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Abstract

The suitability of polypropylene-graphite composites as materials for corru-

gated heat exchanger plates is investigated, as the associated materials have

low density (<2.3 g/cm3) and excellent corrosion resistance at a compara-

tively low price. Therefore, custom-made polymer composite plates with a

thickness of 1–2 mm and a filling degree of up to 80 wt% were evaluated for

their thermal and mechanical suitability with regard to their use in plate

heat exchangers. Three-point flexural tests show that the loading of poly-

propylene with graphite leads to mechanical properties that are suitable for

the application of heat exchanger plates. The simulated maximum overpres-

sure is greater than 7 bar. The thermal conductivity of the composites was

increased by a factor of 20 compared to pure polypropylene, resulting in

thermal conductivities of up to 2.74 W/mK. Considering the density differ-

ences between the developed composites and stainless steel, similar thermal

performances over a wide range of process conditions are obtained. More-

over, the composites investigated have lower crystallization fouling suscep-

tibility compared to stainless steel, which is attributed to the low surface

free energies of approximately 25 mN/m. For calcium sulfate fouling, the

fouling resistance on stainless steel exceeds that on the composite by

1.5 m2K/kW after 60 h.

KEYWORD S

crystallization fouling, mechanical properties, plate heat exchanger, polypropylene graphite
composites, surface properties

1 | INTRODUCTION

In view of the global climate targets, the demand for heat
exchangers with high heat transfer efficiency, such as
plate heat exchangers, is increasing.1 Compared to shell
and tube heat exchangers, plate heat exchangers (PHEs)
offer several advantages as shown by many authors.2,3

With PHEs higher heat recovery rates can be achieved at

low temperature differences compared to tubular heat
exchangers. In addition, due to the thin plates used, they
have a lower weight than tubular heat exchangers which
is also associated with lower material and production
costs. Especially in the environment of corrosive liquids,
much energy can be saved, since corrosion-resistant
alloys are associated with energy-intensive production
and high material costs.4 The generation of highly
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turbulent flows in PHEs also makes them less suscepti-
ble to fouling,5 resulting in reduced oversizing and
downtimes. Other efficiency improvements involve
heat transfer enhancement techniques, such as the use
of nanofluids, as pointed out in a comprehensive
review by Zhang et al.6

Furthermore, major savings could be achieved by the
use of materials whose fabrication is associated with low-
energy consumption, like polymers.7 The interest in poly-
meric materials for heat ex-changer applications has been
driven by their light weight, chemical stability, and corro-
sion resistance.8,9 Moreover, they generally possess good
fouling resistance.10 For a broader application of polymers
in heat transfer applications it is essential to increase the
otherwise low-thermal conductivity (usually in the range
of 0.1–0.5 W/mK9,11,12). But numerous authors have
already shown that the production of polymeric compos-
ites can largely compensate for this disadvantage.13–15

However, the examinations are mostly of a fundamental
nature and focus often on thermal management applica-
tions in batteries, automotive, electronics, and photovol-
taic devices.14–16 There are not many studies on polymer
composites with respect to their use in heat exchangers
and are mainly related to the production of polymer com-
posite tubes for application in seawater desalination.17,18

Studies of polymer composites for application in PHEs are
rare. However, graphite impregnated with synthetic resin
is meanwhile used by manufacturers, such as SGL Carbon,
to produce graphite heat exchangers under the DIABON®

brand. Although they are corrosion resistant, the high
manufacturing and processing costs of these artificial
graphite heat exchangers are a significant barrier to their
widespread use. A cost-effective innovative approach
based on natural graphite sheets has recently been pro-
posed by Jamzad et al.19 Although this approach also
requires impregnation with resin and a realization of
large heat exchangers with the presented technique
seems to be unlikely. Evidence that polymer composites
based on the feedstocks investigated in this study can
achieve very high thermal conductivities of around
12 W/mK has already been demonstrated.20 However,
the stated approach was based on injection molding of
sheets, which is associated with a significantly longer
production time and thus higher costs.

A cost-effective approach suitable for mass production,
such as the manufacture of extruded polymer composite
plates with enhanced thermal conductivity does not exist.
Therefore, recently developed extruded polypropylene-
graphite composites are evaluated for their suitability in
corrugated PHEs. This includes the investigation of
mechanical stability, thermal performance, and suscepti-
bility to fouling, since most heat exchangers are affected
by fouling, which can cause a tremendous economic loss

as it directly affects the initial cost, operating cost, and per-
formance of the heat exchanger.21,22

2 | EXPERIMENTAL

2.1 | Materials and preparation

The conductive plate-type polymer composites being
investigated are manufactured at the Hydrogen and Fuel
Cell Center (ZBT GmbH, Duisburg). A two-step process
was used to achieve homogeneous material properties of
the heat exchanger plates.

In the first step, the highly filled graphite polymer
composites are prepared in a twin-screw extruder, fol-
lowed by homogeneous granulation of the compound in
a mill to particle sizes of less than 4 mm. The co-rotating
twin-screw extruder is a Rheomex PTW25p by Thermo
Electron. Each screw has a diameter of 25 mm and a L/D
ratio of 42. The extruder system contains a vacuum pump
for degassing the melt during the process. Control of
extruder heating and rotating is done by special software,
which saves all process data such as melt temperature
and torque. Raw materials are descended into the
extruder by a gravimetry system by K-Tron, containing
one gravimetry for polymers and two for filler materials.
This system is controlled by independent software, which
saves all process data and adjusts filler content fully auto-
matically. Polymer is conveyed directly into the extruder's
input zone; filler material is conveyed into a side feeder,
which is a small double screw conveyor with variable
drive. The side feeder conveys the filler into the extruder,
where it is mixed with the molten polymer. Most com-
pounds were produced with a mass flow rate of 5–10 kg/h.
The mass flow had to be changed regarding different bulk
densities and flow behavior of graphite types, for example,
the compound with the expanded graphite had to be pro-
duced with 2 kg/h since its bulk density is very low with
0.15 g/cm3 and a specific surface area of 23.3 m2/g while
the graphite used by default (G45) has a bulk density of
0.73 g/cm3 and a specific surface area of 4.8 m2/g.

After the granulation of the compound, the pellets are
transferred to a single-screw extruder, which is the basis
of the film extrusion line, representing the second
manufacturing step. There, the compounds melt again
and pass through a wide slot die (width 250 mm) with
variable gap dimensions (0.2–25 mm) to a calendar.

In order to achieve the best possible properties of the
manufactured materials with regard to their application
in PHEs, all conceivable influencing factors were investi-
gated and evaluated. In this context, the graphite content
and the material thickness were investigated in addition
to the polypropylene (PP) and graphite grades. In

KIEPFER ET AL. 7003

 15480569, 2023, 10, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.27613 by U

niversität K
aiserslautern-L

andau, W
iley O

nline L
ibrary on [01/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



addition, sandblasting as a post-treatment of the sam-
ples was used to further improve their properties. The
naming of the developed composites is composed as
follows: PP grade (e.g., C143)—filler content in wt%
(e.g., 75)—thickness in mm (if relevant)—additional
characteristic of the material. The additional character-
istics include the use of expanded graphite particles
(exp) and the sandblasting of the material surface (sb).
The result may look like: C143-75-exp. If the graphite
grade is not specified, graphite with a D90 value of
45 μm (90 wt% of the particles are smaller than 45 μm)
is used. Moreover, the stainless steel AISI 316Ti (here-
after referred to as SS) as a standard material in
corrosion-resistant apparatus design is used as a com-
parative material.

2.2 | Material characterization

A detailed knowledge of the material properties is required
to develop a conceptual design of heat exchangers based
on the investigated composite materials. These properties
can be divided into three subareas: mechanical, thermal,
and surface properties.

2.2.1 | Mechanical characterization

In order to evaluate the mechanical properties of the
polymer composites three-point flexural tests were per-
formed according to DIN EN ISO 178 using the Instron
5565 testing machine under variation of the material
thickness. The flexural strengths, flexural modulus, and
flexural strain at break were determined.

The three-point flexural test was complemented by a
destructive pressure test. The set-up consists of a pressure-
stable SS tube with an inner diameter of 70 mm into
which a specimen can be fixed using a clamping ring. The
closed chamber is then flooded with water at ambient tem-
perature and the pressure on the sample to be tested is
gradually increased until it bursts. The pressure is continu-
ously recorded with the pressure transducer FDA 602 L
(Ahlborn GmbH; accuracy: 1% of the final value). The
pressure tests are used to verify whether the determined
flexural strengths are representative to evaluate the stabil-
ity of the materials in PHEs.

However, mechanical simulations are needed to
enable this. These provide the correlation between
maximum pressure and maximum stress in the mate-
rial. The mechanical simulations are, therefore, used,
first, to determine the maximum stress in the material
from the measured burst pressure. Second, they are
used to simulate the maximum stress occurring in a

PHE at a given pressure. Overall, it is thus possible to
estimate how pressure-stable the developed materials
are in a PHE.

Static simulations with Ansys Mechanical were per-
formed to evaluate the mechanical properties. The com-
putational domain for the simulation of the compression
tests was taken over unchanged. For the simulation of
the stresses in the PHE, the domain was considerably
reduced compared to a heat exchanger plate used in prac-
tical applications due to its size and complexity, as shown
in Figure 1.

Already this reduced computational domain con-
sists of at least 3.3 million elements. The mechanical
simulation of a complete heat exchanger would require
extreme computing resources. In contrast, experimen-
tal data would be preferable. A corrugated PHE with a
chevron angle of 60� and a corrugation pitch of 4 mm
was chosen as the model for the geometry. However,
due to the symmetry of the structure, only a represen-
tative section was chosen (41 mm � 37 mm). This in
turn requires two plates as domain. One serves as the
end plate, which is assumed to be fixed in position. The
other corresponds to an overflowed thermal plate,
which can be loaded with a pressure (corresponding to
a hydrodynamic pressure by the overflowing fluid). PP
from the Ansys material library was selected as the
material for the simulation, with the elastic modulus
adjusted according to the three-point flexural tests car-
ried out. For a worst-case scenario, the lowest mea-
sured elastic modulus was selected accordingly. The
computational grids were created as unstructured grids
due to the complexity of the PHE geometry. To achieve
mesh independence, the maximum deformation of the
materials in the simulation was set as a convergence
criterion. The mesh is automatically and selectively
refined by Ansys Mechanical until the convergence cri-
terion is reached. The simulations were considered to
be convergent as soon as the deformation changed by
less than 4% in the iterative procedure.

2.2.2 | Thermal characterization

The measurement of the thermal diffusivities α of the
specimens was performed using the Laser Flash Appa-
ratus 457 (Netzsch) at 25�C. The sample to be analyzed
is exposed to a laser flash from the bottom side and the
time-dependent temperature increase on the opposite
side is recorded by an infrared detector. By means of a
mathematical model, the thermal diffusivity is deter-
mined, which, multiplied by the density ρ and the
specific heat capacity cp, results in the thermal conduc-
tivity k according to Equation (1).
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k¼ ρ � cp �α ð1Þ

The density of the samples was measured via a
helium pycnometer. Since the determination of the spe-
cific heat capacities via the laser flash apparatus led to
inaccuracies (the measurement is only carried out via a
reference sample), these were determined by means of
DSC measurements (DSC25 TA Instruments) at 25�C.
However, the values of heat capacities and densities of
classical polymers vary only slightly at room temperature.
Therefore, thermal diffusivity is the most determining
factor of the thermal conductivity of polymer compos-
ites.22 For this reason, the heat capacities and densities
were determined only from representative samples, that
is, once for the respective polymers and different graphite
mass fractions used.

2.2.3 | Surface characterization

The surface properties of materials have only a marginal
influence on the performance of PHEs. However, they
contribute significantly to fouling processes, which can
greatly reduce the performance of heat exchangers during
operation. For the interpretation and evaluation of the
results of the fouling experiments, the knowledge of sur-
face properties such as surface free energy and surface
roughness is essential. Using a confocal microscope
(μsurf Explorer, Nanofocus AG) 3D surface profiles are
monitored from which various roughness parameters can
be extracted and quantified according to EN ISO 25178.
The mean arithmetic surface roughness is used to repre-
sent the topographic 3D characterizations since it con-
tains more information compared to a 1D line roughness
parameter. The surface free energies are determined

according to the OWRK method23,24 by measuring static
contact angles. This method requires knowledge of con-
tact angles of at least two liquids with known polar and
disperse fractions of surface tension on the sample inves-
tigated. To ensure high accuracy of the determined sur-
face free energies, static contact angle measurements
with four reference liquids with different polarities (deio-
nized water, ethylene glycol, dimethyl sulfoxide, and
diiodomethane) were performed with an OCA 15 EC
setup (Dataphysics).

2.3 | Plate heat exchanger modeling

To evaluate the performance of heat exchangers, the
knowledge of the thermal conductivity λ and thickness of
the separating walls s used is not sufficient. Finally, it is
the overall heat transfer coefficient U or the transferred
heat flux Q that is of relevance. To benchmark the perfor-
mance of the polymer composites with SS, a model was
set up to describe heat transfer in PHEs, as a function of
the relevant parameters (thermal conductivity, wall
thickness, mass flows ṁ, etc.). Considering the energy
balance of a small control volume dx in the PHE accord-
ing to Figure 2 and assuming that the heat transferred to
the fluid from the adjacent channels is equal to the
enthalpy change of the fluid, the following differential
equations (1)–(3) are obtained to describe the tempera-
ture variation in the x-direction.

Here, Equation (1) corresponds to the first,
Equation (2) to an intermediate, and Equation (3) to the
last channel:

dT1

dx
¼Uw

C1
T1�T2ð Þ ð1Þ

FIGURE 1 Computational domain and resulting stresses in the material at a load of 5 bar. (l) Pressure test set-up. (r) PHE section.
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dT i

dx
¼Uw

Ci
2T i�T i�1�T iþ1ð Þ ð2Þ

dTn

dx
¼Uw

Cn
Tn�Tn�1ð Þ ð3Þ

with the overall heat transfer coefficient defined as:

U ¼ 1
hh

þ s
k
þ 1
hc

� ��1

ð4Þ

In the above equations, w is the effective plate width,
and C is the heat capacity flow rate. The subscripts h and
c indicate the hot and cold fluid stream. Thereby U and
the fluid temperatures are solved as a function of the
position x for higher accuracy instead of assuming an
average overall heat transfer coefficient. In order to cal-
culate the overall heat transfer coefficient U (Equation 4),
respectively the convective heat transfer coefficients h,
the Nusselt correlation according to Wanniarachchi
et al.25 was applied, as it covers a large range of Reynolds
number (1 ≤ Re ≤104, see Equations (5)–(8)).

Nu¼ Nu31þNu3
t

� �1=3
Pr1=3 μ=μwð Þ0:17 ð5Þ

Nu1 ¼ 3:65 β½ ��0:455 ϕ½ �0:661 Re0:339 ð6Þ

Nut ¼ 12:6 β½ ��1:142 ϕ½ �1�mRem ð7Þ

m¼ 0:646þ0:001 β½ � ð8Þ

With the geometry parameters β and Φ as described
in Table 1. Since the fluid viscosity μ at wall temperature
must also be known for the calculation of h with the
above correlation, these are calculated according to
the relation shown in Equation (9).

_Q¼Th�Tw,h
1

hhA

¼Tw,c�Tc
1

hcA

¼Th�Tc
1
UA

ð9Þ

where the subscript w indicates the temperature at the
wall. Furthermore, various geometry parameters are
included in the correlation or needed for the Equa-
tions (1)–(3). These were kept within the range of com-
mon practice as given in Table 1 and illustrated in
Figure 3.

Thereby, the enlargement factor Φ represents the
ratio between developed and effective length and is thus
a function of corrugation amplitude and pitch. Finally,
the heat transfer rate can be calculated via the tempera-
ture profiles and U can be given as a mean value for per-
formance evaluation.

2.4 | Fouling test setup

The fouling experiments were carried out with different
materials and operating conditions in the screening appa-
ratus shown schematically in Figure 4. The set-up

TABLE 1 Parameters of the PHE modeling.

Design parameter Value

Effective heat exchanger width (w) 0.2 m

Effective heat exchanger length (L) 0.6 m

Chevron angle (β) 60�

Corrugation pitch (P) 8 mm

Corrugation amplitude (a) 1 mm

Enlargement factor (Φ) 1.15

FIGURE 2 Schematic diagram of a PHE.

FIGURE 3 Design parameters of a chevron plate heat

exchanger.
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contains a vertically oriented heat exchanger test cell
(4 in Figure 4) with a rectangular heat transfer surface
of 144 cm2, operated in counter-current flow. To avoid
vortex formation 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 the heat exchanger test cell
can neither be assumed as hydrodynamically nor ther-
mally fully developed.

The sample material (the investigated polymer com-
posites or SS) 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
adiabatic conditions. The solution side is made of poly-
methylmethacrylate to allow visual monitoring of the
fouling process. Temperature 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 homogeneous. The volume flow rates of
the fluids entering the heat exchanger, as well as their
temperature, are controlled for constant test conditions.
All relevant temperatures and volume flows are recorded
continuously to guarantee an accurate energy balance.

Using the energy balance for the calculation of the
heat transfer rate, the overall heat transfer coefficient is
calculated according to Equation (10). The calculations of

the heat transfer rate refer to the cold fluid, where energy
losses are almost excluded, as there is only a small tem-
perature difference to the environment (approx. 15�C).
Additionally, a very accurate Coriolis flow meter is used
(measurement accuracy of 0.1%).

U ¼
_Q

AΔTlm
ð10Þ

As a result of crystallization fouling, the heat transfer
rate changes with increasing test duration, providing a
transient overall heat transfer coefficient Uf. The result-
ing thermal fouling resistance Rf is then calculated
according to Equation (11) referring to the initial overall
heat transfer coefficient U0 of the clean surface.

Rf ¼ 1
U f

� 1
U0

ð11Þ

Prior to each experiment, the investigated polymer
compound samples respectively the SS samples were
cleaned with isopropanol and deionized water. The
screening apparatus was cleaned several times with deio-
nized water to ensure that there were no foreign ions left
in the system. Calcium carbonate and calcium sulfate
were chosen as model salts for the crystallization fouling
mechanism. Both are inversely soluble salts which conse-
quently deposit better on hot surfaces. Therefore, the
fouling-causing salts were added to the cold bulk flow of
pure deionized water at the start of the experiments. The
feed solution for the CaCO3 scaling tests is prepared by
adding CaCl2�2H2O and NaHCO3 to temperature-
controlled deionized water. For CaSO4 scaling, a similar
procedure is conducted with the salts Na2SO4 and
Ca(NO3)2�4H2O. Regarding the measurement of the ini-
tial overall heat transfer coefficients, the data were
recorded for 15 min after reaching a steady state before
the addition of the second salt (fouling is excluded until
the second salt is added). The test period of the investiga-
tions was either adjusted to allow a sound conclusion on
the fouling kinetics or to monitor an asymptotic fouling
resistance. To accelerate the fouling processes, which can
be achieved by higher wall temperatures, laminar flow
conditions were created on the cold fluid side (which
contains the fouling salts) and turbulent flow conditions
on the hot fluid side. To prevent possible bubble forma-
tion on the surfaces (due to gas supersaturation), which
would influence the fouling process, the bulk liquid was
degassed before each fouling experiment with a vacuum
spray-tube degasser (3 in Figure 4). According to the
manufacturer, this should remove 90% of the dissolved
gases. This procedure completely suppressed the forma-
tion of bubbles on the surface.

FIGURE 4 Process flow chart of the fouling screening

apparatus. (1) Storage tank, (2) pump, (3) degasser, (4) heat

exchanger, (5) heating circuit thermostat, (6) thermostat for bulk

temperature control.
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3 | RESULTS AND DISCUSSION

3.1 | Mechanical stability

Pure PP is not perfectly suitable for use in PHEs
because of its low-thermal conductivity, acting as an
insulator, but also because of its mechanical properties,
like the high ductility (at least at temperatures above
the glass transition temperature of max. 0�C). The high
elongation at break of at least 50%26,27 could lead to a
displacement and blocking of channels and conse-
quently to flow maldistributions and a performance
loss when operating PHEs in the presence of high-
pressure differences. However, due to its good mechan-
ical (higher strength at lower densities compared to
polyethylene) and thermal stability (up to 100�C long
term26) compared to other commodity plastics, it repre-
sents a sound and cost-effective polymer matrix for
composite materials for heat exchangers. The produc-
tion of composites based on PP and graphite not only
increases the thermal conductivity but also leads to an
improvement in the mechanical properties, which
makes the use in PHEs conceivable. Thus, as shown in
Figure 5, the flexural modulus increases to at least
7.6 GPa, with a tendency for lower material thick-
nesses to result in higher flexural moduli. For compari-
son, the pure PP used has a flexural modulus of
1.4 GPa. This increase in the flexural modulus is also
accompanied by an extreme reduction in elongation at
break. In the case of the composite shown in Figure 5,
the elongation at break is reduced from 700% (accord-
ing to the datasheet) to max. 0.97%. Since the investi-
gated materials are extruded, slightly different material
properties are obtained in the extrusion and orthogonal
to the extrusion direction. However, here only the
worst results are shown (in the case of Figure 5 orthog-
onal to the extrusion direction).

In contrast to pure PP, distortion of the channels can
thus be excluded when the materials investigated are
used in PHEs, but mechanical failure during operation
cannot. Whether the measured flexural strengths of 47–
63 MPa are sufficient for the targeted application has to
be determined experimentally or by simulation. At first
glance, low wall thicknesses seem to be advantageous
due to the higher flexural strengths. If the plates are thin-
ner extruded, the graphite particles become more
stretched, which could lead to the observed better
mechanical stability. Thinner wall thicknesses in the heat
exchanger would in turn have a positive effect on its per-
formance due to a lower thermal resistance. However,
the increase in flexural strength is not sufficient to com-
pensate for the advantage of larger wall thicknesses. This
can be concluded from Figure 6, showing the burst

pressures measured in the pressure test set-up as a func-
tion of wall thickness for the same material (C143-75).
Consequently, an increase in wall thickness leads to a lin-
ear increase in burst pressure. By doubling the wall thick-
ness from 1 to 2 mm, the burst pressure can be increased
from 1.3 to 3 bar for the ideal setup. Furthermore,
Figure 6 shows the influence of a variation in the graph-
ite content or graphite grade. It was observed that the
mechanical stability of the composites increases up to a
filling level of 75 wt%, but drops steeply thereafter. The
same applies to the use of expanded graphite particles,
although the influence appears to be lower here.

FIGURE 5 Flexural modulus, flexural strength, and flexural

strain at break as a function of the thickness of C143-75.

Measurement orthogonally to the extrusion direction.

FIGURE 6 Burst pressures of the polymer composites.
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In order to verify whether the results of the three-
point flexural test and the burst pressure test are consis-
tent, mechanical simulations were carried out. These pro-
vide a correlation between applied load and resulting
mechanical stress in the material. For the final evalua-
tion, a material failure theory suitable for the material
must be used in the simulations. Since the materials are
brittle (elongation at break less than 1%), the maximum
principal stress is used as a criterion for material failure.
The resulting maximum stresses in the material that lead
to the bursting of the specimens vary according to the
simulations between 103 and 58 MPa. The results are
therefore only partially within the range of the measure-
ments of the three-point flexural test. Here, the trend of
greater strength at break with decreasing wall thickness
is also much more pronounced. Thus, the specimens with
1 mm wall thickness broke on average at 103 MPa and
with 2 mm wall thickness on average at 58 MPa. Never-
theless, the results of the three-point flexural test can be
reliably used as a worst-case scenario (see Figure 7) for
more realistic geometries, that is, of a PHE section (see
Figure 1). Consequently, material failure is not expected
before a maximum stress of 47 MPa is reached. Figure 1
shows that this criterion can be satisfied for a wide range
of pressure loads, depending on the geometry. For a pres-
sure load of 5 bar and a material thickness of 1 mm, the
PHX would resist, whereas the specimen would have to
fail in the burst pressure test already.

For a better understanding, Figure 7 shows the load-
ings that would lead to material failure according to the

proposed condition (σmax = 47 MPa) as a function of the
wall thickness. It is clear that the local geometry can lead
to a decisive contribution to the material stability in the
final application. For example, the material under inves-
tigation would have to withstand pressures of more than
5 bar even at low wall thicknesses of 1 mm. The reason
for this lies in the angled corrugations of PHEs. At mini-
mum plate spacing, separate wave peaks of adjacent
plates come in mutual contact. As a result, contact points
occur, leading to stabilization. This can also be seen in
the visualization of the stresses in the material (Figure 1).
At the contact points, stronger loads occur in the mate-
rial, which reduces the load on the surrounding areas.
However, the strongest stresses in the material occur at
the edges. The actual edges of the thermal plates, where
the screw connections are located, are not explicitly con-
sidered here. On the other hand, the material could with-
stand even higher pressures in reality, since firstly a
worst-case scenario is considered and secondly the maxi-
mum stresses in the material occur only in discrete ele-
ments of the computational grid and not over large areas.
It is possible that the maximum stresses, which are
locally limited to very small areas, are not sufficient for a
material failure.

In order to put this into a correct perspective it must
be added that the simulations alone are not sufficient
for the dimensioning of PHEs with the materials exam-
ined in this study. The first reason is that, as explained
earlier, not the complete geometry was considered. The
second reason is that only experiments and simulations
at ambient temperature were carried out. However,
polymers in particular have mechanical properties that
are strongly dependent on temperature. At the tempera-
ture studied, for example, they may tend to brittle fail-
ure (fracture), but at higher temperatures, they may
tend to ductile failure (yield). Overall, representative
experiments with the PP-graphite composites over a
wide range of operating conditions thus remain to be
conducted. To provide a brief classification of the state
of the art, the simulated worst-case material loads are
used as a basis. The maximum operating pressure of gas-
keted PHEs is limited to 20.4 bar.28 With wall thick-
nesses of 2 mm overpressures of over 7 bar could be
realized. This would probably cover a significant num-
ber of applications. An approach to further increase the
mechanical stability would be to reinforce the compos-
ites with short carbon fibers. Kada et al.29 were able to
increase the tensile strength of PP composites with a
comparatively low loading of carbon fibers (30 wt%) by
168% compared to pure PP. Of course, it should also be
noted here that both process fluids usually flow into the
heat exchanger at an overpressure. The highest relative
pressure is therefore decisive.

FIGURE 7 Worst-case material failure load for different

material thicknesses and geometries.
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3.2 | Thermal performance

The performance characteristics of a heat exchanger are
usually indicated by the overall heat transfer coefficient
U (see Equation 4) or UA, the overall heat transfer coef-
ficient multiplied by the heat exchanging surface. The
thermal resistances limiting U are the convective heat
transfer coefficients h and the wall thickness and ther-
mal conductivity of the heat transferring wall. In a
material comparison, mainly the latter is important. The
wall thickness of thermal plates in PHEs is usually in
the range of 0.4 and 1.2 mm.30 As shown in the previous
section, smaller wall thicknesses are not feasible with
regard to PP-graphite PHEs. On the contrary, wall thick-
nesses are more likely to be in the upper application
range. Pure PP is, therefore, completely excluded for use
in PHEs, not only because of its mechanical properties.
With the thermal conductivity of PP (see Figure 8), a
wall thickness of 1.2 mm results in maximum U values
of 100 W/m2 K. Metallic PHEs, in contrast, can achieve
U values up to 7500 W/m2 K. However, the production
of PP-graphite composites has increased the thermal
conductivity of the materials up to about 2300% (see
Figure 8). Here, the greatest effect on thermal conduc-
tivity is achieved by using expanded graphite particles.
Further positive properties on the thermal conductivity
of the composites produced are a higher wall thickness
and an increase in the graphite content, whereby at
80 wt% the manufacturing limit was almost reached.
The PP grade used has only a very slight influence on

the thermal conductivity of the composites. The use of
polyethylene (C154) leads to a significant improvement
in thermal conductivity (due to the higher thermal con-
ductivity of polyethylene compared to PP), although it
should not be considered because of the poorer mechan-
ical properties. Interesting non-self-explanatory results
are the increase of thermal conductivity by sandblasting
of the surfaces and an increase in wall thickness. Due to
the anisotropic character of the used graphite particles,
the graphite-based PP composites are also anisotropic
materials. The graphite particles are oriented in-plane
by extrusion, which leads to much higher thermal con-
ductivities in-plane compared to the through-plane ther-
mal conductivity, which is relevant for heat transfer. A
result that has already been described in a previous pub-
lication31 and by other authors.22 Thereby, the degree of
stretching or particle orientation depends on the manu-
factured wall thickness. Unfortunately, the particles
cannot be oriented in-plane without simple means.
Approaches are the orientation of the diamagnetic
graphite particles by means of strong magnetic fields,32

which, however, would negate the cost advantage of the
otherwise so inexpensive materials and production. The
most promising alternative to obtain high thermal con-
ductivities would be to process the compounds by injec-
tion molding. Thus, more thermal pathways are formed
in the through-plane direction compared to sheet extru-
sion, resulting in high thermal conductivities,20,22,31 but
at the cost of increased production time.

By sandblasting the surfaces, the thermal conduc-
tivity (through-plane) can in turn be easily increased
by a factor of 10%. 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 overall thermal
conductivity.

Summing up, a theoretical maximum U value of
2280 W/m2 K is attainable with these materials.
Although this value does not equal that of metallic
PHEs, alloys with similar corrosion resistance proper-
ties to those of the composites studied should be used
for comparison, for example, SS, whose thermal con-
ductivity is not exceptionally high either (15 W/mK).
In addition, these alloys have a density many times
higher than the PP-graphite composites. If this is taken
into account, much higher heat transfer areas can be
achieved with the same heat transfer masses, which
does not affect the U value, but the heat transfer rate
positively. The density of SS, for example, is approx.
8 g/cm3. The density of the composite C143-75, on the
other hand, is only 1.71 g/cm3, equivalent to a factor of
4.68. In order to include all aspects in a fair compari-
son between the composites and SS, simulations of the

FIGURE 8 Through-plane thermal conductivities of PP

composites and pure PP.30
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transferred heat fluxes in a PHE were carried out being
shown in Figure 9. To account for the density difference,
the results for SS were calculated with nine thermal plates
and for the composite C143-75 with 27 plates. In the
direct material comparison, not the Reynolds numbers
but the mass flow rates were kept constant, corresponding
to the heating or cooling of a certain amount of fluid. If
the curve of the composite is below that of SS, this is
equivalent to the fact that a larger area (or larger PHE
mass) is required for the same task and vice versa. Fur-
thermore, wall thicknesses of 1 mm for SS and 1.5 mm
for the composite are assumed to account for the poorer
mechanical stability. The mass flows (ṁc and ṁh, respec-
tively) were chosen to cover a wide Reynolds number
range with respect to SS (ReSS = 1000–6000). Due to the
higher number of plates and the consequently larger
cross-sectional area flowed through, lower Reynolds num-
bers result for C143-75 at the same mass flows
(ReC143-75 = 350–2000). It is evident that performance dif-
ferences between the materials only become apparent at
high mass flows (and consequently high Reynolds num-
bers) to the advantage of SS. For a mass flow of the hot
fluid side of 0.2 kg/s (Reh = 1000), there is practically no
difference between the two materials. In this case, the
convective heat transfer on the hot fluid side is the limit-
ing factor. In the case of the highest investigated mass
flows (ṁh = 1 kg/s and ṁc = 2 kg/s), there is a difference
in simulated heat transfer of 27%.

Taking all influencing factors into account, it can be
stated that the polymer composites, despite their quite

low thermal conductivities compared to SS, can certainly
provide high heat fluxes. Particularly in the field of
highly corrosive media, they could thus represent a favor-
able alternative to the conventional expensive alloys.

3.3 | Fouling susceptibility

In many industrial processes, not only aging and corro-
sion of heat transfer materials occur, but also the forma-
tion of fouling layers, which can extremely reduce the
performance of heat exchangers by the formation of an
additional thermal resistance. This influence of crystalli-
zation fouling on the thermal performance of SS and the
newly developed polymer composite C143-75 is shown
below for the model salts calcium carbonate (Figure 10)
and calcium sulfate (Figure 11). For both salt systems,
significant advantages of the composite over SS can
be seen.

In the case of the more dynamic CaCO3 fouling (see
Figure 10), asymptotic fouling resistances form after
about 15 h of testing. Where an asymptotic fouling resis-
tance of 0.27 m2K/kW is formed on SS, the composite
shows almost no fouling susceptibility. Consequently,
this also applies to the fouling kinetics, which are
expressed by the linear increase of the fouling resistance.
Even if this is not evident in this plot, the fouling resis-
tance related to C143-75 increases by 1.1E�3 m2K/kW
per hour from a testing time of 2 h. The fouling resistance
of the SS sample, on the other hand, increases in the

FIGURE 9 Simulated heat fluxes transferred by a PHE.

Tc,in = 30�C, Tc,in = 80�C. Np,C143-75 = 27, Np,SS = 9.
FIGURE 10 Thermal fouling resistances for CaCO3 fouling.

Tc,in = 35�C, Th,in = 90�C. bCaCO3 = 3.5 mmol/kg. s = 1 mm.
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initial phase by 8.8E�2 m2K/kW per hour, which corre-
sponds to a factor of 80. For CaSO4 fouling, the quantita-
tive difference between the developing thermal fouling
resistances is even more pronounced as can be seen in
Figure 11. A fouling resistance of 1.7 m2K/kW forms after
more than 60 h, although the asymptotic fouling resis-
tance has not yet been reached at this point. For compari-
son: the thermal resistance of the SS wall is 0.067 m2K/
kW and that of the polymer composite wall is 0.625 m2K/
kW. As a result, the initially lower U value of the polymer
composite sample exceeds the value of the SS sample dur-
ing the test duration. It is also noticeable, that at the
beginning of the fouling test, a phase with negative foul-
ing resistance occurs in the case of SS (a phenomenon,
which could be observed by many authors33-35), whereas
it does not in the case of C143-75. If negative fouling
resistances are measured, the convective heat transfer is
increased compared to the initial conditions. This
increased heat transfer results from initial crystal forma-
tion on the surface. While these provide an additional
thermal resistance, they also promote turbulences on the
surface. However, when the salt crystals exceed a critical
mass, the additional thermal resistance predominates
(t = 7 h). There are two reasons why the phenomenon
shown does not occur on the polymer composite surface.
First, its surface is rougher, which is why the increase in
convective heat transfer due to crystal formation is lower.
And second, an improvement in convective heat transfer
has less effect on the overall heat transfer because a

larger part of the thermal resistance is located in the wall
due to the lower thermal conductivity, compared to SS.

Taking fouling processes into account, the perfor-
mance of the polymer composites investigated can exceed
that of SS in terms of the transferred heat. Additionally, it
must be noted that not completely identical conditions
prevailed during the fouling tests. The boundary condi-
tions were kept constant, but due to the lower thermal
conductivity of C143-75 compared to SS, lower wall tem-
peratures develop there, which significantly influence the
fouling process. Higher wall temperatures during crystal-
lization fouling of CaSO4 and CaCO3, lead to higher foul-
ing rates due to higher supersaturations, which has
already been shown in many studies. To put this into per-
spective, it must be added that higher process tempera-
tures are difficult to realize with the composites
developed due to their limited temperature stability. In
order to transfer the same quantity of heat, the heat
exchangers would have to be dimensioned larger com-
pared to SS (increased heat transfer surface). A higher
wall temperature resulting in a higher fouling rate is,
therefore, unlikely. Possible properties underlying
fouling-resistant surfaces have been discussed fre-
quently in the literature.36-39 In most cases, the topo-
graphical and energetic surface properties are used for
evaluation, which are shown below for a selection of the
materials investigated in Table 2 and Figure 12.

What should always be considered is that the men-
tioned properties can affect the measurement methods

(A) (B)

FIGURE 11 Thermal fouling resistances for CaSO4 fouling. Tc,in = 35�C; Th,in = 90�C; bCaSO4 = 25 mmol/kg; s = 1 mm. (A) SS and

C143-75, (B) Detailed view of C143-75.
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mutually. For example, the significant increase in rough-
ness of the polymer composites by sandblasting (see
Table 2) also results in significantly higher contact angles
and surface free energies. However, Young's equation used
to determine surface free energies, is only valid for perfectly
smooth surfaces.40 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.41 As a
result, the sandblasting of the materials apparently
increases the surface free energy. The actual value should
be the same as that of the non-sandblasted sample. Further-
more, a separate evaluation, that is, which property contrib-
utes to which extent to more or less fouling, is hardly
possible, since the two samples investigated have different
surface energies and roughness. As shown in Table 2 and
Figure 12, different PP grades and different graphite con-
tents cause only minor differences in the properties consid-
ered. The sample C143-75 examined in the fouling tests
can, therefore, be regarded as representative of the entire
material class. Only the sandblasting of the materials causes
a significant difference in the surface properties.

A high surface roughness, which usually results in a
shorter induction phase due to faster nucleation pro-
cesses, does not seem to be crucial for the fouling process
with the investigated materials. The reason for this
assumption is the many times higher roughness of the
composite compared to SS. 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 investi-
gated. Overall, it can be stated that the polymer compos-
ite surfaces possess a lower surface energy than the SS
surface, which in this particular case appears to lead to a
lower susceptibility to fouling. The fact that a lower sur-
face energy leads to less deposit formation is in accor-
dance with the literature.37,38,42,43 However, the different
energetic behavior of different surfaces at the interface
between the initial crystals and the surface is very com-
plex and cannot be reduced to one parameter alone, such
as the surface free energy.44 Therefore, no correlation can
be given between surface free energy and fouling behav-
ior. Furthermore, it cannot be stated in general that the
use of polymer surfaces always leads to reduced fouling
susceptibility compared to metallic surfaces. Several
authors have observed both an increase45 and a
decrease43,46 in fouling susceptibility in a direct compari-
son of polymer surfaces with metallic surfaces. An assess-
ment must, therefore, always be made in a direct
comparison, whereby a low-surface energy seems gener-
ally to be preferred. This usually results also in poor
adhesion of deposits,39 which facilitates cleaning of the
heat exchangers in place and may avoid blocking of sin-
gle channels. For this reason, surface treatments and
coatings that reduce the surface energy of thermal plates
of PHEs have proven to be very useful.36,38 The low adhe-
sion forces between surface and crystal due to low energy
surfaces can also be observed for the material C143-75
investigated here. This becomes obvious when taking a
more detailed look at the fouling curves shown (see
Figure 11). After about 40 h of testing, a sudden drop in
the fouling curve occurs, caused by a part of the fouling
layer flaking off. This self-cleaning effect could lead to
consistently low fouling resistances and consequently
longer service time intervals, especially when high shear
forces and turbulence are generated (as is the case in
PHEs). However, in order to transfer these positive
results to PHEs, an optimal design (shape and size of the
plates, overall flow design, etc.) of the unit is necessary.

4 | CONCLUSIONS

The present study shows, that the manufacturing of
highly filled polypropylene/graphite composites can
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FIGURE 12 Surface free energies and static contact angles

(CA) with water.

TABLE 2 Mean arithmetic roughnesses Sa.

Material Sa/μm

C143-75 0.76

C143-75-exp 1.31

C143-75-sb 9.79

C143-80 0.74

C145-80 0.7

C144-75 0.58

SS 0.08
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compensate for many of the disadvantages of pure poly-
mers for use in heat exchangers, which makes their use
as thermal plates in PHEs conceivable. The addition of
graphite to the PP matrix resulted in the required
improvement in thermal as well as mechanical proper-
ties for the proposed application. Composite materials
with 75 wt% graphite represented the best trade-off
between mechanical and thermal properties. Higher
loadings lead to a drop in mechanical properties with a
comparatively small increase in thermal conductivity.
The flexural modulus increased from 1.4 MPa to at
least 7.6 MPa compared to pure PP, leading to a stiffer
material required for use in PHEs. In addition, contact
points in PHE between adjacent plates provide the nec-
essary mechanical stability over a wide pressure range
estimated at 7 bar differential pressure.

The process of sheet extrusion limits the effective
thermal conductivity of the heat exchanger sheets due
to an in-plane orientation of the anisotropic graphite
particles, resulting in comparatively low thermal con-
ductivities of a maximum of 2.74 W/mK. However, the
low density of the developed compounds of a maxi-
mum of 1.78 g/cm3, ensures the realization of large
heat transfer surfaces at the same heat exchanger
weight compared to metallic PHEs, largely compensat-
ing for their lower thermal conductivity, especially at
low Reynolds numbers.

The low fouling susceptibility of the materials due to
their low-surface energy makes their use particularly
attractive in fouling-prone systems. Due to the lower
thermal conductivity of the polymer composites, the use
of stainless steel provides higher heat transfer rates,
although this fact can be reversed by the formation of
larger fouling layers on the metal, as was the case for the
calcium sulfate model system studied. The fouling resis-
tance on stainless steel in this case exceeded that on the
composite with 75 wt% graphite by more than 20 times.
In addition, the low adhesion of deposits to the composite
materials leads to a self-cleaning effect that could reduce
downtimes for cleaning in technical processes.

The PP-graphite compounds have excellent corrosion
resistance at a low price compared to metallic alterna-
tives which come with expensive raw materials and
manufacturing processes. These positive characteristics
already make the developed materials a suitable alterna-
tive to metallic materials in PHEs.

NOMENCLATURE
A heat transfer surface, m
b molality, mol/kg
a corrugation amplitude, m
C heat capacity flow rate, W/K

Eflex flexural modulus, GPa
h convective heat transfer coefficient, W/m2 K
k thermal conductivity, W/m K
L effective heat exchanger length, m
ṁ mass flow rate, kg/s
Np number of plates, �
P corrugation pitch, m
Q

̇

heat transfer rate, W
Rf thermal fouling resistance, m2K/W
Re Reynolds number, �
s wall thickness, m
Sa mean arithmetic roughness, μm
t time, h
T temperature, �C
U overall heat transfer coefficient, W/m2K
w effective heat exchanger width, m
x length, m

Special characters
α thermal diffusivity, mm2/s
β Chevron angle
γ surface free energy, m
εb strain at break, %
ΔTlm mean log temperature difference, K
Φ enlargement factor, �
σflex flexural strength, MPa
σ stress, MPa
Θ contact angle

Subscripts
0 initial conditions
1 fluid stream 1
2 fluid stream 2
c cold
f fouled surface
flex flexural
h hot
i channel i
n channel n
w conditions at the wall

Abbreviations
CA contact angle
PHE plate heat exchanger
PP polypropylene
SS stainless steel
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