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Abstract

The fouling kinetics and amount of calcium sulfate and calcium carbonate, respectively, on different polypropylene/graphite
composites in a flat plate heat exchanger are determined and compared to the reference material stainless-steel. For a straight
evaluation of the fouling susceptibility of the materials the formation of bubbles on the materials is considered by optical
imaging or excluded by a degasser. The results are interpreted using surface free energy and roughness of the surfaces.
The results show that when bubble formation is avoided, the polymer composites have a very low fouling tendency compared
to stainless steel. This is particularly the case when turbulent flows are present or when sandblasted specimen are used.
Sandblasting also continues to increase heat transfer compared to untreated samples by increasing thermal conductivity and
creating local turbulences. Depending on the test conditions, the fouling resistance formed on the stainless-steel surface
is an order of magnitude greater than on the polymer composites. In addition, the fouling layers adhere only weakly to the
composites, which indicates an easy cleaning in place after the formation of deposits.

Abbreviations Greek symbols
Nomenclature 14 Free surface energy, mN/'m
2 AT, Mean log Temperature difference, K
A Heat transfer surface, m R
. . . . 0 Contact angle,
B Bias uncertainty, dimensionless
b Molality, mmol/kg Subscripts
(e Specific heat at constant pressure, J/kgK b Bubble
h Convective heat transfer coefficient, W/m? K c Cold fluid conditions
L Length, m calc Calculated
m Mass flow rate, kg/s h Hot fluid conditions
mye, Deposited mass per area, g/m? in Inlet conditions
0 Heat transfer rate, W f Fouled surface
R; Fouling resistance, (m’K)/W 1 Liquid conditions
Re Reynolds number, dimensionless out  Outlet conditions
S, Mean arithmetic surface roughness, pm S Solid properties
t Time, h w Conditions at the wall
T Temperature, °C 0 Initial conditions
U Opverall heat transfer coefficient, W/(mzK) ..
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w Heat exchanger width, m d Decassed
X Heat exchanger length, m £ £
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1 Introduction

Fouling is commonly defined as the deposition of unde-
sired substances with usually low thermal conductivity
on heat transfer surfaces, which result in additional heat
transfer resistance as well as increased pressure loss [1].
The consequences are increased operating and mainte-
nance costs [2]. In order to compensate the reduced heat
transfer rates, the required heat exchangers are oversized
as a precaution, or a larger use of heating or cooling utili-
ties is required.

In the context of the energy saving and CO, reduction,
both approaches are disadvantageous. Another cost fac-
tor arises in the environment of corrosive media, such as
seawater, acids, bases, electroplating and pickling baths.
According to the state of the art heat exchangers made of
expensive nonferrous and semi-precious metals or high-
quality or high-priced stainless steels have to be used for
these applications [3].

Compared to metals, polymers are less susceptible to
corrosion and fouling, but have a low thermal conduc-
tivity below 0.5 W/mK [4] and poor mechanical proper-
ties. The disadvantage of low thermal conductivity can be
compensated by manufacturing composite materials. Here
polymers loaded with highly conductive particles such as
graphite, which can increase the thermal conductivity up
to 20 W/mK [5].

Although such polymer composites have been widely
studied as heat transfer materials [6], there are few stud-
ies on their fouling susceptibility, especially for plate-like
materials [7]. However, to evaluate the suitability of these
materials as plate heat exchanger materials, which are used
among other fields, in water treatment where crystalliza-
tion fouling occurs [8], this is precisely the issue that needs
to be addressed. Therefore, self-developed polypropylene-
graphite composites are evaluated for suitability in this
type of heat exchanger with respect to their susceptibility
to crystallization fouling. Besides the influence of differ-
ent salt species and wall temperatures, the influence of air
bubbles on the surface is also discussed as they strongly
influence fouling processes.

2 Materials and methods
2.1 Materials and preparation
The heat transfer materials investigated in this work are
manufactured by the hydrogen and fuel cell center ZBT

GmbH. For this purpose, highly filled graphite-polymer
compounds are produced using a twin-screw or ring
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extruder. Subsequently, these compounds are processed
in a mill to gain a homogeneous granulate of <4 mm. The
compound pellets are then transferred to a single-screw
extruder as basis of the film extrusion. There, the com-
pounds melt again and pass through a wide slot die (width
250 mm) with variable gap dimension to the calender.
The gap dimension of the calender is variable adjustable
between 0.2 mm and 25 mm and smoothes the surfaces
of the melt.

To focus on the fouling susceptibility of the materials, the
investigations are limited to two nearly identical polymer
blends. This is legitimized by the fact that previous work
showed that polymer and graphite grade had little effect on
surface and thermal properties (primarily on the thermal
conductivity [9]). Only sandblasting (sb) as post-treatment
is considered and discussed here as it is a straightforward
way to increase the thermal conductivity of the composites
produced. After manufacturing, the materials have a thin
polymer layer on the surface, which has a lower thermal
conductivity than the core. Sandblasting removes this layer,
which increases the thermal conductivity of the material by
approx. 10% (see Table 1).

The naming of the developed composites is composed as
follows: polypropylene grade (e.g., C143)—filler content in
wt.%. The graphite used is a graphite with a D90 value of
45 pm (90 wt.% of particles smaller than 45 pm). Moreover,
stainless steel 1.4571 (SS), a standard material in apparatus
design is used as a benchmark. The wall thickness selected
for all materials was 1 mm.

2.2 Material characterization

Since the crystal-surface interactions strongly depend on the
energetic and topographic properties of the surface, these
should be considered for the interpretation of the results of
the fouling experiments. For this purpose, the surface free
energies including polar and disperse fractions as well as the
surface roughness of the investigated materials are deter-
mined. By means of a confocal microscope (psurf Explorer,
Nanofocus AG), 3D surface profiles are obtained from which
various roughness parameters can be extracted and quanti-
fied according to EN ISO 25178. For the characterization
of the topography of the materials, the mean arithmetic
surface roughness is used as a parameter for this purpose.
Compared to the line roughness it provides more accurate

Table 1 Thermal properties of

: Material A/ W/mK
the materials
SS 15
Cl143-75 1.64
C143-75-sb 1.80
C145-80 1.96
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and reproducible results. The polar and diparamsperse frac-
tion of the surface free energies are determined according
to the OWRK method by measuring static contact angles
(sessile drop method) [10, 11]. This requires contact angle
measurements with at least two liquids with known polar
and disperse fractions of the surface tension. To increase the
accuracy of the results, static contact angle measurements
with four reference liquids (deionized water, ethylene glycol,
DMSO, diiodomethane) were performed with an OCA 15
EC setup (Dataphysics). In addition to the surface properties,
the surface temperature of the materials determines the foul-
ing propensity. This results from the operating parameters
(volume flows, inlet temperatures, ...) in the heat exchang-
ers, as well as the thermal conductivity of the materials
investigated. Consequently, the thermal conductivities of
the self-produced materials were determined by laser flash
analysis as listed in Table 1 on the Laser Flash Apparatus
457 (Netzsch).

2.3 Experimental set up

The fouling experiments were carried out at various oper-
ating conditions in the screening apparatus shown sche-
matically in Fig. 1. The setup contains a vertically oriented
interchangeable test Sect. (4). Two plate heat exchanger
test cells are utilized, which are both operated in counter

Fig. 1 Process flowchart of the

experimental set-up. 1 storage !
tank. 2 pump. 3 degasser. 4 heat
exchanger test cell. 5 thermostat
for heating circuit. 6 thermostat

current flow. The first test cell (HX1) has a rectangular
heat transfer surface of 144 cm?. To avoid vortex forma-
tion and thus locally strong shear forces during the fouling
experiments, the inlets are aligned longitudinally to the
heat transfer surface. In addition, flow diffusers are located
at the inlets and outlets to ensure a uniform flow over the
heat transfer surface. However, the flow entering HX1 can
neither be assumed as hydrodynamically nor thermally
fully developed. The same applies to the second parallel
test cell (HX2), which has a heat transfer area of 32 cm?.
The liquid inlets and outlets are aligned transversely to
the heat transfer surface, a usual for plate heat exchangers.
Although vortex formation cannot be suppressed in this
way, this represents a more realistic setup.

The sample material acts as a heat transfer wall and
separates the cold liquid (salt solution) from the hot liquid
(hot water). The heating side of the test section is made of
polyoxymethylene and is additionally insulated to ensure
almost adiabatic conditions. The solution side is made
of polymethylmethacrylat to allow visual monitoring of
the fouling process and possible bubble formation. Tem-
perature sensors (Pt100 1/3 DIN) were placed in the flow
directly at the inlet and outlet of the test sections, where
the temperature distribution and flow profiles are homo-
geneous. The volume flow rates of the fluids entering the
heat exchanger, as well as their temperature, are controlled

for bulk temperature control
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for constant test conditions. All relevant temperatures and
volume flows are recorded transiently to guarantee an
accurate energy balance.

Using the energy balance for the calculation of the heat
transfer rate Q, the overall heat transfer coefficients U are
calculated according to Eq. 1. The calculations of the heat
transfer rate are based on the cold fluid, where energy losses
are almost excluded, and a very accurate Coriolis flow meter
is used (measuring accuracy of 0.1%).

_ 0
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As a result of crystallization fouling, the heat transfer
rate changes with increasing test duration, providing a
transient overall heat transfer coefficient U;. The resulting
fouling resistance R; is then calculated according to Eq. 2
referring to the initial overall heat transfer coefficient U, of
the clean surface.

1 1
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3 Experimental procedure

Prior to each experiment, the investigated polymer com-
pound samples respectively the SS samples were cleaned
with isopropanol and deionized water. The screening appa-
ratus was cleaned several times with deionized water to
ensure that there were no foreign ions left in the system.
The feed solution for the CaCOj;-scaling tests is prepared by
adding CaCl,.2H,0 and NaHCO; to temperature-controlled
deionized water, resulting in an initial pH value of about 7.7.
For CaSO,-scaling (that is not pH sensitive), the procedure
is conducted with the salts Na,SO, and Ca(NO;),.4 H,O.

Regarding the measurement of the initial overall heat trans-
fer coefficients, the data were recorded for 15 min after
reaching a steady state before the addition of the second salt
(fouling excluded). The bias uncertainties in the initial over-
all heat transfer coefficients were determined by calculating
the 95% confidence intervals according to Eq. 3, which are
composed of the measurement uncertainties of the recorded
temperatures (T ;0 Ty oue Teins Teon) @nd the mass flow of
the cold fluid.

= [Z (5 + (320 |

3

C

The test period of the investigations was either adjusted
to allow a sound conclusion on the fouling kinetics or to
achieve an asymptotic fouling resistance. To accelerate
the fouling processes, which can be achieved by high wall
temperatures, laminar flow conditions were created on the
cold fluid side (which contains the fouling salts) and tur-
bulent flow conditions on the hot fluid side. In the experi-
ments where bubble formation on the investigated surfaces
should be suppressed, a vacuum spray-tube degasser (see
Fig. 1) was operated before the start of the experiments,
which, according to the manufacturer, removes 90% of the
dissolved gases. This completely suppressed the formation
of bubbles on the surface. Degassing of the fluid before the
start of a fouling experiment is indicated subsequently by dg
(degassed). The parameters of all performed fouling experi-
ments are listed in Table 2.

3.1 Surface temperature calculation

To draw sound conclusions regarding the fouling pro-
cesses investigated, knowledge of the surface temperature
is crucial besides the surface properties. Since the surface

Table 2 Operating parameters

of the fouling experiments Exp. Nr Material Testunit Re, Rey, ;Fé i/ ;an ! Tyoeae! °C Salt by, / mmol/kg
1 SS HX1 500 3900 30 80 68.9 CaSO, 25
2 C143-75 HX1 500 3900 30 80 - CaSO, 25
3 C143-75-dg HX1 500 3900 30 80 60.9 CaSO, 25
4 C143-75-sb  HX1 500 3900 30 80 61.6 CaSO, 25
5 SS HX1 500 3900 40 90 79.4 CaSO, 25
6 C143-75 HX1 500 3900 40 90 - CaSO, 25
7 C143-75-dg HX1 500 3900 40 90 71.1 CaSO, 25
8 C143-75-sb  HX1 500 3900 40 90 71.7 CaSO, 25
9 SS HX2 500 5000 30 80 66.1 CaSO, 25
10 C145-80 HX2 500 5000 30 80 58.7 CaSO, 25
11 SS HX2 500 5000 30 80 66.1 CaCO; 3.5
12 C145-80 HX2 500 5000 30 80 58.7 CaCO; 35
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temperatures were not controlled, but result from the
selected operating parameters as well as material thickness
and thermal conductivity, they were estimated as described
below. The fluid temperature variation in the heat exchangers
in flow direction x was calculated according to Eq. 4 & 5.

dT, Uw
=—(T,—T.
dx mcp( =T )
T, Uw
—h W T
dx mcp( e~ 1w ®)

To calculate U, respectively the convective heat transfer
coefficients i, Nusselt correlations for turbulent [12] and
laminar flows [12, 13] were applied. The relation in Eq. 6
was then used to calculate the wall temperatures, which are
listed in Table 2.

o Th_Tw,h _ TW,(‘_TC _ Th_T
Q=—7F—=—7 = ©)
A A

c

Since there are various correlations for the calculation of
convective heat transfer coefficients, these were selected to
minimize the discrepancy between experiment and model.
This procedure led to very small deviations between meas-
ured and calculated heat transfer rates for the HX1. These
were on average 4% but maximum 5.9%.

However, for the HX?2, which shows flow conditions that
are more difficult to describe, the maximum deviation is
14.6% and the average deviation is 9.3%. In addition, esti-
mating the wall temperatures in the presence of air bub-
bles on the polymer composite surfaces (as discussed later)
turns out to be almost impossible, since these represent a
location-dependent, transient thermal resistance and strongly
influence the flow regime at the surface. It can be expected,
though, that higher wall temperatures will occur than on the
SS surface with the same operating parameters.

3.2 Optical bubble detection

Under favorable conditions (e.g., if cavitation nuclei are
present at the wall), bubbles can form and adhere on the
heat transfer surface of the cold fluid side during the experi-
ments. The gases dissolved in the fluid are present there in
a supersaturated form due to the higher wall temperature
compared to the bulk. In order to determine the degree of
bubble coverage on the heat transferring surface, an optical
image analysis is performed using an algorithm using func-
tions of the Image Processing Toolbox of Matlab®. This
generates binary images representing the bubble coverage on
the surface as illustrated in Fig. 2. The pictures were taken
using a Nikon D5600 SLR camera.

Fig.2 Binary image for bubble detection

4 Results and discussion
4.1 Bubble influence on the fouling resistance

If air bubbles form on the heat transfer surface during a foul-
ing experiment, there are two effects that influence the tran-
sient fouling resistance. The first issue is the development
of an apparent fouling resistance that is not accompanied by
deposition. This effect is illustrated in Fig. 3. In fact, this is
a thermal resistance due to the formation of air bubbles on
the heat exchanger surface. Henceforth referred to as R,

Particularly the addition of salt at the beginning of the
experiments leads to a supersaturation of the gases in the
solution in proximity to the hot sample surfaces. Conse-
quently, many bubbles form on the surface under investiga-
tion. To put this into perspective, it must be added that this
behavior was only observed in the case of the untreated
polymer composites for the HX1.

0.60 6
Bubble coverage A,/A
A Thermal resistance Ry
0.55 4
-4
0.50 - %
-2
. E
< 0.45 =
< o
Lo —
0.40 4 =
’ 04
F-2
0.354
0.30 . . . T T -4

T T T
120 140 160 180

Fig. 3 Influence of surface bubble coverage on the thermal resistance.
Exp. 2
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Almost no bubbles formed on the SS surface and on the
sandblasted polymer composite surface they did not adhere.
Hence, no change in the overall heat transfer coefficient by
avoiding air bubbles (degassing) could be observed, which is
why the optical evaluation for the fouling tests was not car-
ried out with these materials. The same applies to the HX2.
Even if the Reynolds numbers indicate laminar flow, the
arrangement of the inlets causes local turbulence, which pre-
vents the formation of bubbles. The magnitude of the influ-
ence of bubble coverage on the polymer composite is shown
by Fig. 4. The heat transfer coefficient at the beginning of
the fouling test is up to 40% lower in the presence of bubbles
(C143-75) than in the absence of bubbles (C143-75-dg and
C143-75-sb, respectively). Consequently, more gas residues
are present at the surface of the polymer composites, which
act as initiators for the formation of bubbles. This so-called
heterogeneous bubble formation depends strongly on the
surface properties. Rough hydrophobic surfaces (such as
the polymer composites used, see Table 4) nucleate bub-
bles easily even at low supersaturations, while hydrophilic
or even smooth hydrophobic surfaces (such as SS) nucleate
bubbles only at exceptionally large supersaturations [14, 15].

In the case of the sandblasted material, which has a super-
hydrophobic surface due to its high roughness (see Table 4),
bubbles do form, but these bead off in a similar way to the
lotus effect and do not adhere [16]. As a result, the bubble
coverage of the surface is so low that it has no measurable
impact on the overall heat transfer coefficient.

The second issue that arises when air bubbles form on
heat transfer surfaces is an enhanced formation of depos-
its, as can be seen in Fig. 5. In the case of non-sandblasted
polymer composite, two fundamentally different results are
obtained depending on whether the test solution was previ-
ously degassed or not. The fouling resistance that occurs
after 60 h, when the test solution has not been degassed (dg)

600
T,n=40°C
AT, =30°C
500 2 e
2
£
S 400 1 A 4
)
300 |
A
200 . T . T
A © S 0
o o et Nt
o o

Fig.4 Overall heat transfer coefficients U, at the beginning of the
fouling experiments in HX1
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t/h

Fig.5 Influence of bubble formation on the fouling resistance. Exp. 2+3

previously, is approximately a factor of 20 greater compared
to degassed solution.

In this case, the heat transferring surface was almost com-
pletely covered with air bubbles, that could not be removed
by the existing laminar flow and buoyancy forces. The con-
sequence of such gas accumulation has already been dis-
cussed in the literature and has a severe effect on the fouling
process [17]. When gas bubbles grow on active nucleation
sites on the heat transfer surface, the temperature beneath the
gas bubbles and in the vicinity of the heat transfer surface
increases. Consequently, there is a higher supersaturation
at the boundary layer, which enhances the deposition of the
salts. The structure of the deposits also changes considerably
as evident in Fig. 6. The bubble structure is clearly recogniz-
able there and differs from the classical crystal structures.

In order to avoid fouling on the composites investigated
here and hence make them competitive with the reference
material SS, adherent air bubbles on the surfaces must be

Fig. 6 Influence of the presence of bubbles in the fouling process on
the crystal structure formed; (1) bubbles, Exp. 2 (r) no bubbles, Exp. 5
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2.0
© SS1.4571
C143-75-dg
C143-75-sb
1.5

R x 107/ (m2K)/W

0 10 20 30 40 50 60
t/h

Fig. 7 Fouling resistance curves. Exp. 1,3,4

avoided. The possibilities to achieve this are degassing of
the fluids containing the substances causing fouling, preven-
tion by surface adjustment or hydrodynamic adjustment to
remove the bubbles. From a technical point of view, only the
two proposals mentioned last are suitable.

4.2 Fouling kinetics and quantity

Figures 7 and 8 show the results of the fouling tests in HX1
for two different fluid temperatures and CaSO, fouling. In

6
oSS 1.4571
C143-75-dg
57 C143-75-sb
z "
3
E °7
5
5 2
x
G
1 -
O_
[
-1 T T T T T T T T T T T
0 10 20 30 40 50 60

t/h

Fig. 8 Fouling resistance curves. Exp. 5,7,8

the case of lower fluid temperatures, there are no major
differences between the materials, although SS displays
the fastest kinetics, which could be explained by the higher
wall temperature. Furthermore, the fouling curve of the
untreated polymer composite (C143-dg) seems to change
to a steady state after 60 h, whereas SS still shows a very
steep increase. At this point, SS exhibits a fouling resist-
ance value that is twice to three times higher than that of
the polymer composites. To assess with certainty whether
the differences between the materials are only due to the
different wall temperatures or to the different surface prop-
erties, very long experiments or experiments at higher
temperatures are necessary.

The results for higher fluid temperatures are more
impressive. These are accompanied by higher wall tem-
peratures, resulting in higher supersaturation and through
the strongly temperature dependent surface integration of
ions into the crystal lattice, an overall increase in the rate
of crystal deposition [18, 19].

Especially on the SS surface, a sharp increase of the
fouling resistance takes place in a short time, which speaks
for fast kinetics compared to the polymer materials. Again,
higher surface temperatures are obviously present on the
SS surface, but this is compensated by the formation of
the thick fouling layer on stainless steel during the exper-
iment. An increasing fouling layer thickness causes the
temperature to decrease at the fluid-fouling layer inter-
face. Additionally, the fouling kinetics on stainless steel
at a wall temperature of 68.9 °C (Exp. 1). is faster than
that on the polymer composite at a wall temperature of
71.1 °C (Exp. 7). Thus, even when wall temperatures are
considered, it is concluded that the polymer composites
are less susceptible to fouling than stainless steel. Further-
more, it is remarkable that the untreated polymer is hardly
affected by the higher temperatures, which are associated
with higher supersaturations at the wall and hence faster
kinetics. The reason for this is the poor adhesion of the
salts to the surface, an effect which has already been dem-
onstrated in the literature for polymer surfaces [20]. After
reaching a critical layer thickness, this leads to parts of the
fouling layer falling off, caused by the shear forces of the
fluid flow (see t=47 h).

Incidentally, this also applies if a very large salt layer
forms on the polymer composite sample due to bubble
formation (as in Fig. 5). The layer detached itself com-
pletely after drying and was only held in place by the walls
of the heat exchanger. Cleaning in place of the materials
with respect to crystallization fouling should therefore be
straightforward based on the qualitative results shown here.

The fact that the sandblasted sample performed worse
than the untreated sample at the higher fluid temperatures
appears to be due to a change in induction phase, which
decreases with increasing wall temperature due to increased

@ Springer
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<O 8S1.4571
C145-80

Ry x 10* / m2K/W

. T T T T T T
0 40 80 120 160 200
t/h

Fig.9 Fouling resistance curves. Exp. 9,10

crystallization fouling rates. The induction time is about 30 h
long for the lower temperatures (see Fig. 7). Thereafter, the
fouling kinetics exceed that of the untreated polymer.

In any case, the use of polymer composites seems to be
advantageous over SS in systems susceptible to crystalli-
zation fouling. This is confirmed by the results with HX2
for calcium sulfate as well as for calcium carbonate fouling
(Figs. 9 and 10 respectively). Even though the volume flow
rates of the cold fluid streams were adjusted to give the same
mean Reynolds numbers, different flow conditions prevail in
this heat exchanger, as described in the Sect. 2. Thus, higher

25

o SS1.4571
C145-80

2.0

N
[
1

R x 10/ m?K/W
_O -
[$)] o
1 1

0 10 20 30 40 50
t/h

Fig. 10 Fouling resistance curves. Exp. 11,12
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Igrbr:fe(?; irlj(l)-llj)]gg quantity Exp. Nr Salt My, ! g/m?
9 CaSO, 836.8
10 CaSO, 163.7
11 CaCO; 90.8
12 CaCO; 199

flow velocities than implied by the Reynolds number pre-
vail there partially. This primarily leads to better removal of
bubbles due to local turbulence. The improved removal also
influences deposits, which, based on the previous discussion,
mainly advantages the polymer composite.

Figures 9 and 10 confirm this thesis. For both calcium
sulfate and calcium carbonate, significantly higher foul-
ing resistances are formed with SS as heat transfer surface.
In addition, the polymer composite shows a strongly pro-
nounced negative fouling resistance over a long period of
time. Such negative fouling resistances result from increas-
ing heat transfer coefficients due to local turbulence caused
by initial crystal formation. Due to the poor adhesion to the
composite, a covering fouling layer is never formed in HX2.
It remains patchy, which explains the positive effect on the
fouling resistance. The increased heat transfer coefficient
thus almost compensates for (Fig. 9) or exceeds (Fig. 10)
the thermal resistance caused by the deposits. This is also
demonstrated by the amounts deposited on the surfaces in
Table 3. The deposited quantities on the polymer composites
are out of proportion to the low fouling resistances.

Possible explanations for the results shown, which are fre-
quently mentioned in the literature [21], are different ener-
getic and topographic properties of the investigated materi-
als. Since both the roughness and the energetic properties
of the investigated materials differ, a sophisticated analysis
proves to be difficult. Nevertheless, an attempt will be made
to explain the results based on the aforementioned material
properties. The mean arithmetic roughness, the surface free
energies and the wettability with water of the materials and
salts used are presented in Table 4.

A high surface roughness, usually leading to a shorter
induction phase due to faster nucleation processes, does not
seem to be crucial for the materials investigated. The reason
for this assumption is the higher roughness of the composite

Table 4 Material surface properties

Material yJ/mNm 0u,0/° S./nm
SS 1.4571 40.46 81.4 0.077
C143-75 27.77 93.4 0.243
Cl143-sb 51.91 139.9 9.792
C145-80 27.83 92.2 0.703
CaCO; [22] 57.05 - -
CaSO, [23] 47.88 - -
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material compared to SS. In addition, the roughest material
investigated (C143-75-sb) shows the longest induction phase
(see Fig. 7). However, one effect that arises from the higher
roughness is the stronger adhesion of the deposits. These
did not simply fall off after drying of the fouled sandblasted
surface as occurred in the case of the untreated composite.
The advantage over SS in terms of lower asymptotic fouling
resistance and slower crystallization fouling kinetics must
therefore be due to the different surface free energies of the
materials investigated.

Both scaling quantities and induction periods are strongly
dependent on the interfacial energy differences between
crystal and surface [24]. Smaller differences between the
surface free energies of surface and crystal result in higher
scaling susceptibility. A comparison of the surface free ener-
gies of the crystals and the materials studied (see Table 4)
shows that the untreated polymer has advantages based on
the conclusion drawn earlier, which is consistent with the
experimental results. This may also provide an explanation
regarding the higher fouling tendency of the materials with
CaSO, since the interfacial energy difference between crys-
tal and heat transfer surface is found to be lower for this test
system.

According to this theory, the sandblasted sample should
have the highest fouling susceptibility, which could not be
confirmed. The reason for this inconsistency in the results
lies in the method of determining the surface free energy.
This was performed with the OWRK method using opti-
cal contact angle measurements. However, the underlying
Young’s equation is only valid for perfectly smooth surfaces
[25]. Yet an increase in roughness leads to an increase in the
contact angle for liquids that have a contact angle > 90° on
the smooth surface and vice versa [26]. As a result, the sand-
blasting of the materials apparently increases the surface
free energy. The actual value, of course, should be the same
as that of the non-sandblasted sample, which is in accord-
ance with the experimental results.

5 Conclusions

The use of the fabricated highly filled polypropylene/graph-
ite composites in systems susceptible to crystallization
fouling resulted in significantly reduced fouling proneness
compared to stainless steel (SS) when bubble formation was
avoided. This was shown by slower crystallization kinetics
and the formation of lower fouling quantities, for both model
salts investigated. Due to lower thermal conductivities of
the polymer composites, the use of SS provides higher heat
transfer rates, but this fact can be reversed by the formation
of larger fouling layers on the metal.

Avoiding the formation of bubbles by means of adapted
heat exchanger geometries represents a particularly

promising possibility in this context. In plate heat exchang-
ers with corrugation patterns, for example, this should be
completely prevented by the turbulence present. However,
the verification of this assumption is still pending and needs
to be verified in following studies.

Another major advantage is the low adhesion of deposits
to the composite materials, which leads to a self-cleaning
effect that could reduce downtimes for cleaning in techni-
cal processes. Again, the classic design of the plate heat
exchanger could therefore be advantageous.

The resistance to corrosive media and the reduced sus-
ceptibility to fouling already make the developed materials
a suitable alternative to metallic materials.
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