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A B S T R A C T

Multi-effect distillation (MED) plants with co-current flow show moderate process conditions
with respect to temperature and pressure differences between consecutive effects. Thus, polymers
seem to be best suited as a low-cost and less-corrodible alternative to metal alloys. Furthermore,
polymer surfaces are less susceptible to scaling. In order to proof this concept, a falling film plate
evaporator with heat transfer surfaces made of polyetheretherketone (PEEK) films was built. One
of the main challenges is to assure a sufficient mechanical stability of the polymer film and simul-
taneously provide a low thermal resistance for heat conduction. Calculations and experiments
show that a polymer film thickness of 25 mm, in combination with an appropriate spacer geometry,
is sufficient for mechanical stability in MED plants. This low film thickness results in a thermal
resistance for heat conduction comparable to 1.5 mm thick stainless steel. In order to demonstrate
the applicability of polymer films for heat transfer surfaces, experimental investigations of the
overall heat transfer coefficient were carried out at different operating conditions with a pilot plant
scale polymer film heat exchanger.

Keywords: PEEK; Polymer film; Mechanical stability; Heat exchanger; Heat transfer; Falling film;
Evaporation

1. Introduction

The implications of high material costs for metals
have had dramatic impact on delivery periods and costs
for metallic heat exchangers and evaporators. Though
there was a cut in prices, metals are a limited resource
and prices will increase most likely on a long-term view.
For this reason, the substitution of metals and metal
alloys by polymers may be a reasonable alternative to
cut high material costs [1]. Heat exchangers consisting
of different polymeric materials can be used in a wide
range of applications [2] and they are already commer-
cial available. They offer several advantages in compar-
ison to metallic heat exchangers, such as corrosion
resistance and weight reduction [1–4].

1.1. Heat transfer

One drawback of most polymers is their low ther-
mal conductivity of about 0.1–0.5 W/(m�K) [1,5]. But
the thermal conductivity has to be considered in con-
junction with the convective heat transfer coefficients
on both sides of the heat transfer surface. The basic
equation for the calculation of the overall heat transfer
coefficient through a plane wall without fouling con-
sists of two convection terms (hc, hh) and one conduc-
tion term (kwall):

1

U � A ¼
1

hc � A
þ L

kwall � A
þ 1

hh � A
: ð1Þ

In applications with condensation on one side and eva-
poration on the other side of the heat transfer surface,�Corresponding author
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the convective heat transfer coefficients are usually
high. Here, the overall heat transfer coefficient is
strongly dependent on the thermal resistance of conduc-
tion. Polymeric heat transfer surfaces used for these
applications must have a thermal resistance of conduc-
tion comparable to metallic heat exchangers to be com-
petitive. 1 m2 of 1.5 mm stainless steel (1.4571), for
instance, has a thermal resistance of conduction of 1 �
10�4 K/W. The low thermal conductivity of polymers
can be counteracted by the use of a very small wall thick-
ness. A polymer film made of polyetheretherketone
(PEEK) with wall thickness of 25 mm exhibits the same
thermal resistance as 1.5 mm stainless steel (1.4571),
if the same heat transfer area is assumed. These thin
polymer films in turn, lead to a low mechanical strength
of the heat transfer surface. The polymer film must be
stabilised by spacers to withstand the pressure differ-
ence between the two sides of the heat transfer surface.

Co-current multi effect distillation (MED) is a pro-
cess where the temperatures and the pressure differ-
ences applied, are moderate compared to most other
distillation processes. Top brine temperatures (TBT)
and pressure differences usually do not exceed 70�C
[6] and 6,000 Pa, respectively, in low temperature MED
plants. Because of those small thermal and mechanical
loads, MED seems to be best suited for polymer film
heat exchangers. In order to prove the applicability of
polymeric heat transfer surfaces in MED, mechanical
and thermal investigations were carried out. A pilot
falling film plate heat exchanger was developed to
show the feasibility of this concept.

1.2. Material selection

In order to reduce the thermal resistance of heat
conduction, PEEK films (APTIVTM 1000, Victrex plc.)
with a thickness of 25 mm were used as heat transfer
surfaces. PEEK (polyetheretherketone) is a high perfor-
mance polymer with excellent mechanical properties
and a high continuous operating temperature (Table 1).
Furthermore it meets the demands of FDA 21 CFR
177.2415 [7]. PEEK was already used in investigations
on polymer film heat exchangers [8].

2. PEEK film elongation measurements

2.1. Experimental set-up

The mechanical properties of different polymers
can be found in literature [5,9]. Unfortunately, the stan-
dardised test conditions for the determination of poly-
mer properties, usually do not cover the process
conditions in desalination plants. In order to meet our
needs, a test-rig (Fig. 1) was built to investigate the
creeping behaviour of the PEEK film under more rea-
listic conditions with respect to temperature and the
influence of water. The test-rig was placed into a tem-
perature controlled water bath, filled with distilled
water at 30 and 72�C, respectively. The width of the test
strips was chosen with respect to the expected mechan-
ical load during operation. Therefore the 25 mm thick
polymer film was cut into small test stripes of a defined
width (4.5 mm). The stripes had a length of 450 mm
and they were marked at two points at a distance of
250 mm for elongation measurements. To exclude an
influence of swelling by water uptake and thermal
expansion to the elongation measurements, the stripes
were stored at test conditions without mechanical
stress for at least one day before starting the experi-
ments. The stripes were then clamped into the test rig
on one end. The other end of the polymer stripe was
guided over a deviated roller and fixed to a particular
weight. This leads to a certain tensile stress within the
polymer film stripe during the entire test duration. The
buoyancy force of the weight was taken into account
and the distance between the two marked points was

Table 1
Comparison of mechanical and thermal properties for polypropylene homopolymer (PP-H), 25 mm thick polyetheretherketone
film (PEEK 25 mm) and stainless steel (1.4571) at ambient temperature (20–25 �C) [5,7,9,10]

PP-H PEEK 25 mm 1.4571

Maximum allowed tensile stress sallowed [MPa] 30 130 500 to 700
Young’s modulus E [MPa] 1400 3000 200000
Thermal conductivity k [W/(m�K)] 0.22 0.25 15.0
Linear coefficient of thermal expansion a [K�1] 100 � 10�6 47 � 10�6 16.5 � 10�6

kg

Polymer filmWater bath Weight

Fig. 1. Test-rig for mechanical experiments.
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measured with a sliding caliper to determine the
elongation.

2.2. Elongation measurement results

Polymers exhibit visco-elastic properties [5].
Depending on the polymer, the elongation is increas-
ing and the Young’s modulus is decreasing with time
when a constant load is applied. Hence, Young’s mod-
ulus E has to be replaced by the creeping modulus ECr

when creeping occurs. Only the short-term elongation
can still be described by the Young’s modulus. The
short term stress-strain diagram of 25 mm thick PEEK
film in distilled water at two different temperatures
is shown in Fig. 2. It was observed that the elongation
increases with temperature at a given tensile stress.
Consequently, the mean value of the Young’s modulus
(short-term creeping modulus) is decreasing with tem-
perature (Table 2).

The experimental results in Fig. 2 provide informa-
tion about the short-term mechanical behaviour of
PEEK films under mechanical stress in water. The

vendor reports a Young’s modulus of 3000 MPa for
25 mm thick PEEK film according to ISO 527 at 23�C
[7]. Considering the different temperatures, it can be
concluded, that the observed mean value of about
2800 MPa for the Young’s modulus at 30�C in water
is in good agreement with the vendor’s information,
although the experimental setup is not compliant with
ISO 527.

The elongation was also measured in distilled water
over an extended period of time in order to investigate
the creeping behaviour of the 25 mm thick PEEK film
(Figs. 3 and 4). It can be seen, that the temperature has
significant influence on mechanical properties, espe-
cially at higher tensile stress. Mechanical breakdown
of the polymer film was observed at a tensile stress of
45.4 MPa and 72�C after less than 1152 h (data not
shown). The vendor specifies an allowed tensile stress
for PEEK film (50 mm) of approximately 60 MPa at
200�C according to ISO 527 [7]. It is necessary to
remember, that the experimental conditions were
selected with focus on the operating conditions of a
MED plant and therefore were not in compliance with
ISO 527. Furthermore, the tensile stress applied to the
polymer film is always referred to the primarily film
cross-sectional area. Elongation of the polymer film
leads to a decrease of the cross-sectional area and con-
sequently to an increase of the effective tensile stress. If
the tensile stress is too high and creeping elongation is
continuing without stopping, this will inevitably cause
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Fig. 2. Short-term stress-strain diagram for 25 mm thick PEEK
film in distilled water.

Table 2
Mean Young’s modulus of 25 mm thick PEEK film in distilled
water (elongation < 1.50%)

Temperature # [�C] 30 72
Mean Young’s modulus E [MPa] 2796 + 156 1970 + 79
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Fig. 3. PEEK film elongation at 30�C in distilled water.
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rupture of the polymer film. Thus, tensile stress within
the PEEK film should not exceed 25 MPa and 2% elon-
gation after 1000 h test duration to avoid mechanical
breakdown.

3. Tensile stress calculation

Considering the heat exchanger and spacer geome-
try (Fig. 12), the actual mechanical load within the
polymer film during operation has to be estimated
for several reasons: (a) future selection of other suita-
ble film materials for the heat transfer surface and
(b) adaption of the spacer geometry for mechanical
stabilisation of the polymer film. Therefore the tensile
stress inside the polymer film was theoretically deter-
mined by calculations based on the tensile stress
model described below.

3.1. Tensile stress model

A rope which is exposed to a uniform line load
takes the form of a parabolic funicular curve (Eq. (2)),
if self-weight is neglected and the rope is not affected
by other forces [11]. This two dimensional model of a
rope was expanded to a simplified three dimensional
model, which is able to describe a buckled polymer
film (Fig. 5). Like a rope, also a polymer film can only
transmit tensile forces tangential to the film layer. No
bending moments or shear forces can be applied to the
film. A uniform line load turns to a (uniform) pressure

in the three dimensional case. It is assumed that the
edges of the film segment in parallel to the y-axis
are non-relocatable. Amongst others, the distance B
between these two edges is one parameter that deter-
mines the mechanical load into the polymer film. It
corresponds to the (vertical) distance between the hor-
izontal rods of the spacer grid (Fig. 12(a)). The film
edges in parallel to the x-axis are assumed to be loose,
because the polymer film is not in contact to the
spacer’s vertical rods (Fig. 12). The film buckling due
to the fixation at the heat transfer surface’s borders is
neglected. This assumption simplifies the problem
and is sufficient for the approximate determination
of the maximum tensile stress and parameter varia-
tions with the used spacer geometry. In this case, film
shape, as well as mechanical stress, is constant with
respect to the y-coordinate (Eq. (4)). Thus, the shape
of the polymer film according to Fig. 5 can be
described by the following equation:

z ¼ �4 �H
B
� x2

B
� x

� �
: ð2Þ

The first partial derivatives of Eq. (2) with respect to x
and y are as follows:

q z

q x
¼ �4 �H

B
� 2

x

B
� 1

� �
; ð3Þ
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Fig. 4. PEEK film elongation at 72�C in distilled water.
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Fig. 5. Buckled polymer film segment for tensile stress
calculation.
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q z

q y
¼ 0: ð4Þ

The pressure applied to the film is transformed to a
uniform line load with respect to the x-direction:

fx;p ¼ p ��y: ð5Þ

Consequentially the force in parallel to the x-axis of the
polymer film is calculated by Eq. (6), similar to a funi-
cular curve’s horizontal force [11]:

Fx ¼
fx;p � B2

8 �H : ð6Þ

The force Fx is constant with respect to y. Therefore it
can be written as a uniform line load:

fy;Fx
¼ Fx

�y
¼ p � B2

8 �H : ð7Þ

Fxz represents the resulting force inside the polymer
film layer. Fxz can be split into the two components
Fx and Fz. The component Fx was already defined in
Eq. (6). The component Fz is calculated by Eq. (8), with
the first derivative with respect to x of the film shape
function z (Eq. (2)):

Fz ¼
q z

q x
� Fx: ð8Þ

Hence, the forces Fx and Fz can be described with Eqs.
(9) and (10)

Fx ¼ fy;Fx
��y; ð9Þ

Fz ¼
q z

q x

� �
fy;Fx ��y: ð10Þ

Eq. (11) estimates the absolute value of the resulting
force Fxz inside the film layer

Fxz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fxð Þ2þ Fzð Þ2

q
: ð11Þ

Insertion of equations (9) and (10) into Eq. (11) leads to:

Fxz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fy;Fx
��y

� �2þ q z

q x

� �
� fy;Fx

��y

� �2
s

: ð12Þ

The tensile stress is defined as follows:

s ¼ F

A
: ð13Þ

The tensile stress is given by the ratio of the resulting
force Fxz and the cross-sectional area, where L0 is the
original film thickness. With reference to tensile tests,
the cross sectional area is based on the primarily
cross-sectional area without taking the decrease of the
cross-sectional area due to elongation into account:

sxz ¼
Fxz

L0 ��y
: ð14Þ

Eq. (15) is obtained by insertion of Eq. (12) into Eq. (14).
It describes the tensile stress sxz in the direction of the
film layer depending on the x-coordinate

sxz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fy;Fx

� �2þ q z

q x

� �
� fy;Fx

� �2
s

L0
: ð15Þ

The case of plane stress is assumed with no shear
stresses (tall directions ¼ 0) and no tensile stress in the
y-direction. Principal stress and stress tensor then
equals the tensile stress sxz

sp ¼
sxz 0
0 0

� �
; ð16Þ

sp ¼ sxz: ð17Þ

The normal stress hypothesis is applied [12]. The max-
imum value of the principal stress is used for compar-
ison with the allowed tensile stress. The polymer film
can withstand the mechanical load, if the following ine-
quation is satisfied

sxz;max � sallowed: ð18Þ

Two components contribute to the elongation of the
polymer film. The elastic elongation by mechanical
stress is given by the ratio of tensile stress and Young’s
modulus. The second component is the thermal elon-
gation, which is dependent on the linear coefficient of
thermal expansion and the temperature difference to
the reference temperature

exz ¼
sxz

E
þ a � #exp � #ref

� �� �
: ð19Þ

The average elongation of the polymer film is obtained
by integration of Eq. (19) and division by B

em ¼

ÐB
0

exz dx

B
: ð20Þ
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The actual length b of the buckled polymer film with
respect to x is then calculated using the average
elongation.

b ¼ B � 1þ emð Þ: ð21Þ

To get the resulting buckling height of the polymer
film, Eq. (22) has to be solved. The information about
the buckling height H is hidden into the function z
(Eq. (2)). An analytical solution of Eq. (22) is described
in [11].

b ¼
ZB

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ q z

q x

� �2
s

dx: ð22Þ

It is mentioned for the sake of completeness, that the
film thickness depends on the position in the x–y-plane.
The film thickness can be calculated as a function of
Poisson’s ratio and elongation or average elongation,
respectively.

L ¼ L0 � 1� � � exzð Þ; ð23Þ

Lm ¼ L0 � 1� � � emð Þ: ð24Þ

Combining equations (2), (5), (6), (7), (15), (19), (20),
(21), and (22) yields a set of coupled nonlinear equa-
tions. The software Mathcad 2000 was used to solve
these equations numerically and to obtain results for
maximum tensile stress, elongation and buckling
height of the polymer film.

3.2. Reference case for mechanical calculations

The parameters for the calculations were chosen
with respect to the polymer film material (PEEK) and
the expected operating conditions and geometries of
the pilot plant (Table 3).

3.3. Tensile stress modelling results

Several mechanical calculations on the basis of the
model described in Section 3.1 were performed. Para-
meter variations are based on the reference case shown
in Table 3, in order to estimate the influence of spacer
and film geometries and mechanical properties of the
polymer itself, on the polymer film’s mechanical load.
The results are shown in the following figures. As
already mentioned above, it is important that the
allowed tensile stress within the film should not exceed
25 MPa for reliable operation.

Fig. 6 shows the relation between the maximum
tensile stress inside the film and the buckling height for
different values of Young’s modulus. It can be seen that
a high Young’s modulus implicates also a high tensile
stress within the polymer film. This can be explained
by the low elongation which is attended by a high
Young’s modulus. The low elongation leads to a small
buckling height. Eq. (6) shows that the force Fx, and there-
fore the tensile stress, is increasing with decreasing buck-
ling height. A small Young’s modulus causes a lower
tensile stress within the film due to further elongation.
But it has to be taken into account that most polymers
showing a small Young’s modulus also have a smaller
allowed tensile stress. Furthermore, the advanced elon-
gation of materials with a small Young’s modulus leads
also to a decrease of the film cross-sectional area.

In order to vary the tensile stress of the polymer
film, the film thickness can be altered (Fig. 7). A thin

Table 3
Reference case parameters for tensile stress calculations

Film thickness L [m] 25 � 10�6

Young’s modulus E [Pa] 2000 � 106

Linear coefficient of thermal
expansion a [K�1]

47 � 10�6

Reference temperature #ref

for a [�C]
25

Mean operating temperature
#exp [�C]

70

Pressure difference ~p [Pa] 5000
(Vertical) distance between the

spacer’s horizontal rods B [m]
0.03
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Fig. 6. Calculated tensile stress and buckling height of the
polymer film.
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film induces a lower thermal resistance, which
enhances the heat transfer in turn. The tensile stress
of a 12.5 mm thick film approaches the above defined
value of 25 MPa for the allowed tensile stress at a
Young’s modulus of about 3000 MPa. Obviously ten-
sile stress is smaller in a thick polymer film. Unfortu-
nately the thermal resistance is increasing at the same
time. Therefore a 25 mm thick PEEK film seems to be
the best compromise between mechanical strength and
thermal resistance.

Another possibility to affect the tensile stress in the
polymer film is to change the (vertical) distance
between the horizontal rods of the wire mesh grid.
It is shown in Fig. 8 that the tensile stress decreases
with decreasing distance B. But the smaller the mesh
size, the more of the heat transfer area is occupied by
the spacers and is not directly available for heat trans-
fer. It is reported that the spacer geometry has also an
influence on the turbulence and consecutively on the
convective heat transfer coefficient of the falling film
[14,15]. If the pressure difference does not exceed
10000 Pa permanently, a distance between the horizon-
tal rods of the wire mesh grid of 0.03 m should be suf-
ficient for mechanical stabilisation of a 25 mm thick
PEEK film.

Pre-buckling of the polymer film can also reduce
the tensile stress of the film. This could be done by pla-
cing the polymer film in a loose manner on the spacers.
According to Eq. (6) the force Fx and consecutively

also the tensile stress will decrease with increasing
(pre-) buckling height H.

As shown above, Young’s modulus decreases when
temperature increases between 30�C and 70�C (Table 2).
Young’s modulus was linearly interpolated between
the experimental values for the calculations shown
in Fig. 9 to obtain the maximum tensile stress for
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temperatures between 30 and 70�C under typical
MED operating conditions (Table 3). It was observed
that 25 mm thick PEEK film can withstand the mechan-
ical stress, because the allowed tensile stress of 25 MPa
is not exceeded. It is interesting to notice that tensile
stress within the film is decreasing with temperature.
This effect is a result of the thermal expansion and the
reduced Young’s modulus at higher temperatures,
which leads to an increased elongation and buckling
height and therefore to a decrease of the force Fx and
the mechanical load.

4. Polymer film heat exchanger

4.1. Pilot plant

A pilot plant was built to investigate the heat trans-
fer performance of the developed polymer film plate

heat exchanger. The process principle is according to
a single effect falling film evaporator or a falling film
heat exchanger, respectively. The overall mechanical
construction of the plant allows operating tempera-
tures up to 120�C and a pressure range from 0 Pa (abs.)
to 110000 Pa (abs.). The process design was carried out
to meet an operating point at 70�C and 31000 Pa with
regard to typical operating conditions of MED-plants.
Fig. 10 shows a simplified flow sheet of the pilot plant.
Siphons, control lines, safety installations and addi-
tional valves are not displayed. Heating steam is
always referred to as steam, whereas vapour depicts
the evaporated water from the water circuit.

Superheated steam from a steam generator was
expanded to the desired pressure and quenched
(QC1, QC2) to the corresponding saturation tempera-
ture if necessary. The generated condensate (a) was

Superheated steam 
p =  4 bar (abs.)

T = 180 °C (max.)

PIRC

Superheated steam Water
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Fig. 10. Flow sheet of the pilot plant for heat transfer experiments. PFHE: Polymer film heat exchanger; C1, C2: Condensers; D1,
D2, D3: Demisters; HE1: Heat exchanger; P1, P2, P3: Pumps; QC1, QC2: Quench coolers; V1, V2: Vessels.
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separated from the steam in a demister (D1) and
directed into a condensate collection vessel (V1). The
saturated steam served as heating steam. The heating
steam entered the polymer film heat exchanger
(PFHE) and was condensed on the heat transfer sur-
face releasing latent heat. If the steam was not con-
densed entirely, a mixture of liquid condensate (b)
and excess steam left the heating side of the appara-
tus. This mixture was separated in the demister D2.
The excess steam was then condensed in condenser
C1. The condensate (c) was guided to the condensate
collection vessel V1 together with the condensate (b)
from demister D2. The vessel was intermittently dis-
charged by the gear pump P1.

The feed water to be heated or evaporated in the
PFHE was stored in Vessel V2 and was pumped
through the heat exchanger HE1 by the centrifugal
pump P2, where it can be preheated to the desired
PFHE entrance temperature or to the boiling point. The
water entered the PFHE and was heated or evaporated
while flowing over the polymer film heat transfer sur-
face. The water and the vapour were separated in dem-
ister D3. The water was returned to vessel V2, whereas
the vapour was condensed in condenser C2 before
reaching vessel V2 again. A liquid ring vacuum pump
(P3) with choke valves and leak air control was used
for pressure adjustment.

The plant was equipped with adequate measure-
ment instrumentations (Pt-100 thermometers, pressure
sensors, ultrasonic-, magnetic-inductive and rotameter
flow meters, etc.), to allow detailed heat and mass
balancing. For process control and continuous data
recording, sensors and valves were connected by Field-
Point modules to a PC equipped with LabVIEW 8.6.

4.2. Novel polymer film heat exchanger design

Fig. 11 shows an exploded view of the novel poly-
mer film plate heat exchanger. It is constructed as a sin-
gle effect falling film evaporator for the investigation of
polymer film heat transfer surfaces under MED pro-
cess conditions. It is not a one effect prototype for a
multi effect distillation plant. The height and width
of a heat transfer surface was 1 and 0.5 m, respectively.
The prototype heat exchanger contained five polymer
film heat transfer surfaces with a total area of 2.5 m2

and a total liquid distribution length of 2.5 m. Water
and heating steam were supplied co-currently from the
top. Excess steam, condensate, heated water or brine
and vapour left the heat exchanger at the bottom of the
elements. The different elements were sealed by a flat
gasket with the polymer film clamped in between. The
gasket also serves as isolation to avoid heat flow
between the evaporation and the condensation

elements due to the temperature difference. One ele-
ment was 2.5 cm deep in order to minimise the pres-
sure drop of steam/vapour flows. The two end plates
were equipped with windows (circular holes shown
in Fig. 11) to observe the water falling film and the con-
densing steam, respectively. Main parts of the proto-
type heat exchanger (frame, spacer) were made of
stainless steel (1.4571 or 1.4301), because it is easy to
purchase and the machining and the mechanical prop-
erties are well known. The heat exchanger and the
pipes were isolated during operation, to minimise heat
losses and to eliminate an influence of the surrounding
temperature to the temperature profiles into the heat
exchanger itself. 1.4571 and 1.4301 stainless steels are
usually not used for heat exchanger parts in direct
contact with hot seawater. Nevertheless, they should
provide sufficient corrosion resistance for first funda-
mental experiments and proof of concept operation.
To be competitive with present MED technologies, the
use of polymers not only for the heat exchange surface,
but also for other parts of the heat exchanger (housing,
spacers, end plates etc.) is an interesting option. It was
shown by Kafi et al. that polypropylene was success-
fully used as heat exchanger housing material for a
MED-pilot plant [13].

4.2.1. Spacers

The pressure difference between the evaporation
and the condensation side of the heat transfer surface,
demands a design concept, which is able to take up the
appearing mechanical load and to prevent the polymer
film from rupture. Therefore, spacers were used to sta-
bilise the polymer film (Fig. 12). The spacers consisted
of a spot welded square mesh grid (stainless steel

Condensation
unit

Polymer
film Spacer

Evaporation
unit

Fig. 11. Exploded assembly drawing of the novel polymer
film heat exchanger.
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1.4301) with a mesh size of 3 cm and a wire diameter of
0.3 cm (Fig. 6(a)). The wire mesh is additionally stabi-
lised by vertical rods behind (Fig. 6(b)). This arrange-
ment allows the simple replacement of the grid. Only
the horizontal rods of the grid are in direct contact with
the polymer film. It is reported that such a grid also sta-
bilises the falling film and therefore improves the wet-
ting of the heat transfer surface [14]. A positive side
effect is the enhancement of the heat transfer rate due
to the spacers, because they act additionally as turbu-
lence wires [15,16].

4.2.2. Liquid distribution

Uniform liquid distribution is of fundamental
importance to establish a stable liquid layer on the
polymer film surface. Therefore the water was pre-
distributed by a serrated overflow weir at the top of the
heat exchanger element. The liquid distribution to the
polymer film itself was performed by a perforated
polymethylmethacrylate (PMMA) plate (Fig. 13).

4.3. Heat transfer

Energy balances were used to calculate the mean
overall heat transfer coefficient of the prototype heat
exchanger at different operating conditions. On the
heating side (steam, S), condensation (Eq. (25)) and
probably condensate (C) cooling (Eq. (26)) is taking
place. Saturated steam was assumed at the inlet. On the
heated side (water circuit, W), heating of the flowing
water (Eq. (27)) or evaporation (Eq. (28)) was consid-
ered. The pressure drops on both sides were neglected:

_QS;C ¼ ��hS � _MS;C; ð25Þ

_QS;C;c ¼ � _MS;C � cp;S;C � #S;in � #S;C;out

� �
; ð26Þ

_QW;L ¼ _MW;L � cp;W;L � #W;L;out � #W;L;in

� �
; ð27Þ

_QW;V ¼ �hW � _MW;V: ð28Þ

Also heat loss has to be considered. Therefore, further
calculations were based on the heat uptake of the water
circuit. The incomplete wetting of the polymer film
surface can optionally be reflected by introduction of
a wetting factor ! describing the surface wetting
degree. The heat flow due to condensate cooling can
only be neglected, if the amount of heat is very small
(<1%), compared to the released latent heat of evapora-
tion during condensation. For the case of condensation
and heating of the water without evaporation, the
mean overall heat transfer coefficient follows from
Eq. (29) and Eq. (30), respectively

Um ¼
_QW;L

A ��#m;log
; ð29Þ

Um;! ¼
_QW;L

A � ! ��#m;log
: ð30Þ

If the feed water was evaporated or pre-heated with
consecutive evaporation and condensate cooling can
be neglected, Eqs. (31) and (32) have been used for esti-
mation of the mean overall heat transfer coefficient:

Fig. 12. Polymer film with spacers.

Polymer film

Perforated plateFalling film

5 mm

Weir

Fig. 13. Device for liquid distribution on polymer films with
schematic liquid flow on the left hand side.
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Um ¼
_QW;L

A ��#m;log
þ

_QW;V

A ��#m
; ð31Þ

Um;! ¼
_QW;L

A � ! ��#m;log
þ

_QW;V

A � ! ��#m
: ð32Þ

The mean logarithmic temperature difference in the
case of condensing steam and (pre-) heating of the fall-
ing film is given by the following equation

�#m;log ¼
#S � #W;out

� �
� #S � #W;in

� �
ln

#S � #W;out

#S � #W;in

� � : ð33Þ

If the conditions correspond to the saturation state on
both sides, without condensate cooling or water heat-
ing, the mean logarithmic temperature difference has
to be replaced by a simple mean temperature differ-
ence (Eq. (34)).

�#m ¼ #S � #W;out

� �
: ð34Þ

4.3.1. Wetting behaviour of the polymer film

Like most other polymers, PEEK exhibits hydropho-
bic surface characteristics, too. This is reflected in a high
contact angle between water and PEEK in the system
PEEK (s), water (l), air (g). The contact angles described
in literature ranging from 50� to 85� for untreated PEEK,
depending on the measuring method [7,17]. The wett-
ability of polymers can be enhanced by different meth-
ods like formation of hydrophilic groups on the
surface, corona and gas plasma discharge methods [18]
or roughening of the surface [19]. Untreated PEEK film
was used for heat transfer experiments. The untreated
polymer film’s falling film wetting degree in the system
PEEK (s), water (l), air (g) was determined photo-
optically at different liquid loads to estimate the fraction
of the wetted heat transfer area. Therefore additional
experiments with an accessory apparatus were carried
out. The apparatus had the same spacer and liquid dis-
tribution device than the pilot plant heat exchanger (see
4.2). It was made of Polymethylmethacrylate (PMMA) to
observe the falling film wetting on the whole PEEK-film
surface. The experiments were performed at increasing
and decreasing liquid loads, respectively, to take advan-
cing and receding liquid interfaces into account. The
resulting mean value of the wetting degree and the for-
mula for the corresponding regression line is shown in
Fig. 14 and Eq. (35), respectively. It is self-evident that
Eq. (35) should only be used for interpolation, but not for
extrapolation of the wetting degree. The wetting

experiments were performed with distilled water at
room temperature on air. The wetting behaviour of an
evaporating seawater falling film under vacuum may
be considerably different. Hence, the results shown in
Fig. 14 and Eq. (35) are only a rough estimation for the
wetting degree under operating conditions.

! ¼ 1:609 � �þ 0:233: ð35Þ

4.3.2. Experimental overall heat transfer coefficients

To determine the thermal performance of the novel
polymer film heat exchanger, heat fluxes were mea-
sured and the mean overall heat transfer coefficient
was calculated according to Eqs. (25) to (35). The oper-
ating conditions of the heat exchanger and the experi-
mental results for the mean overall heat transfer
coefficient are listed in Table 4. Drinking water was
used as test liquid in order to avoid boiling point eleva-
tion and to be able to use magnetic-inductive flow
meters for proper energy balancing. Partial wetting of
the heat transfer surface was not taken into account
when calculating the mean overall heat transfer coeffi-
cients Um. This is reflected by referring to the total,
instead of the wetted heat transfer surface. Neverthe-
less the observed coefficients reach values between
1300 and 1600 W/m2�K when condensation and eva-
poration takes place. Kafi et al. used a plate evaporator
heated with hot water and observed heat transfer coef-
ficients of about 900 to 1200 W/(m2�K), depending on
the applied liquid load [14]. The difference of the
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Fig. 14. Wetting behaviour of untreated PEEK film.
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overall heat transfer coefficients is most likely based on
the better convective heat transfer coefficient due to
condensation compared to one phase forced convec-
tion. The observed experimental heat transfer coeffi-
cients are thus in a technically common range. In
contrast, the heat transfer coefficients for operation
with only heating of the falling film were very low
(<500 W/(m2�K)) and did not reach a competitive mag-
nitude. This observation is most likely based on an
enhancement of the convective heat transfer coefficient
due to evaporation of the falling film. The heat transfer
coefficient was increasing with liquid load, owing to
the higher turbulence of the falling film.

As shown above, it can be supposed that the heat
transfer surface was not wetted completely, because of
the use of untreated PEEK films. Then, the area actually
used for heat transfer was computed by multiplying
total heat transfer area and wetting degree. The wetting
degree can be approximated using Eq. (35). The obtained
modified mean overall heat transfer coefficients Um,!

were significantly larger than the original ones. They
took values of about 3200 to 3400 W/(m2�K) for conden-
sation and evaporation. Kafi et al. [13] reported overall
heat transfer coefficients in the second effect of a MED
pilot plant of about 2500 to 3700 W/m2�K for condensa-
tion and seawater evaporation. But the values for the
modified mean overall heat transfer coefficients Um,!

have to be taken with care. It has to be kept in mind that
they are referred to a theoretically estimated wetted heat
transfer surface area, which is smaller than the total heat
transfer surface area. They do not really represent mea-
sured values and they are probably overestimated
because of the different wetting behaviour of the poly-
mer film at operating conditions (high temperatures,
evaporation, vacuum) compared to the conditions
where Eq. (35) was derived (ambient pressure and tem-
perature, no evaporation). To make this approximation
dispensable, further research should focus on the

maximisation of the wetting degree in the range of
technically relevant liquid loads. Polymer film pre-
treatment, modification of the liquid distribution device
and the spacer geometry are the major parameters for
the improvement of the heat transfer efficiency.
Obviously, the heat transfer performance is best when
the available heat transfer surface is totally wetted.

5. Conclusions

The mechanical behaviour of 25 mm thick PEEK film
was determined in water at different temperatures. The
allowed tensile stress for permanent application of
the PEEK film under hot and wet conditions should be
reduced far below the allowed tensile stress according
to ISO 527. Based on these experimental results, calcula-
tions of the tensile stress within the polymer film
showed, that the selected PEEK film in combination with
the spacer geometry is able to withstand the expected
temperature and pressure differences. Heat transfer
experiments displayed realistic results for the mean over-
all heat transfer coefficient and even better results when
they were corrected by the wetting degree of the heat
transfer surface. The complete wetting of the heat trans-
fer surface is essential for a cost-effective operation of fall-
ing film evaporation plants. More detailed research on
this aspect is of main interest for further investigations.
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Symbols

A Area, m2

b Polymer film length with respect to x

Table 4
Operating conditions and experimental mean overall heat transfer coefficients

Experiment No. 1 2 3 4

Inlet temperature heating steam #S,in [�C] 101 100 72 73
Pressure heating steam pS [kPa] 105 102 34 36
Inlet temperature water #W,in [�C] 51 85 66 67
Pressure water pW [kPa] 99 98 30 31
Evaporation No No Yes Yes
Liquid load water � [kg/(m�s)] 0.036 0.173 0.115 0.145
Mass flow of the evaporated water [kg/s] – – 0.0041 0.0056
Mean overall heat transfer coefficient Um [W/m2�K] 314 + 17 446 + 31 1341 + 210 1570 + 181
Approximated wetting degree ! [–] 0.29 + 0.03 0.51 + 0.03 0.42 + 0.03 0.47 + 0.03
Modified mean overall heat transfer coefficient Um,! [W/m2�K] 1075 + 131 873 + 81 3207 + 558 3375 + 452
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B Distance between the horizontal rods of the
spacer grid / Film segment length with respect
to x, m

cp Heat capacity at constant pressure, J/(kg�K)
E Young’s modulus, Pa, MPa
f Uniform line load, N/m
F Force, N
h Convective heat transfer coefficient, W/(m2�K)
H Buckling height, m
k Thermal conductivity, W/(m�K)
L Thickness heat transfer surface, film thickness,

m, mm
_M Mass flow rate, kg/s

p Pressure, Pa, kPa
_Q Heat transfer rate, W

R Thermal resistance, K/W
U Overall heat transfer coefficient, W/(m2�K)
x Cartesian coordinate, m
y Cartesian coordinate, m
z Cartesian coordinate, m

Greek letters

a Linear coefficient of thermal expansion, K�1

~y Length difference with respect to the y
coordinate

~h Latent heat of vaporisation, J/kg
~p Pressure difference, Pa
~# Temperature difference, �C
e Elongation, –
# Temperature, �C
� Liquid load, kg/(m�s)
� Poisson’s ratio, –
s Tensile stress, Pa, MPa
t Shear stress, Pa
! Wetting degree (m2

wet/m2
total), –

Indices

0 Primary dimension
allowed Maximum allowed, allowable
c Cold, cooling
C Condensate
cd Conduction, conductive
exp Experimental
F Force
in Inlet
h Hot

L Liquid
log Logarithmic
m Mean, average
max Maximum
out Outlet
p Pressure
ref Reference
S Steam, heating steam, heating side
tot Total
V Vapour (water circuit, heated side)
W Water, water circuit, heated side
wall Wall, heat transfer surface
x Cartesian coordinate
xz Film plane with respect to x and z

coordinates
y Cartesian coordinate
yz Film plane with respect to y and z

coordinates
z Cartesian coordinate
! Wetted, referred to the wetted area
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