid mass flow rate on both sides of the tube, kg/s
—  Film Reynolds number, —
— Salinity, g/kg

— Time, h

Axial position, mm

—  Wetting rate, kg/(s m)

— Liquid film thickness, mm
— Temperature, °C

— Dynamic viscosity, Pa-s

— Circumferential angle, °
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