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ABSTRACT

Solar multi-effect desalination (SOLMED) is a new technology based on low-temperature
multi-effect distillation (LT-MED). The project aims at sea water desalination on vertical
polymer tubes using thermal solar energy, or low-grade thermal waste energy. This paper
presents experimental results of a test rig with a single polyolefin tube of 70 μm thick.
Hydrodynamic and thermal tests were carried out in order to characterize the heat transfer.
It was found that salt water flow on the outer surface of the tube improves the falling film
wetting over time. Results of the overall heat transfer coefficient are presented and com-
pared to other studies. Achieved values ranged from 1,300 to 2,600 W/m2 K. Finally, two
new correlations were developed from the experimental data to predict heat transfer coeffi-
cients for film evaporation outside the tube and dropwise condensation inside the tube.

Keywords: Desalination; Distillation; Low temperature; Polymer; Heat transfer; Falling film;
Evaporation; Dropwise condensation

1. Introduction

Solar multi-effect desalination (SOLMED) is a new
technology based on low-temperature multi-effect dis-
tillation (LT-MED) [1]. SOLMED project aims at sea
water desalination on vertical polymer tubes using
thermal solar energy, or low-grade thermal waste
energy. A five-effect prototype was built to provide
proof of concept at a significant scale [2]. Each effect
consists of vertical, flexible, and thin tubes suspended
from the top and free at the bottom. Sea water to be
evaporated flows as a falling film on the outer surface

of tubes, while steam condenses on the inner surface.
This configuration is necessary because of overpres-
sure inside the tubes. Nominal capacity is 9.1 m3 per
day for a heat consumption of 60 kW [1,2]. Each effect
comprises 19 polymer tubes to develop a total area of
7.4 m for heat transfer.

Aluminum and cupronickel are commonly used as
heat transfer surfaces in conventional MED systems.
These materials are expensive, and they are affected
by sea water corrosion. Indeed, an annual corrosion
allowance of about 25–50 μm must be made for these
materials [3]. Due to the high corrosivity of sea water,
corrosion resistant polymers can be a reasonable alter-
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native to metals for LT-MED [4]. Scheffler and Leao
[5] noted that polyolefins such as high-density poly-
ethylene (HDPE) and polypropylene (PP) have better
resistance than these metals, which permits thinner
walls. Furthermore, untreated polyolefins surfaces
resist the adhesion of scale by anti-stick property. If
scale formation occurs, surface flexibility breaks the
deposit from the wall. Under these corrosive, scaling,
and fouling conditions, thin polymers walls have
excellent behavior. Finally, the use of such surfaces
reduces cost and environmental impact by lowering
the amount of chemicals needed for pretreatment [1].
However, thermal conductivity of polymers is quite
low: 0.1–0.5 W/m K [6]. It is almost 100 times less
than common metals. For this reason, it is necessary
to use very thin walls.

Recently, Christmann et al. [4,6,7] carried out
mechanical and thermal studies on a polyetheretherke-
tone (PEEK) plate of 25 μm thick. In SOLMED process,
heat transfer surfaces are polyolefin tubes of 50–70 μm
thick. A single-tube test rig was built and experimen-
tal tests were carried out to characterize heat transfer
through these tubes. Then, experimental results were
used to develop a new predictive model. The final
aim is to enrich the thermal and hydraulic model used
in SOLMED simulation tool. Currently, this tool
describes the heat transfer only in terms of overall
heat transfer coefficient (U). U depends on sea water
film evaporation outside the tube, wall thermal resis-
tance, and dropwise condensation inside the tube. To
reach each contribution, thermal conductivity is mea-
sured, and appropriated heat transfer coefficient corre-
lations are considered.

There are many correlations for non-boiling film
evaporation in the literature. Some of them are sum-
marized in Table 1 (from [8]). Different dimensionless
numbers are used in this table.

The falling film evaporation Nusselt number (Nu)
is usually defined as follows:

Nu ¼ hevap
k

� v2

g

� �1=3

(1)

where hevap is the filmwise evaporation heat transfer
coefficient (W/m2 K), k is the liquid thermal conduc-
tivity (W/m K), v is the liquid kinematics viscosity
(m2/s), and g is the gravitational acceleration (m/s2).

The falling film Reynolds number is expressed as
follows:

Re ¼ 4 � C
l

(2)

where Γ is the mass flow-rate per unit tube perimeter
(kg/s m) and μ is the liquid dynamic viscosity (Pa s).

The Prandtl number is expressed as follows:

Pr ¼ l � Cp
k

(3)

where Cp is the liquid heat capacity (J/kg K).

Finally, the Kapitza number is expressed as follows:

Ka ¼ g � l4
q � r3 (4)

where ρ is the liquid density (kg/m3) and σ is the liq-
uid/vapor surface tension (N/m).

In Table 1, Chun and Seban [10] correlation was
developed with a similar geometry to that used in this
study (i.e. outside of vertical tube). Therefore, this cor-
relation is used thereafter to develop a new correlation
for film evaporation from experimental results.

Unlike film evaporation, there are very few correla-
tions for dropwise condensation reported in the litera-
ture. Bonner [13] developed two of them, a non-heat
flux dependant (Eq. (5)) and a heat flux dependant
(Eq. (6)). They accurately model experimental data
previously acquired for several fluids at different tem-
peratures. When water is used, heat flux dependant
correlation (Eq. (6)) is recommended:

hcond ¼ 33 � k

r2=3d � r1=3i

� sin h
1� cos h

� �
(5)

hcond ¼ 2:7 � k

r
1=2
d � r1=4i � r1=4t

� sin h
1� cos h

� �
(6)

where hcond is the dropwise condensation heat transfer
coefficient (W/m2 K), θ is the contact angle (˚), rd is
the departing droplet radius (m), ri is the effective
length (m), and rt is the minimum droplet radius (m).
Developed by Bonner [13], the last three parameters
are defined as follows:

rd ¼ r
q � g

� �1=2

(7)

ri ¼ k � Tcond

qv � Lv2 � sin h
1� cos h

� �
� c þ 1

c � 1

� �
� Rg � Tcond

2p

� �1=2

(8)
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rt ¼ 2 � r � Tcond

q � Lv � DTcond
(9)

where Tcond is the condensation temperature (K), ρv is
the vapor density (kg/m3), Lv is the latent vaporiza-
tion heat (J/kg), γ is the heat capacity ratio (–), Rg is
the specific ideal gas constant (J/kg K), and ΔTcond is
the condensation/wall temperature difference (K).

Following the Bonner’s [13] recommendation, Eq.
(6) is used thereafter to develop a new correlation for
dropwise condensation from experimental results.

Results of heat transfer characterization through
the tube are presented in the following sections of this
paper. The test rig and the experimental conditions
are first exposed in detail, then hydrodynamic aspects
are investigated. Afterward, thermal test results are

discussed and compared with literature. Finally, new
correlations for film evaporation and drop condensa-
tion, based on our experimental results, are proposed
in order to enrich the global model used in SOLMED
simulation tool.

2. Experiment

2.1. Experimental apparatus

A single-tube test rig has been built to characterize
heat transfer in SOLMED operating conditions. Fig. 1
shows a simplified schematic (a) and two pictures (b)
of the experimental setup. The whole installation
footprint is 2 × 4 m, with a height of about 3 m. The
use of heat PVC tubes (see Fig. 1(b)) limits maximum
operating temperature at 80˚C, which corresponds to

Table 1
Experimental correlations for non-boiling evaporation of falling water film [8]

Authors

Material and

geometry Heating method Pr range Re range

Correlations for film

side heat transfer

Kafi et al. [9] Stainless steel

plate

with metallic

grids to

promote

film turbulences;

Height: 1.8 m;

width: 0.4 m

Hot water 3.5 100–800 Nutur ¼ 0:0033 � Re0:4 � Pr0:65

Chun and Seban [10] Outside of

vertical

stainless steel

tube; Diameter:

0.029 m; heated

length:

0.292 m

Electrical 1.77–5.7 320–21

000

Nulam ¼ 0:821 � Re�0:22

Nutur ¼ 0:0038 � Re0:4 � Pr0:65
Transition: Re ¼ 5900=Pr1:06

Alhusseini et al. [11] Outside of

vertical

stainless

steel tube;

Diameter:

0.0381 m;

length: 2.9 m

Electrical 1.73–46.6 34–15 600 Nu ¼ ðNu5
lam þ Nu5

turÞ1=5
Nulam ¼ 2:65 � Re�0:158 � Ka0:0563
Nutur ¼ Pr � dþ1=3

ðA1 �Pr3=4 þA2 �Pr1=2 þA3 �Pr1=4 þC1Þþ ðB �Ka1=2 �Pr1=2Þ
where

A1 = 9.17

A2 = 0.328·π·(130 + δ+)/δ+

A3 = 0.0289·(152100 + 2,340 δ+ + 7·δ2+)/δ2+

B = 2.51·106·δ+0,333·Ka–0.173/Reð3:49Ka
0:0675Þ

C1 = 8.82 + 0.0003·Re

δ+ = 0.0946·Re0.8

Han and Fletcher [12] Horizontal brass

tube: smooth,

circumferentially

and axially

grooved.

Diameter:

0.0508 m; length:

0.254 m

Electrical 1.3–3.6 770-7,000 Nutur ¼ 0:025 � Re0:2 � Pr0:53 (smooth-tube)

Nutur ¼ 0:0028 � Re0:5 � Pr0:85 (grooved-tube)
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an absolute pressure of about 500 mbar. Thus, the
process is performed under reduced pressure. It was
designed to operate over the range of 25–70˚C (i.e.
32–312 mbar abs.). This range covers the operating
conditions of SOLMED prototype [2] (40–65˚C,
i.e. 74–250 mbar abs.). The setup comprises tempera-
ture-controlling devices (brown in Fig. 1(a)), the test

section, a condenser, two water tanks, and associated
instruments for temperature, pressure, flow-rates, and
conductivity measurements. Electrical control circuits,
isolation valves, safety devices, additional sensors,
and pressure-control circuits are not shown. There are
two main circuits: heating circuit (red lines) and salt
water circuit (blue lines).

Fig. 1. Experimental setup schematic (a) and pictures (b).
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In the heating circuit, saturated steam (dotted red
line in Fig. 1(a)) is produced from distilled water in
the tank. It flows to the test section where it condenses
inside the polymer tube. Condensed water (red line) is
collected at the bottom of test section and then returns
to the water tank for recycling. The temperature in the
water tank, and consequently the steam temperature
and pressure inside the tube, are controlled by the oil
boiler (SISE Parmilleux, XH20r13, 22 kW). The valve
below test section allows evacuation of accumulated
non-condensable gases inside the tube.

In the salt water circuit, sodium chloride solution
(NaCl), with a concentration of 35 g/l, is pumped
from the tank to the distributor (dark blue line in
Fig. 1(a)) by a magnetic drive sliding rotary vane
pump (AB Pompes, VPA 04 PP). Salt water enters the
distributor with a temperature very close to the boil-
ing temperature in order to reduce salt water film pre-
heating. Salt water temperature can be slightly
subcooled, but never overheated to avoid flash. In the
distributor, the solution is uniformly spread on the
tube outer surface and then flows down by gravity by
forming a thin liquid film. Heated by condensing
steam inside the tube, the salt water film is partially
evaporated. Nucleate boiling was never observed
because of low temperature differences. Therefore, all
the evaporation takes place from the surface of the
film as previously reported by Chun and Seban [10].
While vapor flows against liquid film flow toward the
condenser (light blue dotted line), the residual brine is
collected at the bottom of the test section and returns
(dark blue dotted line) to the salt water tank. Liquid
temperature in this tank is controlled by a thermo-
static bath (Huber, HS40, 0.6 kW at −10˚C). Mean-
while, distillate produced at condenser is collected
and also returns (light blue line) to the tank. As for
tube inside, non-condensable gases in the condenser
can be evacuated by a diaphragm vacuum pump
(Vacuubrand, MD4 NT Vario). Evaporation side tem-
perature in the test section (i.e. pressure also) is con-
trolled by the condenser. For that purpose, the cooling
water circuit supplying the condenser has a manual
control valve. The latter, has a very important role in
setting operating conditions.

2.2. Test section

The test section is the main component of the sys-
tem. As can be seen in Fig. 1(b), it includes the poly-
mer tube in a glass column of 100 mm in diameter
and a total height of 2 m. The outer glass column was
not insulated in order to observe the salt water wet-
ting on the tube. At room temperature, tube effective

length is about 1.75 m. It has a diameter of 32 mm and
a thickness of 70 μm, which corresponds to a surface
area of 0.176 m2. Tube fabrication and characterization
are discussed in [1]. The tube is held by two fixing
parts, an upper and a lower. The upper one is the dis-
tributor, it ensures physical separation between heat-
ing steam and salt water feed. Its most important
function is to spread salt water on tube periphery in
form of thin, continuous, and uniform film. By its
weight, the lower fixing part ensures tube vertical ten-
sion. It also separates the heating and salt water cir-
cuits, so leakage due to pressure difference is avoided.
At the same time, its design allows free thermal
expansion of the tube.

2.3. Experimental procedure and uncertainty analysis

Measurements were performed for five evapora-
tion temperatures (Tevap = 25, 30, 40, 50, and 65˚C)
with a film Reynolds number varying from 910 to
4,220. Table 2 gives the range of parameters covered
experimentally.

Before tests, the diaphragm pump was used to
adjust vacuum conditions of the setup. Leakages were
checked by a helium leak detector (Adixen ASM 142)
and coated with mastic (Diatex LSM1310). This helped
to make the experimental setup airtight under vacuum
conditions for several days. The pressure increased by
about 0.5 mbar per day. Distilled water and salt water
were charged by siphon into each tank, and were
degassed by boiling. Then, non-condensable gases
were removed by the vacuum pump.

For tests performed at the highest evaporation tem-
peratures (Tevap), 12 h equilibration time is needed to
reach steady state. And, for a fixed-temperature differ-
ence (ΔT), it takes 24 h to obtain steady state before
performing tests with varying salt water flow-rate
(Fswf).

A total of 415 experimental runs were carried out
to investigate the heat transfer through the tube. Each
measured variable used in the calculations is the result
of the arithmetic average of approximately 200 data
readings. To reduce errors, each measurement was
repeated three times under the same experimental
conditions. Therefore, each experimental point in
Fig. 7 was obtained by averaging these three measure-
ments.

Then the heat transfer coefficients were calculated
from temperature and flow-rate measurements. Plat-
inum resistance sensors (Pt100, TC Direct, 0–200˚C)
were used to measure temperatures. Saturation tem-
peratures were also deduced from pressure measure-
ments with absolute pressure sensors (Keller PAA33X,
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0–500 mbar). Electromagnetic flow meters (Rosemount
8711, 0–200 l/h) were used to measure salt water and
brine flow-rates. Associated with a LabVIEW com-
puter interface, a data acquisition system (National
Instruments) was used for real-time monitoring and
control of the installation.

Table 3 shows measurement accuracy. Distillate
and condensate flow-rates were measured by potting
with transparent Altuglas® volumetric tubes
(Di = 0.014 m and H = 0.45 m). Measurement accuracy
for these flow-rates was calculated with an uncertainty
of ±0.1 mm on the diameter, ±4 mm on the height,
and 0.5 s on time. The latter reasonably represents
operator’s reaction and chronometer uncertainties. It
should be noted that the uncertainties on tube diame-
ter and length were also estimated. Finally, conductiv-
ity measurements were performed to check for short
circuiting between the two water circuits.

Error propagation analysis was performed with
Engineering Equation Solver (EES) software according
to Taylor and Kuyatt [14] study. Thermophysical prop-
erties of water (Steam_IAPWS [15,16]) and salt water

(SW_Property [17]) were also calculated with this soft-
ware. Thus, errors on fluids properties have also been
taken into account. Error bars for some calculated
overall heat transfer coefficients are displayed in Fig. 8.

2.4. Data interpretation

For calculations, the following assumptions were
made:

(1) Saturated heating steam is assumed and it con-
denses inside tube at saturation temperature,
Tcond.

(2) All condensation heat is transferred through
the tube for evaporation of the salt water film.

(3) The salt water film is spread on the tube at sat-
uration temperature, which corresponds to
brine temperature. The temperature remains
constant along the tube.

(4) All the evaporation takes place from the salt
water film surface at water saturation tempera-
ture, Tevap.

(5) Thermophysical properties of salt water film
are evaluated at saturation temperature and do
not change over the whole tube length because
only a small fraction of the flow is evaporated.

(6) Pressure drop on both sides are neglected.
(7) Scaling and fouling are neglected.
(8) Shear forces between gas and liquids are

neglected.

Fig. 2 shows a schematic view of heat transfer
through the tube. As the temperature outside the glass
column is always less than the temperature inside, the
generated vapor is partially condensed on the inner

Table 2
Experimental conditions

Evaporation side Approximate saturation temperature, Tevap (˚C) 25 30 40 50 65
Approximate absolute pressure, Pevap (mbar) 32 42.5 74 123.5 250
Approximate Prandtl number, Pr 6.3 5.59 4.51 3.73 2.91

Salt water feed Inlet falling film flow-rate, Fswf (l/h) Minimum 85.1 68.4 72 71.8 65.9
Maximum 178.4 178 177.8 176.1 177.9

Inlet falling film Reynolds number, Reswf Minimum 1,010 910 1,150 1,370 1,560
Maximum 2,120 2,360 2,850 3,350 4,220

Condensation side Saturation temperature, Tcond (˚C) Minimum 25.9 31.3 41 51 66.9
Maximum 35.1 38 46 55.3 70.2

Absolute pressure, Pcond (mbar) Minimum 34 44 76.5 129 273
Maximum 55 65 100 159 315

Across tube Temperature difference, ΔT (K) Minimum 1.1 1 1 1.1 2
Maximum 3.2 6.1 6 5.1 5.1

Pressure difference, ΔP (mbar) Minimum 2 2 3 6 23
Maximum 22 21 26 35 65

Table 3
Measurement accuracy

Items Accuracy

Temperature ±0.1˚C
Pressure ±0.5 mbar
Salt water and brine flow-rates ±2 l/h
Condensate and distillate flow-

rates
±0.02 g/sa

Tube diameter ±0.2 mma

Tube length ±2 mma

acalculated values.
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surface of the glass tube. That’s why the heat balance
was conducted from the condensate within the poly-
mer tube. The overall heat flux released inside the
tube, transferred through tube wall and received by
the evaporating salt water film is calculated as
follows:

Q ¼ _mcond � Lv (10)

where Q is the overall heat flux (W) and _mcond is the
condensate flow-rate (kg/s).

The overall heat transfer coefficient can be calcu-
lated according to:

U ¼ Q

Ae � DT (11)

where U is the overall heat transfer coefficient (W/m2 K),
Ae is the outer heat transfer area (m), and ΔT = Tcond −
Tevap is the overall temperature difference (K).

U is related to evaporation and condensation heat
transfer coefficients by the basic equation for cylindri-
cal tube [18]:

1

U
¼ 1

hevap
þ Ae � lnðAe=AiÞ

2p � L � k þ Ae

hcond � Ai
(12)

where Ai is the inner heat transfer area (m), L is the
tube length (m), and k is the wall thermal conductivity
(W/m K).

3. Results and discussion

3.1. Hydrodynamic results

Hydrodynamic tests were performed to study salt
water film wetting on the tube surface. As said before,
the aim of the distribution system is to spread salt
water on tube periphery in form of thin, continuous,
and uniform film. For this reason, attention was given
to the design of the water distribution system in order
to avoid maldistribution at the top of the tube.

Beside a proper design of the distributor, film sta-
bility is the other parameter that highly influences
wetting. Indeed, stability of liquid films on a non-wet-
table surface is a serious issue. Surface tension effects
tend to maintain dry zones in the falling film [19], as
a result, the film flows in form of rivulets (see
Fig. 3(a)) or it breaks forming an arch (Figs. 3(b) and
(c)). These phenomena appear for low flow-rates and/
or high heat flux. Above critical flow-rate any dry
zones would be swept away. When the increasing
flow-rate reaches this critical value, gravity and inertia
effects predominate over surface tension effect, so that
all dry zones will be covered by the film [20].

Fig. 2. Schematic view of heat transfer through the tube.

(a) Rivulets. (b) Front of broken film. (c) Back of broken film.

Fig. 3. Salt water film instabilities: (a) rivulets, (b) front of broken film and (c) back of broken film.
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When the flow-rate varies, it has been shown that
decreasing flow-rate provides better surface area wet-
ting compared to increasing one, even at low flow-
rates [8,19,21]. This is the wetting hysteresis phe-
nomenon. Therefore, tests were carried out by decreas-
ing salt water film flow-rate. However, maximum
flow-rates (see Table 2) were limited by distributor liq-
uid load height. Consequently, critical flow-rates were
not reached during experiments, and thus dry zones
remained. Yet, when salt water flows at these maxi-
mum flow-rates for a sufficiently long time, a gradual
wet surface area increase has been observed. In fact,
the ark of film progressively down along the tube.
Therefore, the first time it takes about three hours to
fully wet a new tube, whereas for the following tests
on the same tube, salt water film is established within
only few minutes. To understand the phenomenon,
salt water contact angle measurements were carried
out on a new tube (see Fig. 4(a)), and after six months
of tests, on the used tube (see Fig. 4(b)). The 2 values
given in Fig. 4 are each one the average of 10 contact
angle measurements. The standard deviations (SD) are
also given. These measurements were performed at
room temperature and in equilibrium with ambient
air using OCA 15 EC type measuring instrument from
Dataphysics.

These measurements clearly emphasize that the
new tube has a hydrophobic surface (θ > 90˚), which is
not the case for the used tube. This results in a
decrease of the contact angle value of approximately
22%. This confirms the previous observation of wet-
ting improvement over time. The modification of the
tube surface properties is probably due to a very
slight scaling or fouling (not visible) [2]. It would pre-
cipitate gradually while salt water is flowing as rivu-
lets and broken film. According to this phenomenon,
tube surface area has been entirely wetted at maxi-
mum flow-rates. Then, the flow-rates was decreased to
minimum values (see Table 2) without dewetting the
tube because of the wetting hysteresis phenomenon
[8,21]. It is important to mention that the minimum
flow-rates were not adjusted due to the dry zones

formation on tube surface, but rather than due to
dewatering of the distributor channels.

These hydrodynamic results are essential since a
good wetting of the tube surface area is necessary to
ensure an efficient evaporation, especially for low
flow-rates.

3.2. Thermal results

According to the findings of the hydrodynamic
study, all the thermal tests were carried out with a
decreasing flow-rate after waiting for complete wet-
ting of the tube surface area.

3.2.1. Drop condensation

Two condensation modes may occur on the surface
of a material: film condensation and drop condensa-
tion. Heat transfer coefficients for drop condensation
are much higher than for film condensation. In this
study, drop condensation was initially assumed
because of tube hydrophobicity [22]. Besides the
experiment, a theoretical study was conducted in
order to determine the condensation mode.

Contact angle method was used to predict the con-
densation mode (Table 4). However, contact angles
were measured at room temperature and in equilib-
rium with ambient air, but did not prove useful for
determining the wettability of systems where mass
transfer takes place [23]. To know which condensation
mode prevails, Ma et al. [24,25] put forward a surface
free energy criterion, i.e. the surface free energy differ-
ence between the condensate liquid at the condensa-
tion temperature and the solid surface (Table 4 and
Eqs. (13)–(16)), to predict whether film condensation
or drop condensation mode will prevail. Free energy
criterion is not affected by the measuring temperature
of the contact angles. Consequently, it is more conve-
nient and accurate to use this method, rather than the
contact angle, to predict the condensation mode.

The surface free energy difference is defined as fol-
lows:

Dr ¼ rl � rs (13)

where σl and σs are the surface free energies of liquid
and solid, respectively (N/m). The surface free energy
of a solid (σs) depends only on its composition and
chemical structure, and can be calculated from mea-
sured contact angles at room temperature for low-sur-
face free energy solids such as polymers. Owens’ [26]
correlations can be used:

(a) (b)

 102 °     80 °   
SD  5 °     4 °   

Fig. 4. Salt water drop morphologies on the outer surface
of the new and used tube: (a) new tube and (b) used tube.

A. Gonda et al. / Desalination and Water Treatment 57 (2016) 23052–23065 23059



rps ¼
137:5 þ 256:1 � coshH2O� 118:6 � coshCH2I2

44:92

� �2

�10�3

(14)

rds ¼
139:9 þ 181:4 � coshCH2I2 � 41:5 � coshH2O

44:92

� �2

�10�3

(15)

rs ¼ rps þ rds (16)

where rps and rds are the polar and dispersion compo-
nent of the surface energy, respectively (N/m).

Following the same procedure as for salt water,
pure water (hH2O), and diiodomethane (hCH2I2 ) contact
angles were measured on the inner surface of a new
tube (Fig. 5). Water contact angle measurements on
the used tube gave the same value as in Fig. 5(a).

Calculation results for Eqs. (13)–(16) give:
rps ¼ 80:29 � 10�6 N/m, rds ¼ 37:78 � 10�3 N/m,
σs = 37.86 × 10−3 N/m, and 0:0266�Dr� 0:034 N/m.
Therefore, it can be concluded that the condensation
mode on the tube is mixed or drop condensation. It
may be noted that results are rather at the high end of
the mixed condensation range (Table 4). Furthermore,
the contact angle method predicts a strictly drop con-
densation mode. So, we can conclude that drop con-
densation prevails inside the tube. And as said before,
it remains over time. These findings are consistent
with our experimental observations. Fig. 6 shows three
successive images extracted from a video of drop con-
densation on the inner surface of the tube. This means

that between the camera and drops, there are the glass
column wall, the steam generated by evaporation, the
falling salt water film, and finally the tube wall.

As can be seen in Fig. 6, drops appear everywhere
on the inner tube surface. They grow by condensation
on their surface and by coalescence. On the three
images, there is a large drop which falls very quickly.
It grows by collecting other drops in its path. So, inner
tube surface is swept by such numerous moving
drops. Therefore, lower part of the tube is swept more
frequently than the upper. Consequently, only drops
near the top can reach the size at which gravity
exceeds the net surface tension restraining force [22].

3.2.2. Experimental overall heat transfer coefficient

To determine the experimental overall heat transfer
coefficient (Uexp), heat flux was calculated according
to Eq. (10). Then, Uexp was estimated with Eq. (11).
Experimental results are shown in Figs. 7 and 8.

Fig. 7 plots the overall heat transfer coefficient
(Uexp) as a function of salt water film Reynolds num-
ber (Reswf ) for different evaporation temperatures
(Tevap). For comparison, the results of Christmann
et al. [4] and Kafi et al. [27,28] are also plotted in
Fig. 7.

Christmann et al. [4] used a 25-μm thick PEEK
plate evapo-condenser with a spacer grid. They
worked at three falling film inlet temperature (54.1,
54.6, and 57˚C) for three heating temperatures, respec-
tively (59, 59.1, and 60.9˚C). Their overall heat transfer
coefficient values range from about 3,200 to 3,800 W/
m2 K.

Kafi et al. [27,28] used a metallic plate evapo-con-
denser with a spacer grid. These results were obtained
in the second stage of their pilot plant, i.e. for evapo-
ration temperatures between 55 and 63˚C, and for
temperature differences between 3 and 5˚C. Their
overall heat transfer coefficient values range between
2,100 and 3,700 W/m2 K.

The overall heat transfer coefficient (Uexp) as a
function of temperature difference (ΔT) for two differ-
ent evaporation temperatures (Tevap) and at fixed salt
water film Reynolds numbers (Reswf ) is shown in

Table 4
Condensation mode criteria [24]

Surface free energy difference method Contact angle method Condensation mode

Δσ ≤ 0 – Film
0 ≤ Δσ < 0.0333 0˚ ≤ θ < 90˚ Mixed
Δσ ≥ 0.0333 θ ≥ 90˚ Drop

Fig. 5. Water and diiodomethane drop morphologies on
the inner surface of the tube: (a) H2O and (b) CH2I2.
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Fig. 8. This figure also displays error bars on the
overall heat transfer coefficient values.

As shown in Fig. 7, the experimentally obtained
overall heat transfer coefficient increases with the salt
water film Reynolds number. This implies that the
flow regime of the falling salt water film is turbulent.
There is also a parametric effect due to the tempera-
ture level: for the same salt water film Reynolds num-
ber, Uexp increases with Tevap. From Fig. 8, it can be
seen that overall heat transfer coefficient increases
with the temperature difference. An interpretation of
this behavior can be given using the heat transfer
model presented hereafter in the text. Since the experi-

mental results are obtained maintaining the evapora-
tion temperature (Tevap) constant, when ΔT increases,
the condensation temperature (Tcond) does the same.
Hence, ΔT influences the condensation heat transfer
coefficient (hcond) mainly through the minimum dro-
plet radius (rt) term at the denominator of Eq. (6).
According to Eq. (9), rt decreases with Tcond. Finally,
the increase in hcond with ΔT leads to an increase in
the overall heat transfer coefficient (Uexp).

The experimental values of the overall heat
transfer coefficient range from about 1,300 to
2,600 W/m2 K. These values correspond to those
expected. By comparing with Christmann et al. [4]

Fig. 6. Drop condensation on the inner surface of the tube.

Fig. 7. Overall heat transfer coefficient vs. salt water film Reynolds number.
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and Kafi et al. [27] studies, our results are lower.
Moreover, these authors obtained results for Reynolds
number smaller than ours (Re � 1000).

This is unsurprising since those results were
obtained with different geometries (i.e. plate evapo-
condenser) and different distribution systems.
Furthermore, these authors used spacer grids on the
evaporation side, which tends to enhance heat transfer
rate acting as turbulence promoters [4,6,9,29–31].
Although Christmann et al. [4] used a polymer heat
transfer surface, their results are comparable to those
from Kafi et al. [27], who used metallic surface. Indeed,
in MED systems it is more interesting to have large ther-
mal performances with low salt water film Reynolds
number and temperature difference as low as possible.

3.2.3. Heat transfer modeling

Based on the experimental results presented in
Fig. 7, new correlations for film evaporation and drop
condensation are proposed. They were developed
from Chun and Seban [10] correlation for turbulent
flow (see Table 1), and from Bonner’s [13] heat flux-
dependant correlation (see Eq. (6)):

Nu ¼ hevap
k

� v2

g

� �1=3

¼ a � Rex � Pry (17)

hcond ¼ b � k

r1=2d � r1=4i � r1=4t

� sin h
1� cos h

� �
(18)

Inner and outer wall temperatures, Tw,i and Tw,e,
respectively, in (˚C), were calculated from the two
following equations:

Tw;e ¼ Q

hevap � Ae
þ Tevap (19)

Tw;i ¼ Q � lnðAe=AiÞ
2p � L � k þ Tw;e (20)

According to the least square method, a numerical
optimization was used to determine the parameters in
Eqs. (17) and (18): a, x, y, and b. These four parameters
were initialized with values from the original correla-
tions. generalized reduced gradient (GRG) resolution
method was used, and the solver converged to this
solution:

a = 0.0237, x = 0.17, y = 0.32 and b = 1.54.

Eqs. (21) and (22) give the final two correlations devel-
oped from our experimental results in order to predict
heat transfer coefficients for film evaporation outside
the tube and drop condensation inside the tube:

Fig. 8. Overall heat transfer coefficient vs. temperature difference.
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hevap ¼ 0:0237 � Re0:17 � Pr0:32 � v2

g � k3
� ��1=3

(21)

hcond ¼ 1:54 � k

r
1=2
d � r1=4i � r1=4t

� sin h
1� cos h

� �
(22)

Coupling these two previous correlations to Eq. (12), it
is possible to calculate the prediction for the overall
heat transfer coefficient (Umod). As shown in Fig. 9,
good agreement has been observed between our
experimental data and the model with an error of
±15%.

4. Conclusion

Based on the operating principle of solar multi-ef-
fect desalination (SOLMED) system, a test rig with a
single-polyolefin tube of 70 μm thick was built and
tests were carried out to characterize heat transfer
through the tube.

A hydrodynamics study has shown that the salt
water flow on the outer surface of the tube improves
the film wetting over time. This results in a decrease
of the contact angle value of approximately 22%.
According to this phenomenon, the tube surface area
has been entirely wetted.

A comprehensive study on the condensation mode
has demonstrated that drop condensation occurs
inside the tube and remains over time. After that,
overall heat transfer coefficients were evaluated and
compared with literature. The experimental values
ranged from 1,300 to 2,600 W/m2 K. The results corre-
spond to expected values. Although lower, the results
of this study are comparable to literature data, when
considering that a 25–μm-thick polymer plate heat
transfer surface was used, resulting in heat transfer
coefficients of 3,200–3,800 W/m2 K.

Finally, two new correlations were developed from
our experimental data to predict salt water film evapo-
ration outside the tube and water drop condensation
inside the tube. Good agreement has been observed
between experimental data and theoretical prediction
with an error of ±15%. Theses theoretical models will
be validated and adjusted with the prototype results,
and then they will be included in SOLMED simulation
tool.
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Fig. 9. Comparison between the model and the experimental results.
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PhD thesis, Université de Paris 6, France, 2000.

[22] J.W. Rose, Dropwise condensation theory and experi-
ment: A review, Proc. Inst. Mech. Eng. Part A: J.
Power and Energy 216(2) (2002) 115–128.

[23] X. Ma, J.W. Rose, D. Xu, J. Lin, B. Wang, Advances in
dropwise condensation heat transfer: Chinese
research, Chem. Eng. J. 78 (2000) 87–93.

[24] X.H. Ma, Dropwise condensation on PTFE coated sur-
faces and the catastrophe transition mechanisms
between dropwise and film condensation. PhD thesis,
Dalian University of Technology, China, 1994.

[25] Q. Baojin, Z. Li, X. Hong, S. Yan, Heat transfer charac-
teristics of titanium/water two-phase closed ther-
mosyphon, Energy Convers. Manage. 50(9) (2009)
2174–2179.

[26] D.K. Owens, R.C. Wendt, Estimation of the surface
free energy of polymers, J. Appl. Polym.Sci. 13(8)
(1969) 1741–1747.

[27] F. Kafi, V. Renaudin, D. Alonso, J.M. Hornut, M.
Weber, Experimental study of a three-effect plate
evaporator: Seawater tests in La Spezia, Desalination
182 (2005) 175–186.

[28] V. Renaudin, F. Kafi, D. Alonso, A. Andreoli, Perfor-
mances of a three-effect plate desalination process,
Desalination 182 (2005) 165–173.

[29] H. Raach, J. Mitrovic, Seawater falling film evapora-
tion on vertical plates with turbulence wires, Desalina-
tion 183 (2005) 307–316.

[30] H. Raach, S. Somasundaram, J. Mitrovic, Optimisation
of turbulence wire spacing in falling films performed
with OpenFOAM, Desalination 267 (2011) 118–119.

[31] W.M. Salvagnini, M.E.S. Taqueda, A falling-film evap-
orator with film promoters, Ind. Eng. Chem. Res. 43
(21) (2004) 6832–6835.

A. Gonda et al. / Desalination and Water Treatment 57 (2016) 23052–23065 23065


	Abstract
	1. Introduction
	2. Experiment
	2.1. Experimental apparatus
	2.2. Test section
	2.3. Experimental procedure and uncertainty analysis
	2.4. Data interpretation

	3. Results and discussion
	3.1. Hydrodynamic results
	3.2. Thermal results
	3.2.1. Drop condensation
	3.2.2. Experimental overall heat transfer coefficient
	3.2.3. Heat transfer modeling


	4. Conclusion
	Acknowledgments
	References



