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Abstract 

This thesis outlines the development of thermoplastic-graphite based plate heat exchangers 

from material screening to operation including performance evaluation and fouling investiga-

tions. Polypropylene and polyphenylene sulfide as matrix and graphite as filler were chosen as 

feedstock materials, as they possess a low density and excellent corrosion resistance at a com-

paratively low price. 

For the purpose of material screening, custom-made polymer composite plates with a plate 

thickness of 1-2 mm and a filler content of up to 80 wt.% were investigated for their thermal 

and mechanical suitability with regard to their use in plate heat exchangers. Three-point flexural 

tests show that the loading of polypropylene with graphite leads to mechanical properties that 

allow the composites to be applied as corrugated heat exchanger plates. The simulated maxi-

mum overpressure is greater than 7 bar, depending on the wall thickness. The thermal conduc-

tivity of the composites was increased by a factor of 12.5 compared to pure polypropylene, 

resulting in thermal conductivities of up to 2.74 W/mK. 

The fabrication of the developed corrugated heat exchanger plates, with a thickness between 

0.85 mm and 2.5 mm and a heat transfer surface area of 11.13·10-3 m² was carried out via 

processes that can be automized, namely extrusion and embossing. With the manufactured plate 

heat exchanger, overall heat transfer coefficients are determined over a wide range of operating 

conditions (Re = 200 - 1600), which are used to validate a plate heat exchanger model and 

consequently to compare the composites with conventional materials. The embossing, which 

seems to result in a shift of the internal graphite structure, leads to a further improvement of the 

thermal conductivity by 7-20 %, in addition to the impact of the filler. With low plate thick-

nesses, overall heat transfer coefficients of up to 1850 W/m²K could be obtained. Considering 

the low density of the manufactured thermal plates, this ensures comparable performance with 

metallic materials over a wide range of process conditions (Re = 200 - 4000).  

The fouling kinetics and amount of calcium sulfate and calcium carbonate, respectively, on 

different polypropylene/graphite composites in a flat plate heat exchanger and the developed 

chevron type plate heat exchanger are determined and compared to the reference material stain-

less 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 if bubble formation is avoided, the polymer composites have a very low fouling tendency 

compared to stainless steel, which is attributed to the low surface free energies of approximately 
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25 mN/m. This is particularly the case when turbulent flows are present, as is in plate heat 

exchangers 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 stain-

less steel surface is an order of magnitude greater than on the flat plate 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. The fouling investigations in the plate heat 

exchanger reveal sensitivity to calcium sulfate fouling, however, CFD simulations indicate that 

this is due to flow maldistribution and not the actual polymer composite materials. 
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Kurzfassung 

Diese Arbeit beschreibt die Entwicklung von Thermoplast-Graphit basierten Plattenwärme-

übertragern von der Materialauswahl bis zum Betrieb, einschließlich Leistungsbewertung und 

Fouling-Untersuchungen. Als Ausgangsmaterialien wurden Polypropylen und Polyphenylen-

sulfid als Matrix und Graphit als Füllstoff gewählt, da sie eine geringe Dichte und eine ausge-

zeichnete Korrosionsbeständigkeit zu einem vergleichsweise niedrigen Preis aufweisen. 

Im Rahmen eines Materialscreenings wurden maßgeschneiderte Polymerkompositplatten mit 

einer Plattenstärke von 1-2 mm und einem Füllstoffgehalt von bis zu 80 Gew.-% auf ihre ther-

mische und mechanische Eignung im Hinblick auf den Einsatz in Plattenwärmeübertragern un-

tersucht. Drei-Punkt-Biegeversuche zeigen, dass die Beladung von Polypropylen mit Graphit 

zu mechanischen Eigenschaften führt, die den Einsatz der Komposite als strukturierte Wärme-

übertragerplatten ermöglichen. Der simulierte maximale Überdruck liegt je nach Wanddicke 

bei über 7 bar. Die Wärmeleitfähigkeit der Verbundwerkstoffe konnte im Vergleich zu reinem 

Polypropylen um den Faktor 12,5 erhöht werden, was zu Wärmeleitfähigkeiten von bis zu 

2,74 W/mK führt. 

Die Herstellung der entwickelten strukturierten Wärmeübertragerplatten mit einer Dicke zwi-

schen 0,85 mm und 2,5 mm und einer Wärmeübertragungsfläche von 11,13·10-3 m² erfolgte 

mittels automatisierbarer Verfahren, nämlich Extrusion und Prägung. Mit dem hergestellten 

Plattenwärmeübertrager werden Wärmedurchgangskoeffizienten über einen weiten Bereich an 

Betriebsbedingungen (Re = 200 - 1600) bestimmt, die zur Validierung eines Plattenwärmeüber-

trager-Modells und folglich zum Vergleich der Kompositmaterialien mit herkömmlichen Ma-

terialien verwendet werden. Die Prägung, die zu einer Verschiebung der inneren Graphitstruk-

tur führt, bewirkt eine weitere Verbesserung der Wärmeleitfähigkeit um 7-20 %, zusätzlich zu 

den positiven Auswirkungen des Füllstoffs. Bei geringen Plattenstärken konnten Wärmedurch-

gangskoeffizienten von bis zu 1850 W/m²K erzielt werden. In Anbetracht der geringen Dichte 

der hergestellten Wärmeübertragerplatten gewährleistet dies eine mit metallischen Werkstoffen 

vergleichbare Leistung über einen breiten Bereich an Prozessbedingungen (Re = 200 - 4000). 

Die Foulingkinetik und die Menge an Calciumsulfat bzw. Calciumcarbonat auf verschiedenen 

Polypropylen/Graphit-Verbundwerkstoffen in einem Flachplattenwärmetauscher und dem ent-

wickelten Plattenwärmeübertrager mit Chevronmuster wurden bestimmt und mit dem Refe-

renzmaterial Edelstahl verglichen. Zur eindeutigen Bewertung der Foulinganfälligkeit der Ma-

terialien wird die Blasenbildung auf den Materialien durch optische Erfassung berücksichtigt 
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bzw. durch einen Entgaser ausgeschlossen. Die Ergebnisse werden mit Hilfe der freien Ober-

flächenenergie und der Rauheit der Oberflächen interpretiert. Die Ergebnisse zeigen, dass bei 

Vermeidung von Blasenbildung die Polymerkomposite im Vergleich zu Edelstahl eine sehr ge-

ringe Foulingneigung aufweisen, was u.a. auf die geringen freien Oberflächenenergien von ca. 

25 mN/m zurückzuführen ist. Dies ist insbesondere dann der Fall, wenn turbulente Strömungen 

vorhanden sind, wie dies bei Plattenwärmetauschern der Fall ist, oder wenn sandgestrahlte Pro-

bekörper verwendet werden. Sandstrahlen erhöht zusätzlich den Wärmeübergang im Vergleich 

zu unbehandelten Proben, indem es die Wärmeleitfähigkeit erhöht und lokale Turbulenzen er-

zeugt. Je nach Prüfbedingungen ist der auf der Edelstahloberfläche gebildete Foulingwiderstand 

um eine Größenordnung höher als auf den ebenen Platten aus Polymerverbundwerkstoffen. 

Darüber hinaus haften die Foulingschichten nur schwach an den Verbundwerkstoffen, was auf 

eine leichte Reinigung nach der Bildung von Belägen hinweist. Die Fouling-Untersuchungen 

im Plattenwärmetauscher zeigen eine Anfälligkeit für Calciumsulfat-Fouling. CFD-Simulatio-

nen deuten jedoch darauf hin, dass dies auf eine Fehlverteilung der Strömung und nicht auf die 

eigentlichen Polymerverbundwerkstoffe zurückzuführen ist. 
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Nomenclature 

Latin symbols 

Symbol Description Unit 

A Heat transfer surface m 

a Corrugation amplitude m 

B Bias uncertainty  

b Molality mol/kg 

C Heat capacity flow rate W/K 

De Equivalent diameter m 

Dh Hydraulic diameter m 

E Elastic modulus GPa 

f Fraction of projected area of solid surface wetted by liquid - 

h Convective heat transfer coefficient W/m²K 

L Heat exchanger length m 

ṁ Mass flow rate kg/s 

Ntp Number of thermal plates - 

Nu Nusselt number - 

P Corrugation pitch m 

p Pressure bar 

Pr Prandtl number - 

Q̇ Heat transfer rate W 

q̇ Heat flux W/m² 

r Roughness ratio - 

rf Wet area roughness ratio - 

rxy Correlation coefficients - 

R Thermal resistance m²K/W 

Re Reynolds number - 

s Wall thickness m 

sp Inter plate spacing m 

Sa Mean arithmetic roughness μm 

t Time h 

T Temperature °C 

Ti Temperature in channel i °C 

Tn Temperature in channel n °C 
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U Overall heat transfer coefficient W/m²K 

w Heat exchanger width m 

x, y, z Rectangular coordinates m 

y+ Dimensionless wall distance  

 

Greek Symbols 

Symbol Description Unit 

α Aspect ratio - 

β Chevron angle ° 

γ Surface free energy mN/m 

γi Surface free energy of species i mN/m 

ΔTlm Mean log temperature difference K 

ε Strain %, mm 

λ Thermal conductivity W/mK 

μ Dynamic viscosity Pa s 

ϕ Enlargement factor - 

σ Stress MPa 

Θ Contact angle ° 

 

Subscripts 

Symbol Description 

0 Initial conditions 

1 Fluid stream 1 

2 Fluid stream 2 

b Break 

bub Bubble 

c Cold 

cr Creep 

CB Cassie and Baxter 

exp Experiment 

f Fouled surface 

flex Flexural 

h Hot 
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i General species designation 

in Inlet conditions 

lv Liquid-vapor 

out Outlet conditions 

ref Reference 

sim Simulation 

sl Solid-liquid 

sv Solid-vapor 

tot Total 

w Conditions at the wall 

W Wenzel 

Y Young 

 

Superscripts 

Symbol Description 

d Disperse 

p Polar 

 

Abbreviations 

Symbol Description 

CA Contact angle 

CT Computed tomography 

cond Conditioned 

dg Degassed 

exp Expanded graphite 

HX1 Heat exchanger test cell 1 

HX2 Heat exchanger test cell 2 

im Injection molded 

OWRK Owens Wendt Rabel and Kaelble method 

PEEK Polyether ether ketone 

PE-RT Polyethylene-raised temperature 

PHE Plate heat exchanger 

PP Polypropylene 
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PPS Polyphenylene sulfide 

PP-G Polypropylene graphite-composite 

PPS-G Polyphenylene sulfide-graphite composite 

RSME Root mean square error 

sb Sandblasted 

SEM Scanning electron microscope 

SS Stainless steel 

uc Uncalendered 
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1 Introduction 

Increasing the efficiency of industrial processes is an important element regarding the global 

climate targets. Particularly in the supply of industrial process heat, heat recovery on an indus-

trial scale could be a key to increase efficiency. Especially critical are metal free processes or 

recovery measures from corrosive fluids, such as brines, sea water, flue gases, acids, bases, 

electroplating and pickling baths, as they occur in a wide range of industrial applications [1]. 

According to the state of the art heat exchangers made of expensive nonferrous and semi-pre-

cious metals or high-quality or high-priced stainless steels have to be used for these applications 

[2]. Alternatively, polymers that are insensitive to corrosive media can also be used in these 

fields of application. Due to their low thermal conductivity (less than 0.5 W/mK [3]), attempts 

are usually made to achieve a high degree of compactness (high heat transfer surface per vol-

ume) for polymer heat exchangers, e.g. by manufacturing hollow-fiber heat exchangers with 

the smallest possible wall thicknesses [4,5]. A compact heat exchanger design, mainly used for 

metals, are plate heat exchangers (PHEs) with patterned surfaces. The use PHEs compared to 

shell and tube heat exchangers has advantages as shown by many authors [6,7]. There is also a 

big footprint with regard to energy savings and CO2 reduction. With PHEs, for example, 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 [8]. 

Furthermore, major savings could be achieved using materials whose fabrication is associated 

with a low-energy consumption, like polymers. As to that, the interest in polymer materials for 

heat exchanger applications has been driven by their high chemical stability and corrosion re-

sistance [3]. For a broader application of polymers in heat transfer applications it is essential to 

increase the otherwise low thermal conductivity. But numerous authors have already shown 

that the production of polymeric composites can largely compensate for this disadvantage [9–

12]. However, the examinations are mostly of a fundamental nature and focus often on thermal 

management in batteries, electronic and photovoltaic devices [10]. 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 composite tubes for application in seawater desalination [13,14]. 

Studies of polymer composites for the application in PHEs are rare. However, graphite impreg-

nated 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, 
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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 natu-

ral graphite sheets has recently been proposed by Jamzad et al. [15]. Although this approach 

also requires impregnation with resin and a realization of large heat exchangers with the pre-

sented technique seems to be unlikely. 

The usual approach to exploit the corrosion resistance and low fouling susceptibility of poly-

mers in the operation of PHEs is to coat inexpensive, well-conductive metallic plates, which 

can lead to considerable advantages over metallic surfaces in environments prone to fouling 

[16–18]. However, a thin polymer layer alone provides high thermal resistance, and the dura-

bility of the coatings can be a problem, as even minor damage to the coatings can lead to cor-

rosive pitting [19]. To profitably combine the advantages of plate heat exchangers with those 

of polymers, the use of thermally conductive polymer composites is proposed and evaluated in 

this thesis. The extrusion of conductive thermoplastic-graphite composite sheets provides the 

basis to produce conductive thermal plates for plate heat exchangers, which can then be em-

bossed with the desired pattern. To achieve the maximum possible heat transfer, the most 

widely used pattern, namely the chevron pattern, is used. This provides an increase in the ef-

fective heat transfer area, promotes swirl or vortex flows and the disruption and reattachment 

of boundary layers [20]. In terms of thermal performance, mechanical stability and manufac-

turing feasibility, the geometric design parameters of PHEs must be optimized. In particular, 

the parameters chevron angle (β), corrugation pitch (P) and corrugation amplitude (a) have a 

major influence on heat transfer and pressure drop. 

In general, the heat transfer coefficient as well as the friction losses increases with increasing 

chevron angle β (0-90 °) as well as with the severity of corrugation waviness α (also called 

aspect ratio: α = 4a/P) [21,22]. However, both values cannot be chosen arbitrarily. Regarding 

the polymer composites used, the presence of contact points is of great importance to ensure 

sufficient mechanical stability (necessary condition: β < 90°). Increasing aspect ratios (α > 0.5), 

on the other hand, lead to an exponential increase in flow friction loss, with a simultaneous 

flattening of the thermal performance. In addition, there is a limit to the depth of the corruga-

tions that can still be safely pressed and manufactured without compromising the structural 

integrity of the plates [20]. A limit that is probably even lower using polymer composites.  

Based on the findings in the literature, a polymer composite plate heat exchanger was fabricated 

from polypropylene or polyphenylene sulfide and graphite particles as filler with an aspect ratio 

of 0.5 and a chevron angle of 60°. The selected manufacturing steps and raw materials ensure 

cost-effectiveness and mass production. The supplementation of the generated experimental 
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data with a model for the predictive calculation of the heat transfer should provide the basis for 

the effective use of the developed PHEs. 

Chapter 2 highlights the fabrication of extruded thermoplastic-graphite composite plates with 

enhanced thermal conductivity and examines their suitability for use in corrugated PHEs. This 

includes the study of mechanical stability, thermal conductivity, and surface properties such as 

roughness and surface free energy. Based on the studies in Chapter 2, a polymer composite 

PHE could be developed, being addressed in Chapter 3. It presents the manufacturing process 

and evaluates the thermal performance of the developed PHE. Using the experimental data, a 

model for calculating the heat transfer could be validated, with the help of which the novel 

materials are compared with conventional materials. Since most heat exchangers are affected 

by fouling, which can lead to significant problems in heat exchanger operation [23], Chapter 4 

presents studies on crystallization fouling on the developed polymer composites to evaluate 

their suitability in this type of heat exchanger with respect to fouling susceptibility. Besides the 

influence of different salt species and wall temperatures, the influence of air bubbles on the 

surface is also discussed as they strongly influence fouling processes. The Chapters 5 and 6 

summarize the main findings of the present thesis regarding fundamental research and its in-

dustrial application and points out future perspectives. 
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2 Material Characterization 

2.1 Theory 

Various types of polymer heat exchangers are used in solar energy, air conditioning and refrig-

eration, automotive, computer, desalination, pharmaceutical, food, and energy recovery appli-

cations. Due to their resistance to fouling and corrosion, the use of polymers in some applica-

tions offers significant reductions in weight, cost, water consumption, volume, space require-

ments, and maintenance costs, which can make these heat exchangers more competitive with 

metallic heat exchangers in some applications. Due to their low thermal conductivity, polymers 

are generally not considered as a material for heat exchanger construction except for specific 

applications. Yet, by fabricating heat exchangers with very low wall thickness, both tubular and 

plate heat exchangers can achieve similar performance to their metallic alternative while being 

lighter in weight. However, the application range of such polymer heat exchangers can be ex-

tended through the fabrication of polymer matrix composites, giving polymer materials signif-

icant potential for the construction of heat exchangers in various applications [24]. An overview 

of the current research on polymer heat exchangers and thermally conductive polymer compo-

sites is given by Chen et al. [25] and Burger et al. [9], respectively. In the following, only a 

brief overview on the properties of polymer composite materials is given. 

2.1.1 Thermally conductive polymer composites 

The thermal conductivity of polymer composites is subject to various influencing factors, in-

cluding the thermal conductivity of the polymer and the filler, as well as the volume fraction of 

the filler. However, the type, size and shape of the filler, the filler morphology, anisotropy (es-

pecially for non-spherical filler particles), adhesion between filler and matrix, properties of the 

filler-matrix interfaces and the effects of processing history also have a strong influence on the 

thermal conductivity of polymer composites [10]. Fig. 2.1 shows the relationship between the 

properties of polymer composites and the filler content, which contributes significantly to their 

thermal conductivity. 
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Fig. 2.1: Relationship between properties of polymer composites and filler content (based on Amesöder 

and Heinle [26,27]). 

In general, the thermal conductivity of composites increases with the increase in the volume 

fraction of the thermally conductive filler, and high thermal conductivities can only be achieved 

at high filler contents because the formation of thermally conductive paths due to filler-filler 

bonding begins. However, if the filler content exceeds a certain level, the mechanical properties 

may decrease, e.g. due to embrittlement [10]. In addition, high filler loadings may cause man-

ufacturing problems since the viscosity of the melt increases with filler content. 

A wide variety of materials are available for both the underlying polymer matrix and the filler 

material used to improve thermal conductivity. For use in polymer composite heat exchangers, 

only thermoplastics are suitable, as they allow high filler contents and are ductile enough to 

satisfy the mechanical requirements in heat exchangers [13]. In addition, they allow alignment 

of the filler particles and mass production via manufacturing processes such as extrusion. 

Among the thermoplastics themselves, the selection regarding thermal, chemical, and mechan-

ical requirements as well as specific requirements such as feasibility of manufacturing or wet-

tability must be made. For example, commodity plastics such as polypropylene (PP), which can 

be used at temperatures up to 100 °C (long term), can be used for low requirements, and high-

performance plastics such as polyether ether ketone (PEEK) or polyphenylene sulfide (PPS), 

which can withstand temperatures up to 250 °C, can be used for demanding applications [28].  

For efficient use of polymer composites in heat exchangers, the filler must possess primarily 

high thermal conductivity. Thus, metallic, carbon-based and ceramic fillers can be considered. 

An overview of some common fillers is given by Chen et al [10]. Graphite has proved to be a 

popular filler because of its high thermal conductivity (100 - 400 W/mK), low cost, low density, 

good availability, and chemical inertness. However, due to its chemical structure (it forms 



 

6 

 

stacked layers of continuous hexagons) it has an anisotropic thermal conductivity, as shown 

schematically in Fig. 2.2. Thus, the thermal conductivity of the composite significantly depends 

on the orientation of the graphite particles in the matrix. 

 

Fig. 2.2: Crystal structure of graphite (in accordance with Pierson [29]). 
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2.2 Materials and Methods 

2.2.1 Materials and preparation 

For the production of the heat exchanger components, highly filled graphite polymer com-

pounds are prepared at the Zentrum für BrennstoffzellenTechnik (ZBT) GmbH (Duisburg) on 

a twin-screw or ring extruder. Subsequently, these compounds are further processed in a mill 

to a homogeneous granulate of < 4 mm. The compound pellets can then be transferred into a 

single-screw extruder which is the basis of the film extrusion line. There, the compounds melt 

again and pass through a wide slot die (width 250 mm) with variable gap dimensions to the 

calender, which smoothes the surface of the melt. The gap dimension of the calender can be 

variably adjusted between 0.2 mm and 25 mm. The resulting flat plates are used for the majority 

of the material characterizations. Only for the investigations of the bursting pressure, structured 

plates were used as well. Therefore, the composite plates were imprinted by means of a chevron 

die, with the corresponding embossing in a hot-pressing process. The embossing die applied is 

based on a chevron plate and is shown in Fig. 2.3. Both the embossing pressure and the em-

bossing temperature were varied in this regard to evaluate the optimum properties. 

 

Fig. 2.3:Construction of the embossing tool. 

In order to achieve the best possible properties of the manufactured materials with regard to 

their application in PHEs, all conceivable influencing factors were investigated and evaluated. 

In this context, the graphite content and the material thickness were investigated in addition to 

the polymer and graphite grades. The naming of the developed composites is composed as fol-

lows: polymer grade (e.g. C143) - filler content in wt.% (e.g. 75) - thickness in mm (if relevant) 

- additional characteristic of the material. The polymer grades used were mainly PP grades, but 
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also PPS grades were used in part. If important for understanding, the polymer grade behind 

the abbreviation is mentioned in the respective text passage. The additional characteristics are 

listed in Tab. 2.1 and are intended for further modification of the material properties. The com-

plete naming may look like: C143-75-exp. 

Tab. 2.1: Additional characteristics of the materials developed. 

Description Intention 

Uncalendered plate (uc) Influence on thermal conductivity  

Sandblasted surface (sb) Influence on thermal conductivity and 

modification of surface properties 

Sample conditioned in water (cond) Increase of wettability 

Use of expanded graphite particles (exp) Influence on thermal conductivity 

Injection molded sample (im) Influence on thermal conductivity 

Particle size: small (s), medium (m) large (l) Influence on thermal conductivity 

Embossing pressure (Numerical value bar) Influence on burst pressure 

If the graphite grade is not specified, graphite with a D90 value of 45 μm (90 wt.% of the par-

ticles are smaller than 45 μm) is used. Moreover, the stainless steel AISI 316Ti (hereafter re-

ferred to as SS) as a standard material in corrosion resistant apparatus design is used as a com-

parative material. To ensure the reproducibility and comparability of the surface characteriza-

tions, a cleaning procedure is performed before the samples are examined. For this purpose, the 

sample is first cleaned with isopropanol, followed by demineralized water, and then dried with 

pressurized air. This procedure ensures that the surfaces can be measured free of fatty residues 

and particles. 

2.2.2 Experimental methods 

To develop a conceptual design of heat exchangers based on the investigated composite mate-

rials, a detailed knowledge of the material properties is required. These properties can basically 

be divided into three subareas: mechanical, thermal, and surface properties. 

Mechanical characterization  

Experimental stress tests were carried out to investigate the mechanical strength of the samples 

and consequently to be able to evaluate under which conditions mechanical failure occurs. 

These were supplemented with simulations to transfer the geometry for scale up and design of 
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PHEs. In addition, a permanent mechanical exposure (e.g., pressure), as it occurs in heat ex-

changers, can cause creeping of the material. To take this into account, tensile creeping tests 

are performed. 

To evaluate the maximum mechanical strength and the elastic modulus of the materials, three-

point flexural tests were performed according to ISO 178 under variation of the material thick-

ness. The load applied to the specimens by this test method is more in line with the actual stress 

on the material in the PHE, which occurs not only along the tensile direction of the material. 

Therefore, this method was preferred over the classical tensile test. The three-point flexural test 

was complemented by a destructive pressure test, whose setup is shown schematically in Fig. 

2.4. 

 
 

(a) (b) 

Fig. 2.4: Pressure test set-up. (a) Schematic view. (b) Exploded view of the assembly. 

The set-up consists of a pressure stable SS tube (1 in Fig. 2.4b) with an inner diameter of 70 

mm into which a specimen (2) can be fixed by means of a clamping ring (3). The closed cham-

ber is then flooded with water at ambient temperature and the pressure on the sample to be 

tested is gradually increased until it bursts. The pressure is continuously recorded with the pres-

sure transducer FDA 602 L (Ahlborn GmbH; accuracy: 1 % of final value). The test setup also 

allows the sample expansion to be determined as a function of pressure using the ultrasonic 

sensor mic+25 (microsonic GmbH). For more reliable results, several specimens per material 

were tested.  

With an apparatus for the determination of the creep behavior of polymers, shown in Fig. 2.5, 

creep tests were carried out with the pure polymers as well as selected polymer composites in 

a temperature-controlled water bath. The temperature selected was 80 °C, which corresponds 

to the requirement profile of the polypropylene composites. For this purpose, specimens ac-

cording to DIN EN ISO 899 were provided by the ZBT. The measurement routine was also 

carried out according to the specifications of the standard mentioned. To ensure a constant ten-

sile stress throughout the test, the specimens are loaded by constant force springs. To determine 
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the strain, two markings are made on the specimens, whose distance (L0 = 100 mm) is measured 

with a caliper at predefined times. The specimens are conditioned for at least 24 hours without 

mechanical stress at the test conditions before starting the experiment to eliminate the influence 

of swelling (water absorption) and thermal expansion of the materials on the measurement re-

sult. 

  

(a) (b) 

Fig. 2.5: Test apparatus for the determination of creep strain. (a) Schematic. (b) Real view from above. 

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 per-

formance of heat exchangers during operation. For the interpretation and evaluation of the re-

sults of the fouling experiments, the knowledge of surface properties such as surface free energy 

and surface roughness is essential. Using the confocal microscope μsurf Explorer (Nanofocus 

AG) and the associated software, 3D surface profiles are monitored from which various rough-

ness parameters can be extracted and quantified according to EN ISO 25178. The optical and 

thus non-invasive measuring device allows a very precise measurement of the sample surfaces. 

The measuring lenses used enable a resolution of the height values (z) of 20 nm or smaller and 

a resolution of the measured plane (x, y) of 3.1 µm. The mean arithmetic surface roughness Sa 

(Eq. 2.1) is used as a representative for the topographic 2D characterizations since it contains 

more information and though gives more significant results compared to a 1D line roughness 

parameter. 

 
𝑆a =

1

𝐴
∬|𝑧(𝑥, 𝑦)|𝑑𝑥𝑑𝑦 (2.1) 

In Eq. 2.1 A represents the measuring area z the ordinate. 

Widely used approaches to calculate the surface free energy especially for polymer surfaces 

were published by Owens Wendt Rabel and Kaelble (OWRK method) and Wu (Wu method) 
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[30–33]. The calculations are based on Young’s equation shown in Eq. 2.2, which describes the 

mechanical equilibrium of a droplet on an ideal surface [34]. 

 𝛾lvcos𝜃 = 𝛾sv − 𝛾sl  (2.2) 

The contact angle is therefore dependent on the measurable liquid-vapor surface tension γlv and 

the non-measurable solid-liquid and solid-vapor surface tensions γsl and γsv, respectively. The 

latter can be substituted, for example, by use of the above-mentioned models. The surface ten-

sion γsv or surface free energy is thus determined by calculating the geometric mean (OWRK 

method, Eq. 2.3) or harmonic mean (WU method, Eq. 2.4) of the disperse (𝛾sv
d ) and polar (𝛾sv

p
) 

components of the surface free energy. 

 
(1 + cos𝜃)𝛾lv = 2 (√𝛾sv

p
∙ 𝛾lv

p
+ √𝛾sv

d ∙ 𝛾lv
d ) (2.3) 

 
(1 + cos𝜃)𝛾lv = 4 (

𝛾sv
p

∙ 𝛾lv
p

𝛾sv
p

 + 𝛾lv
p  +  

𝛾sv
d ∙ 𝛾lv

d

𝛾sv
d  + 𝛾lv

d
) (2.4) 

Whereby the total surface free energy results from the sum of the polar and disperse fractions 

according to Fowkes [35]. 

 
𝛾i = 𝛾i

p
+ 𝛾i

d (2.5) 

The methods mentioned require the knowledge of contact angles of at least two liquids with 

known polar and disperse fractions of surface tension on the sample investigated. To ensure a 

high accuracy of the determined surface free energies, static contact angle measurements with 

four reference liquids with different polarities (deionized water, ethylene glycol, dimethyl-

sulfoxide and diiodomethane) were performed using the video-based optical contact angle 

measuring setup OCA 15 EC (Dataphysics Instruments GmbH). The left and right contact an-

gles of at least 15 droplets are analyzed using the ellipse fitting method. Depending on the 

wetting liquid, the droplet volumes range from 4 to 14 μL. To ensure reproducibility, the contact 

angle measurements are performed at constant air temperature (20°C) and humidity (50% rela-

tive humidity).  

The above equations are only valid for ideal surfaces (very low roughness), since the underlying 

Young’s equation is only valid for this type of surface [36]. However, especially with very 

rough material surfaces, the apparent contact angle can differ greatly from the ideal Young 

contact angle. Pioneering work by Wenzel [37] and Cassie and Baxter [38] formulated the first 
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relationships linking the apparent contact angle to the Young contact angle. The authors' find-

ings distinguish between homogeneous wetting (Wenzel) and heterogeneous wetting (Cassie 

and Baxter), illustrated in Fig. 2.6. 

 

(a) (b) 

Fig. 2.6: (a) Homogeneous wetting on a hydrophobic, rough surface. (b) Heterogeneous wetting on a 

hydrophobic, rough surface [39]. 

The following Wenzel equation refers to the homogeneous wetting and calculates the apparent 

Wenzel contact angle θW as a function of the Young contact angle θY and roughness ratio r. 

Where the roughness ratio corresponds to the ratio of the actual area of the solid surface to its 

projected area. 

 
cos 𝜃W = 𝑟 cos 𝜃Y (2.6) 

For surfaces used in technical applications, the roughness factor is always greater than one. 

According to equation (2.6), it is therefore assumed that θW < θY for θY < 90° and θW > θY for 

θY > 90°. Trends that could be confirmed experimentally [40,41]. The relationship according to 

Cassie and Baxter (heterogeneous wetting) includes, in addition to the roughness ratio for the 

wet area rf, the parameter f, corresponding to the fraction of the projected area of the solid 

surface that is wetted by the liquid. 

 
cos 𝜃CB = 𝑟f 𝑓 cos 𝜃Y + 𝑓 − 1 (2.7) 

Determining which regime is explicit, however, is a sophisticated task. A detailed procedure is 

described by Marmur [39]. In addition, the procedure of droplet settling in the contact angle 

measurements can lead to a different wetting state than is the case in real condensation pro-

cesses. 
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Thermal Characterization 

The measurement of thermal diffusivity, through-plane thermal conductivity and specific heat 

capacity of the flat plate material was conducted on the Laser Flash Apparatus 457 (Netzsch). 

The sample to be analyzed is exposed to a laser flash from the bottom side and the time-de-

pendent temperature increase on the opposite side is recorded by an infrared detector. By means 

of a mathematical model, the thermal diffusivity is determined, which, multiplied by the density 

and the specific heat capacity, results in the thermal conductivity. Using this measurement 

method, the specific heat capacity is determined by means of a comparative measurement with 

a reference of known thermal behavior, which sometimes leads to greater fluctuations in the 

determination of the heat capacity. Since this has a proportional effect on the calculated thermal 

conductivity, a theoretical approach was used to calculate the heat capacity and thus eliminate 

the uncertainty in the calculation of the thermal conductivity. The heat capacity of the compo-

sites is therefore calculated using a linear model based on the known heat capacities of the 

underlying raw materials. 

2.2.3 Mechanical simulations 

The pressure tests mentioned above are used to verify whether the flexural tests are representa-

tive enough to evaluate the stability of the materials in PHEs. However, mechanical simulations 

are needed to enable this. These provide the correlation between the maximum pressure (meas-

ured in the experiment) and maximum stress (determined by the simulations) leading to material 

failure. The mechanical simulations are therefore used, firstly, to determine the maximum stress 

in the material from the measured burst pressure. Secondly, they are used to simulate the 

stresses 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 MechanicalTM [42] were performed to evaluate the mechanical 

properties. Images used courtesy of ANSYS, Inc. The computational domain for the simulation 

of the burst pressure tests was taken over unchanged. For the simulation of the stresses in a 

PHE, the domain was considerably reduced compared to the original due to its size and com-

plexity, as shown in Fig. 2.7. The developed plate heat exchanger, which is addressed in Chap-

ter 3, served as the basis for the CFD simulations. 
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Fig. 2.7: Computational domain for the static simulation of the PHE. (l) Heat exchanger plate geometry. 

(r) PHE section and illustration of mesh and contact points in the PHE. 

Already the reduced computational domain consists of at least 3.3 million elements, with a 

maximum element size of 0.2 mm. The mechanical simulation of a complete heat exchanger 

would require extreme computing resources. In contrast, experimental data would be prefera-

ble. 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 repre-

sentative section was chosen (41 mm x 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 hydro-

dynamic 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 carried out (see Fig. 2.8). For a worst-case scenario, the lowest measured 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 criterion is 
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reached. The simulations were considered to be convergent as soon as the deformation changes 

by less than 4 % in the iterative procedure. 

2.3 Results and Discussion 

2.3.1 Mechanical stability  

Pure PP is not perfect 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 % [28,43] can cause a displacement and blocking of channels and consequently 

lead to flow maldistributions and a performance loss when operating PHEs in the presence of 

high pressure differences. However, due to its good mechanical (higher strength at lower den-

sities compared to polyethylene) and thermal stability (up to 100 °C long term [43]) compared 

to other commodity plastics, it represents a sound and cost-effective polymer matrix for com-

posite materials for heat exchangers. The production 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 Fig. 2.8, the E-mod-

ulus increases to at least 7.6 GPa, with a tendency for lower material thicknesses to result in 

higher elastic moduli. For comparison, pure PP has an E-modulus of approx. 1.5 GPa [43]. This 

increase in the elastic modulus is also accompanied by an extreme reduction in elongation at 

break. In the case of the composite shown in Fig. 2.8, the elongation at break is reduced to max. 

0.97 %. Since the investigated materials are extruded, slightly different material properties are 

obtained in the extrusion and orthogonal to the extrusion direction. However, in Fig. 2.8 only 

the results orthogonally to the extrusion direction are shown, where material failure occurred 

more quickly. 
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Fig. 2.8: Flexural modulus, flexural strength, and elongation at break as a function of the thickness of 

C143-75. Measurement orthogonally to the extrusion direction. 

Distortion of the channels can thus be excluded when the materials investigated are used in 

PHEs, but mechanical failure during operation cannot. Compared to pure PP, the strength at 

break increases from 25-40 MPa [28] to 47-63 MPa, with thinner wall thicknesses also tending 

to provide higher values. If the plates are thinner extruded, the graphite particles become more 

stretched or aligned in the extrusion plane, 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 performance due to a lower thermal resistance. However, the small increase in flexural 

strength (known to be related to the cross-sectional area) is not sufficient to compensate for the 

advantage of larger wall thicknesses. This can be concluded from Fig. 2.9, showing the burst 

pressures measured in the pressure test set-up as a function of wall thickness for the same ma-

terial (C143-75). Consequently, an increase in wall thickness leads to a linear increase in burst 

pressure. By doubling the wall thickness from 1 to 2 mm, the burst pressure can be increased 

from 1.3 to 3 bar for the test setup shown in Fig. 2.4. 
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Fig. 2.9: Burst pressure and strain of unembossed composites as a function of thickness. 

Furthermore, Fig. 2.9 shows the influence of a variation of the graphite 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. In contrast, no significant differences 

can be observed for specimen expansion under load (also shown in Figure 2) across specimen 

thickness. The maximum strain εb leading to breakage is in the range 1-3 mm, although the 

large relative uncertainty does not allow a more detailed statement. Nevertheless, the expan-

sions can be used to validate the mechanical simulations. A comparable result is obtained by 

examining the specimens embossed with the die shown in Fig. 2.3. The results of the burst 

pressure tests of the composite C143-80, embossed under different compression forces, are de-

picted in Fig. 2.10. Again, a linear behavior of the burst pressure with the wall thickness is 

shown, indicated by the dotted trend line. Comparison of measured data from specimens of the 

same thickness shows good agreement regardless of specimen embossing. The analysis of the 

data also shows that the embossing pressure and calendering carried out before embossing have 

no influence on the burst pressure. Regarding the burst pressure, the processing steps are there-

fore not decisive, but the wall thicknesses and filler grades used. In addition, the polymer matrix 

has a strong influence on the bursting pressure and thus the mechanical stability. Figure 2.7 

shows two measuring points taken with PPS as the polymer. Compared to PP, PPS has an E-

modulus that is about twice as large and a tensile strength that is about 50% higher [28]. Con-

sequently, the two measurement points mentioned lie significantly above the regression line of 
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the PP composites. However, more detailed investigations regarding PPS composites proved to 

be difficult due to the demanding manufacturing process. This is due to the higher viscosity of 

the melt compared to the PP composites, which makes extrusion more difficult. 

 

Fig. 2.10: Burst pressure of embossed composites as a function of thickness. 

In order to verify whether the results of the three-point flexural test and the burst pressure test 

are consistent, simulations of the mechanical behavior were carried out. These provide a corre-

lation between applied load and resulting mechanical stress in the material. For the final evalu-

ation, 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 

breakage of the specimens vary according to the simulations between 103 and 58 MPa. The 

results are therefore only partially within the range of the measurements of the three-point flex-

ural tests (between 63 and 47 MPa). 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. Neverthe-

less, the results of the three-point flexural test can be reliably used as a worst-case scenario for 

more realistic geometries, i.e. of a PHE section (see Fig. 2.11b and Fig. 2.13). Consequently, 

material failure is not expected before a maximum stress of 47 MPa or 55 MPa is reached, 

respectively. The case distinction refers to the lowest measured stress along (55 MPa) or or-

thogonal (47 MPa, see Fig. 2.8) to the extrusion direction. Fig. 2.11 shows that this criterion 

can be satisfied for a wide range of pressure loads, depending on the geometry. For a pressure 
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of 5 bar and a material thickness of 1 mm, the PHE would resist, whereas the specimen would 

have to fail in the burst pressure test already. 

 

  

          (a)            (b) 

Fig. 2.11: Computational domain and resulting stresses in the material at a load of 5 bar. (a) Pressure 

test set-up. (b) PHE section. 

For a better understanding Fig. 2.12 shows the loadings that would lead to material failure as a 

function of the wall thickness and the case distinction made above. It is clear that the local 

geometry can lead a decisive contribution to the material stability in the final application. For 

example, the material under investigation should 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 minimum plate spacing, single wave peaks come into contact with each other. Contact points 

therefore occur, which lead to stabilization. This can also be seen in the visualization of the 

stresses in the material (Fig. 2.11). At the contact points, stronger loads occur in the material, 

which reduce 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 considered here. 
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(a) (b) 

Fig. 2.12: Simulated material failure loads for different material thicknesses and geometries. 

On the other hand, the material could withstand even higher pressures in reality, since firstly a 

worst-case scenario is considered and secondly the maximum stresses in the material occur only 

in discrete elements 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. The first statement is confirmed by considering Fig. 2.12b. This already takes into ac-

count the more positive scenario (σb = 55 MPa), and yet almost all the measurement points 

exceed the simulations. The reason for this is, as mentioned before, the higher mechanical 

strengths of the developed composites at low wall thicknesses. The second statement is con-

firmed by considering Fig. 2.13. Visualized is the zone of the domain where the highest stresses 

occur in the material. These are, especially in the case of minimum stress, limited to single 

elements, which, as already mentioned, have a maximum size of 0.2 mm. However, whether 

this locally strongly limited stress peak leads to material failure can only be confirmed experi-

mentally. 
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Fig. 2.13: Visualization of the minimum and maximum principal stress in the material. 

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 examined in this thesis. The first 

reason is that, as explained earlier, not the complete geometry was considered. In fact, a review 

of the literature shows that it is the inlet areas of plate heat exchangers (also called flow distrib-

utors) that are susceptible to material failure [44]. The second reason is that so far only experi-

ments and simulations at ambient temperature were considered. However, polymers in particu-

lar have mechanical properties that are strongly dependent on temperature. At the temperature 

studied, for example, they may tend to brittle failure (fracture), but at higher temperatures they 

may tend to ductile failure (yield). In addition, many plate heat exchangers fail not by high 

loads alone but by creep or material fatigue [45,46]. 

The creep tests carried out, shown in Fig. 2.14, demonstrate that the material behavior of poly-

mers is extremely dependent on the type of load and the temperature. As in the pressure tests, 

the mechanical stability of the materials decreases above a graphite loading of 75 wt.% (see 

Fig. 38). Thus, the composite C143-75 resists a tensile force of 12.3 MPa for one hundred times 

longer than the C143-80 loaded 5 % higher. Compared to the pure polymer (Fig. 2.14a), there 

is a slight improvement with respect to the resistance to a tensile force by loading with graphite, 

but a significant reduction in the elongation at break. This consequently more rigid material 

behavior is desirable with respect to the application in PHE as described previously. However, 

the elongation at break also appears to have increased greatly with temperature or continuous 

loading, confirming the statement made earlier.  
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(a) (b) 

Fig. 2.14: Creep behavior of the tested materials under a tensile load of 12.3 MPa. (a) Pure PP. (b) PP-

graphite composites. 

Overall, representative experiments with the PP-graphite composites over a wide range of op-

erating 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. Gasketed PHEs have a max-

imum operating pressure of 25 bar [20]. With wall thicknesses of 2 mm overpressures of over 

7 bar could be realized. This would probably cover a significant number of applications. 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. 

2.3.2 Thermal conductivity 

The thermal performance characteristics of a heat exchanger is usually indicated by the overall 

heat transfer coefficient U (see Eq. 4) or UA, the overall heat transfer coefficient multiplied by 

the heat exchanging surface. The thermal resistances limiting U are the convective heat transfer 

coefficients h, the wall thickness and thermal 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 [20] and cannot be arbitrarily adjusted, since 

otherwise the functionality and stability of the heat exchanger will be lost. As shown in the 

previous section, smaller wall thicknesses are not feasible with regard to PP-graphite PHEs. On 

the contrary, wall thicknesses 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 Fig. 2.15Fig. 2.15:), a wall thickness of 1.2 mm results 
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in maximum U values of 183 W/m²K. Similar values would be obtained with the other two 

polymers processed into composites, polyethylene (PE-RT) and polyphenylene sulfide (PPS). 

Metallic PHEs, in contrast, can achieve U values up to 7500 W/m²K [20]. However, the pro-

duction of PP-graphite composites, which have been studied in particular, has increased the 

thermal conductivity of the materials up to about 1250 % (see Fig. 2.15).  

 

Fig. 2.15: Through-plane thermal conductivities of developed polymer-graphite composites and the pure 

polymers [43,47]. C143 and C144 correspond to PP types. C154 to PE-RT. C116 to PPS. 

In addition to the thermal conductivities of the pure polymers, Fig. 2.15 shows the thermal 

conductivities of selected composites. It illustrates all manufacturing-relevant effects that lead 

to an improvement of the thermal conductivity. Here, the greatest effect on thermal conductivity 

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 limits regarding the PP composites 

was almost reached. For the PPS composites (C116), a graphite mass fraction of 65% was al-

ready critical. Calendering was already impossible at this mass fraction. The PP grade used has 

only a very slight influence on the thermal conductivity of the composites, since the intrinsic 

thermal conductivities of the various PP grades differ only slightly. The use of different polymer 

types, on the other hand, partly has a stronger effect, depending on the differences in the thermal 

conductivity of the polymers. These appear to behave linearly with the thermal conductivity of 
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the composites, hence only small improvements can be achieved by polymer type adjustment. 

The use of PE-RT (C154) does lead to a significant improvement in thermal conductivity (due 

to the higher thermal conductivity of PE-RT compared to PP). However, it is not considered in 

the development of heat exchanger plates because of its poorer mechanical stability. The in-

crease in thermal conductivity does not seem sufficient to compensate for the poorer mechanical 

stability. 

Interesting non-self-explanatory results are the increase of thermal conductivity by sandblasting 

of the surfaces and by an increase in wall thickness, which is attributed to the manufacturing 

process. Due to the highly anisotropic thermal conductivity of graphite [29], the graphite-based 

composites are also anisotropic materials. Especially the through-plane thermal conductivity 

(i.e., the thermal conductivities perpendicular to the heat transfer surface) of the developed ma-

terials is crucial, since this significantly determines the heat flux in a heat exchanger. However, 

it could be shown by scanning electron microscope (SEM) images of sample cross sections (see 

Fig. 2.16:) that the graphite particles align themselves in plane through extrusion, which in turn 

leads to much higher thermal conductivities in plane compared to through plane. Consequently, 

the influence of the film thickness on the thermal conductivity can also be explained. The fillers 

align themselves within the melt in the slot die and are additionally stretched in the calender. 

The melt exits the die at variable thickness (approx. 1.8 mm) and high pressure (>100 bar), 

where wall friction causes initial alignment of the fillers. The melt is then processed in the 

calender to the adjustable target thickness of the film. The fillers in the melt are further oriented 

in the flow direction. As a result, they transfer their anisotropic thermal conductivity to the 

composite sample. Thereby, the degree of stretching or particle orientation depends on the man-

ufactured wall thickness. The alignment of the filler particles is illustrated in Fig. 2.16: based 

on SEM images. 

 

(a) (b) (c) 

Fig. 2.16: Influence of the composite manufacturing method on particle alignment. (a) Uncalendered 

melt. (b) Calendered sample. (c) Injection molded sample. 
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Comparison of the SEM images shows that the fillers in the uncalandered and calendered film 

tend to be aligned in the flow direction over the entire thickness, although the alignment within 

the calendered film seems to be slightly more pronounced. The fillers in an injection molded 

specimen, on the other hand, are aligned almost orthogonally to the injection molding direction 

in the core. The orthogonal orientation of the filler particles favors the through plane thermal 

conductivity, which is confirmed by the determined thermal conductivities shown in Fig. 2.17. 

It can be seen that the injection molded samples have a factor of 6 higher through plane thermal 

conductivity than the extruded films of the same material. In addition, Fig. 2.17 shows, for 

further confirmation of the SEM images, the thermal conductivity of a sample that was meas-

ured through plane as well as in plane. As expected, the in plane thermal conductivity of the 

sample exceeds the through plane thermal conductivity by a multiple corresponding to the ori-

entation of the graphite particles. 

 

Fig. 2.17: Influence of manufacturing method and measurement plane on thermal conductivity. 

Thus, it becomes apparent that the full potential of graphite as a filler has not been exploited. 

The low through plane thermal conductivities, inhibit the overall heat transfer rate in heat ex-

changer applications. Unfortunately, the particles cannot be oriented in plane by simple means. 

Approaches are the orientation of the diamagnetic graphite particles by means of strong mag-

netic fields [48], which, however, would negate the cost advantage of the otherwise inexpensive 

materials and production. Injection molding of materials also has its limitations. The feasible 
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size of heat transfer elements is the limiting factor when using this fabrication method. In addi-

tion, the production time is significantly longer since continuous production is not possible as 

with extrusion. Consequently, the focus remains on the extrusion of polymer composites. The 

evaluation of the thermal performance of the materials in the PHE application, i.e., taking all 

parameters into account, is given in Chapter 3. By sandblasting the surfaces, the thermal con-

ductivity (through-plane) can in turn be easily increased by a factor of 10%. After manufactur-

ing, the materials have a thin polymer layer on the surface, which has a lower thermal conduc-

tivity than the core. Sandblasting removes this layer, which increases the overall thermal con-

ductivity as shown in Fig. 2.15. 

2.3.3 Surface properties 

The contact angle measurements were carried out with regard to the wettability of the materials 

and to evaluate the fouling susceptibility of the materials. In the case of single-phase heat trans-

fer of two fluids, the wettability of the surfaces is negligible, whereas in the presence of a phase 

change it is not. Thus, the heat transfer in dropwise condensation (which can be achieved by 

superhydrophobic surfaces) is many times higher than in film condensation [49]. In the case of 

evaporation, on the other hand, surfaces with good wetting properties are preferred to produce 

a covering fill (film evaporation). The results of the static contact angle measurements are 

shown in compact form in Fig. 2.18. In addition to the static contact angles with water, the polar 

and disperse fractions of the surface free energy, calculated by the OWRK (Fig. 2.18) and the 

Wu method (Fig. 2.19) are shown, respectively. 
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Fig. 2.18: Surface free energies calculated by the OWRK method and static contact angles with water 

of the materials developed. 

 

Fig. 2.19: Surface free energies calculated by the WU method of the materials developed. 

The materials developed were examined with different graphite filler contents, graphite particle 

sizes and polymer grades, as well as material post-treatments. Since the polymer grade has no 

significant influence on the wettability and consequently also on the surface free energy, only 

PP composites are shown in the corresponding figures. In addition to the polymer grade, the 
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particle size does not seem to have a major influence on the wettability. With increasing graph-

ite content, however, a slight tendency towards poorer wettability with water and thus a lower 

polar fraction of the surface free energy can be observed. Overall, the materials in the uncondi-

tioned state have a hydrophobic surface (contact angle with water > 90 °). Hence, the materials 

are significantly less wettable than SS (81.4 °). However, conditioning in water (by immersing 

the samples in water for at least 24 h) leads to a significant increase in the polar fraction of the 

surface free energy of the polymer composites. The hydrophobicity of the materials decreases 

and, consequently, the contact angle with water is reduced (by 11.8 ° on average). Conse-

quently, the materials are found to be more wettable than the reference material after condition-

ing. The reason for this is probably the water absorption of the materials, which in turn leads to 

a reversible increase in polarity. Although the water absorption of the selected materials (PP 

and PPS) is less than 0.1 % [3], this seems to lead to a significant effect. Sandblasting, on the 

other hand, results in a strong increase in surface energy according to the OWRK method and 

a significant reduction in wettability. The contact angles with water increase by approx. 30 ° 

compared to the untreated sample. The reason for this finding has already been mentioned in 

Section 2.2.2. As shown below, sandblasting increases the roughness of the sample surfaces, 

which leads to an increase in the apparent contact angle for hydrophobic materials according to 

Eq. 2.6. However, this also makes the calculation of the surface energy difficult, since the 

Young contact angle should be used for this purpose. Probably, the surface free energy of the 

sandblasted surfaces is within the range of the untreated ones, which can be concluded by the 

findings in Chapter 4. However, the influence of the removal of the upper polymer layer on the 

surface free energy of the composites could not be investigated in this work, since the focus 

was on the development and operation of the PHE. The increase of roughness by the use of 

expanded graphite particles, on the other hand, does not seem to have a significant influence on 

the wettability or the surface energy. It can therefore be concluded that the surface energies 

(except for the sandblasted surfaces) are reliably calculated. 

Depending on the requirements, a simple increase or decrease of the hydrophobicity can be 

achieved. Conditioning with water increases the wettability with water, sandblasting reduces it. 

The resulting influence on the technically relevant fouling behavior is discussed in Chapter 4. 

The differences between the OWRK and the Wu method can be seen mainly in the comparison 

of the polar fractions of the surface free energy, which vary by up to 6.8 mN/m. The surface 

energies are calculated larger according to the method of Wu as a whole, but especially for the 

polymer composites. As a result, the differences between the surface energies of the polymer 

composites and the reference material (SS) are smaller. According to the literature, surfaces 
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with a generally low surface free energy and polymers can be calculated more accurately using 

the Wu method [33,50]. However, this method does not cope with surfaces that deviate strongly 

from ideal surfaces (high roughness) either. Therefore, the calculation of the surface free ener-

gies of the sandblasted surfaces with this method does not lead to any result.  

Supplementary assessments of fouling susceptibility can be made by knowing the surface 

roughness of the materials. In general, the fouling induction phase increases with increasing 

roughness [51,52]. Fig. 2.20 shows the mean arithmetic roughness of selected samples.  

 

Fig. 2.20: Mean arithmetic roughness of the materials developed. 

All samples show higher roughness than the reference material SS. The PP grade and the filler 

content have no significant influence on the roughness of the samples. The graphite particle 

size in the polymer composites and the sandblasting of the specimens have the greatest influ-

ence. Other factors influencing high roughness are the use of expanded graphite and production 

without a calender. The extent of the roughness increase due to sandblasting also makes the 

strong influence on the contact angle seem logical. For a better understanding of the magnitude, 

it is illustrated in the form of 3D surface plots in Fig. 2.21. The magnitudes of the roughness 

peaks for the sandblasted sample are a factor of 30 higher than for the untreated sample. Alt-

hough this may accelerate fouling processes, it may also contribute to the generation of local 

turbulence and consequently to an increase of the convective heat transfer coefficient [53,54], 

which will be discussed in the following chapters. 
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Fig. 2.21: 3D surface profiles of calendered C143-75 (top) and C143-75-sb (bottom). 
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3 Polymer Composite Plate Heat Exchanger 

3.1 Theory 

Plate heat exchangers are generally divided into three types: Gasketed (plate and frame), brazed 

and welded. For the use of polymers and polymer composites, only the design of gasketed plate 

heat exchangers can be considered. Therefore, the design and fundamental characteristics of 

these are briefly described below. Detailed information on the plate heat exchanger types not 

described here, design methods, etc. may be found in the relevant literature [20,24,55,56]. 

3.1.1 Construction and operation of gasketed heat exchangers 

An exploded view sketch highlighting the major structural components of a typical gasketed 

plate heat exchanger (PHE) is given in Fig. 3.1. The main elements of a PHE include the heat 

transfer and flow separation plates, gaskets, the supporting end plates that contain the fluid inlet 

and outlet ports, horizontal guiding bars, and tightening bolts. 

 

Fig. 3.1: Gasketed plate heat exchanger (courtesy of Alfa Laval AB). 

The key element for heat transfer is a stack of corrugated or embossed plates in mutual contact. 

Each of the plates has four openings that serve as inlet and outlet ports, and gaskets that direct 

the fluids into alternate flow paths. The flow channels are formed by two adjacent plates so that 

the two fluid streams, by alternating flow through the channels, transfer heat, as exemplarily 

shown in countercurrent operation in Fig. 3.1. The plate stack is held together by the frame, 
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consisting of two end plates, pressing equipment, and connecting ports. Guiding bars ensure 

the correct positioning of the plates. The entire plate stack is assembled and sealed between the 

end plates using tightening bolts. Concerning the plate material, metals are mostly used (stain-

less steel, titanium, Hastelloy, etc.) but the use of gaskets also allows the application of graphite 

or polymers as heat transfer material. 

Flow patterns and pass arrangement 

The design of PHEs provides great flexibility regarding different flow arrangements. This is 

mainly due to the design of the gaskets (gasket arrangement), which is shown as an example 

for a vertical flow in Fig. 3.2. 

 

Fig. 3.2: Gasket arrangement. Vertical arranged ports [24]. 

The flow in a PHE can basically be categorized into the flow direction, the pass, the paths per 

pass, the distribution along ports and the distribution inside the channel. 

• Flow direction 

Countercurrent or parallel flow, where the countercurrent flow allows the highest effi-

ciency due to higher average temperature differences. 
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• Pass 

The term “pass” refers to a group of channels in which the flow is in the same direction. 

In single-pass arrangement, the fluids flow in only one direction (upwards or down-

wards). In multi-pass arrangement, plates with blind holes are used to change the flow 

direction in the PHE, which leads to an increase in the residence time of the fluids in the 

heat exchanger (see Fig. 3.3). This results in higher temperature differences at the ex-

pense of efficiency. 

• Paths per pass 

The number of channels the fluid flow passes through during one pass is called the 

number of paths per pass. This characteristic correlates with the flow velocity in the 

channels. The reduction of the paths per pass causes an increase of the flow velocity and 

vice versa. 

• Distribution along ports 

There are two types of distributions, namely U and Z arrangements (see Fig. 3.3). In the 

U arrangement, all inlets and outlets are located at the same end plate, limiting the sys-

tem to single-pass arrangements. In the Z arrangement, the inlet and outlet ports are 

located on opposite end plates. The U configuration allows easy disassembly of the heat 

exchanger, (e.g., for cleaning). However, the flow distribution in this configuration is 

more uneven compared to the Z configuration [57]. 

• Port arrangement 

The ports can be arranged either diagonally (inlet and outlet on the opposite side of the 

plate) or vertically (inlet and outlet on the same side of the plate, as depicted in Fig. 3.2), 

which affects the flow distribution in the channels. 
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(a) 

  

(b) (c) 

Fig. 3.3: Several PHE flow arrangements. (a) Multi-pass with equal pass (2 pass – 2 pass). (b) Single-

pass: U arrangement. (c) Single pass: Z arrangement. 

Geometric characterization of chevron plates 

Various corrugated plate types are used in practical applications in PHEs. Overall, the chevron 

type being the most studied [58–61], widely used and offered by all major manufacturers of 

PHEs [62–64]. The geometrical parameters of a chevron-type plate are shown in Fig. 3.4. It 

consists of two flow distributors, which are designed to distribute the passing fluid over the 

entire width w and then collect it to the outlet port width, and a core heat transfer section. Both 

regions are active heat transfer surfaces with only the core region featuring the chevron pattern. 

h
c

h

c

h

c
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Fig. 3.4: Geometrical parameters of a chevron plate corrugation pattern. 

The chevron embossing generates swirling motions in the fluid, whose extent depends, among 

other things, on the embossing angle β (called chevron angle). Typical angles range between 

25 ° and 65 °, whereby the heat transfer and the pressure loss increase with the embossing angle. 

The reversal of the chevron pattern on adjacent plates results in various contact points that 

contribute to mechanical stability and thus to ensure low plate thicknesses. The corrugations 

further cause an increase of the heat transfer surface compared to the original flat plate. It de-

pends on the wavelength of the embossing, called corrugation pitch P, as well as the embossing 

depth a. The extent of the increase in surface area is expressed in terms of the enlargement 

factor ϕ: 

 

𝜙 =
Developed length

Projected length
 (3.1) 

The flow channels are the passages formed by two adjacent plates between the gaskets. Since 

the cross section of a corrugated surface is very complex and varies with position, the mean 

channel spacing is defined as 2a. The equivalent diameter De or a hydraulic diameter Dh is used 

to calculate the Reynolds number and convective heat transfer in the flow channels. They are 

defined as follows: 

w

β
P

s2a

L

Developed length

Projected length
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𝐷e =
4𝑤2𝑎

2(𝑤 + 2𝑎)
≈ 4𝑎 (3.2) 

 

𝐷h =
𝐷e

𝜙
                (3.3) 

with the approximation that 2a << w. 

3.1.2 Operational characteristics 

The use of PHEs offers several advantages over traditional shell and tube heat exchangers. First 

and foremost, plate surface corrugations provide improved convective heat transfer by creating 

swirl or vortex flows and disruption and reattachment of boundary layers, resulting in well-

mixed flows and consequently high convective heat transfer coefficients. The transition to tur-

bulent flows thus already occurs at low Reynolds numbers (10 – 400 [24]). This favors high 

compactness combined with low weight, the efficient use of this heat exchanger design in heat 

recovery measures, and reduced fouling rates. Especially for the use of polymers and polymer 

composites, which are usually associated with lower thermal conductivities than conventional 

materials, high compactness is important for achieving competitive performances. 

Other features include easy expandability, elimination of cross-contamination, low fluid vol-

ume, and suitability for high-viscosity applications. The interested reader is again referred to 

the literature for further information. 
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3.2 Materials and Methods 

3.2.1 Fabrication process 

The conductive polymer composite corrugated heat exchanger plates being investigated were 

manufactured at the ZBT. The production steps include sheet extrusion, embossing and post-

processing of the sheets and are illustrated in Fig. 3.5. 

A total of two polymer-graphite composite formulations were used for corrugated plate fabri-

cation, which were evaluated as suitable by the material characterizations discussed in Chapter 

2. Firstly, a polypropylene-graphite composite (C143-75; PP-G) for low temperature applica-

tions with a graphite mass fraction of 75 % and, secondly, a polyphenylene sulfide-graphite 

composite (C116-65; PPS-G) for high temperature applications with a graphite mass fraction 

of 65 %. The graphite used has a D90 value of 45 μm (90 wt.% of the particles are smaller than 

45 μm). The procedure for producing the plane sheets (see Fig. 3.5a) has already been outlined 

in Section 2.2.1. By means of the in-house made chevron dies (Fig. 3.5b), the composite plates 

were imprinted with the corresponding embossing in a hot-pressing process (c). The exact ge-

ometry parameters of the plate patterns are given in Tab. 3.1. 

Tab. 3.1: Design parameters of the developed PHE. 

Design parameter Value 

Effective plate width (w) 0.09 m 

Effective plate length (L) 0.158 m 

Effective heat transfer area (A) 11.13·10-3 m²  

Plate thickness (s) 0.85 – 2.5 mm 

Chevron angle (β) 60° 

Corrugation pitch (P) 4 mm 

Corrugation amplitude (a) 0.5 mm 

Enlargement factor (ϕ) 1.14 

Aspect ratio (α) 0.5 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Fig. 3.5: Fabrication process of the polymer composite – PHE: (a) Film extrusion; (b) Chevron die; 

(c) Hot pressing of the composite plates; (d) Milling out the fluid ports; (e) Chevron plate;  

(f) Gasket laser cutting. 

The PP-G plates have been embossed at ~ 430 K and the PPS-G plates at ~ 570 K. The emboss-

ing force was 13.5 N/mm² for both types of plates. After embossing, the edges and the ports 

were milled out (d) so that the plate was ready for assembling (e) in the heat exchanger. To 

ensure tightness of the heat exchanger, gaskets are laser cut from a silicone mat (f) which is 

suitable for temperatures up to 200 °C. The gasket has an uncompressed thickness of 1.5 mm 



 

39 

 

and a Shore A 60 hardness. To produce a completely polymer-based plate heat exchanger, the 

clamping plates were made of 18 mm thick polyoxymethylene. This material can withstand 

relatively high temperatures (up to 100 °C continuously), acts as an insulator (0.3 W/mK) and 

has very good mechanical properties (strong and rigid) for a polymer. Eighteen evenly spaced 

M6 stainless steel screws provide the screw connection and thus the sealing of the heat ex-

changer. Fig. 3.6 shows the construction of the entire PHE as an exploded view. The use of the 

gasketed plate heat exchanger design allows the number of plates to be varied. In addition, 

fouling processes can not only be investigated data-based but also visually analyzed at the end 

of the tests to assess fouling susceptibility. 

 

Fig. 3.6: Exploded view of the developed heat exchanger. 

3.2.2 Experimental set-up and procedure 

The heat transfer experiments were performed using the PHE shown in Fig. 3.6 to study profiled 

plates and in the heat exchanger test cell (HX) shown in Fig. 3.7 to study flat plates. The use of 

flat plates allowed the experimental comparison with the reference material SS, whereas the 

material comparison for the PHE was performed via the model presented in Section 3.2.3, since 

an experimental comparison must be based on the same geometric parameters of the materials 

to be compared. However, the existing equipment for producing embossed plates is not suitable 

for metallic materials. 
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Fig. 3.7: Set-up of the plate heat exchanger test cell (HX). (1) Cold water circuit, (2) Flat plate sample, 

(3) Hot water circuit. 

All heat transfer experiments were carried out in the screening apparatus shown schematically 

in Fig. 3.8. The setup contains a vertically oriented interchangeable test section (4, in Fig. 3.8) 

to be able to exchange between HX and PHE. 

 

1 Tank 

2 Pump 

3 Degasser  

4 Heat exchanger 

5 Heating circuit  

   thermostat 

6 Thermostat for bulk 

    temperature control 

 

Fig. 3.8: Process flow chart of the experimental set-up. 



 

41 

 

The HX (see Fig. 3.7) has a rectangular heat transfer surface of 144 cm². To avoid vortex for-

mation and thus locally strong shear forces during the experiments, the inlets are aligned lon-

gitudinally 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 

HX can neither be assumed as hydrodynamically nor thermally fully developed. The sample 

material acts as a heat transfer wall and separates the cold liquid from the hot liquid. 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 possible bubble formation. The design and geometry of the PHE has already been 

described in Section 3.2.1. Both heat exchangers were operated in counter as well as in parallel 

flow. In the case of the PHE, however, a distinction is made not only between the flow direction 

but also between the pass arrangement and the distribution along port manifolds, as described 

in Section 3.1.1. For the investigations conducted in this thesis, only two arrangements were 

used, one of which corresponds to an overall counter-flow arrangement (No. 111, see Fig. 3.9a) 

and one to an overall parallel-flow arrangement (No. 113, see Fig. 3.9b). The naming is based 

on the classification method of Kandlikar and Shah [65]. 

  

(a) (b) 

Fig. 3.9: Used pass arrangements. (a) No. 111. (b) No. 113. 

Both the hot and cold fluids circulate through the heat exchanger, forced by a centrifugal pump 

(2, in Fig. 3.8) in the case of the cold fluid circuit or by the pump integrated in the thermostat 

(5) in the case of the hot fluid circuit. Deionized water was used as the heat transfer fluid. 

Temperature sensors (Pt100 1/ DIN) were placed in the flow directly at the inlet and outlet of 

the heat exchangers (4), where the temperature distribution and flow profiles are homogeneous. 

In order to create constant test conditions, the relevant operating parameters were controlled. 

The volume flow rates of the fluids entering the heat exchanger were controlled with needle 

valves and a speed control of the centrifugal pump. The fluid inlet temperatures were controlled 

h

c

h

c
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by the thermostats (5) and (6), respectively. All relevant temperatures and volume flows are 

recorded continuously to guarantee an accurate energy balance. 

To suppress potential bubble formation on the surfaces under investigation, a vacuum spray 

tube degasser (3) was operated before the start of the corresponding experiments, which, ac-

cording to the manufacturer, removes 90 % of the dissolved gases. Degassing of the fluid before 

the start of an experiment is indicated subsequently by dg (degassed). 

Using the energy balance for the calculation of the heat transfer rate Q̇, the overall heat transfer 

coefficient U is calculated according to Eq. 3.4. The calculations of the heat transfer rate refer 

to the cold fluid, where energy losses are almost excluded, as there is the smaller temperature 

difference to the environment (approx. 20 °C). Additionally, a very accurate Coriolis flow meter 

is used (measurement accuracy of 0.1 %). To compensate for measurement fluctuations, the 

data were recorded every second for 10 minutes after a steady state was reached, and the mean 

overall heat transfer coefficient was determined. 

 

𝑈 =  
�̇�

𝐴∆𝑇𝑙𝑚
 (3.4) 

The bias uncertainties in the overall heat transfer coefficients were determined by calculating 

the 95 % confidence intervals according to Eq. 3.5, which are composed of the measurement 

uncertainties of the recorded temperatures (Th,in, Th,out, Tc,in, Tc,out) and the mass flow of the cold 

fluid. 

 

𝐵𝑈 =  √[∑ (
∂𝑈
∂𝑇

𝐵𝑇)

2

𝑇

+ (
∂𝑈

∂�̇�c
𝐵�̇�c

)

2

] (3.5) 

The heat transfer measurements were performed for various operating conditions, shown in 

Tab. 3.2. For the investigation of the flat plates conducted in the HX, the plate materials, wall 

thicknesses and operating conditions were varied. In addition, the number of thermal plates was 

varied for the profiled plate studies conducted in the PHE. Thereby, the expression thermal 

plate (or heat plate) refers to the plates in the PHE that transfer heat, excluding the two end 

plates (for illustration see Fig. 3.10). 
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Tab. 3.2: Operating conditions of the heat transfer measurements. 

Operating parameter HX PHE 

Reynolds number hot fluid (Reh) 3800 200 - 1600 

Reynolds number cold fluid (Rec) 300-3000 200 - 1600 

Inlet temperature hot fluid (Th,in) 70 °C; 80 °C 70 °C; 80 °C 

Inlet temperature cold fluid (Th,in) 25 °C 40 °C 

Number of plates (Ntp) 1 1-7 

3.2.3 Plate heat exchanger modeling 

To evaluate the performance of the developed PHE in comparison to established materials, 

either a direct experimental comparison (exactly the same PHE geometry and the same experi-

mental conditions are necessary) or a mathematical model is required. Since the thermal plates 

produced have a thickness s that is partly unusual for conventional materials, the primary ap-

proach is excluded, which is why a rigorous modeling approach was used. This method allows 

a performance comparison between the developed polymer composites and e.g., stainless steel 

not only for the realized geometry parameters (see Tab. 3.1) but over a wide range of all relevant 

material properties (particularly the thermal conductivity λ), operating (temperatures T and 

mass flows ṁ) and geometry parameters. 

Considering the energy balance of a small control volume dx in a PHE according to Fig. 3.10 

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 (3.6 - 3.8) are obtained to de-

scribe the temperature variation in the x-direction. 

 

Fig. 3.10: Schematic diagram of a PHE. 

Here, Eq. 3.6 corresponds to the first, Eq. 3.7 to an intermediate, and Eq. 3.8 to the last channel 

where the end plates are considered adiabatic: 
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 𝑑𝑇1

𝑑𝑥
=  

𝑈𝑤
𝐶1

(𝑇1 − 𝑇2) (3.6) 

 𝑑𝑇i

𝑑𝑥
=  

𝑈𝑤
𝐶i

(2𝑇i − 𝑇i−1 − 𝑇i+1) (3.7) 

 𝑑𝑇n

𝑑𝑥
=  

𝑈𝑤
𝐶n

(𝑇n − 𝑇n−1) (3.8) 

with the overall heat transfer coefficient defined as: 

 

𝑈 = (
1

ℎh
+

𝑠

𝜆
+

1

ℎc
)

−1

  (3.9) 

In the above equations, w is the effective plate width and C the heat capacity flow rate. The 

subscripts h and c indicate the hot and cold fluid stream. Thereby U, as well as the fluid tem-

peratures, are solved as a function of the position x for higher accuracy instead of assuming an 

average overall heat transfer coefficient. To calculate the overall heat transfer coefficient U (Eq. 

3.9), respectively the convective heat transfer coefficients h, different Nusselt correlation were 

applied, which cover the selected plate geometry and operating conditions, as given in Tab. 3.3. 

In addition, CFD simulations of plate heat exchanger sections were used to generate a custom-

ized Nusselt correlation adapted to the exact geometry of the developed heat exchanger plates 

(see Section 3.2.4). By using different Nusselt correlations it could be evaluated which one 

provides the best agreement with the experimental data. 

Tab. 3.3: Heat transfer correlations. 

Investigator Nusselt correlation Comments  

Muley and Manglik Nu = C1C1’Re
p1

 Pr
1/3

(μ/μw)
0.14

 Re > 103, 30 ≤ β ≤ 60 

[66] C1 = 0.2668 – 6.967×10
-3
β + 7.244×10

-5
β

2
 1 ≤ ϕ ≤ 1.5 

 C1’ = 20.78 – 50.94ϕ + 41.16ϕ
2
 – 10.51ϕ

3
  

 p1 = 0.728 + 0.0543sin[(πβ/45) + 3.7]  

Kumar [67] Nu = C1Rem Pr0.33(μ/μw)0.17 ϕ = 1.17, C1 and m are con-

stants and given as: 

 Re C1 m  

 20 - 400 0.306 0.529  

 > 400 0.108 0.703  

Wanniarachchi et al. Nu = [Nu
3

1 + Nu
3

t]
1/3

Pr
1/3

(μ/μw)
0.17 

1 ≤ Re ≤ 104; 20 ≤ β ≤ 62 

[68] Nu1 = 3.65 β
-0.455 

ϕ
0.661 

Re
0.339

  

 Nut = 12.6 β
-1.142 

ϕ
1-m 

Re
m
  

 m = 0.646 + 0.0011 β  
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Since the fluid viscosity μ at wall temperature must also be known for the calculation of h with 

the above correlations, these are calculated according to the relation shown in Eq. 3.10. 

 

�̇� =
𝑇h − 𝑇w,h

1
ℎh𝐴

=  
𝑇w,c − 𝑇c

1
ℎc𝐴

=
𝑇h − 𝑇c

1
𝑈𝐴

 
(3.10) 

Where the subscript w indicates the temperature at the wall. Furthermore, various geometry 

parameters are included in the correlation or needed for the Eqs 3.6 - 3.8. These were chosen 

for model validation according to the parameters listed in Tab. 3.1. For the material comparison, 

the parameters given in Tab. 3.4 were selected, which were kept within the scope of the state 

of the art. 

Tab. 3.4: Parameters of the PHE modeling for material comparison. 

Design parameter Value 

Effective plate width (w) 0.2 m 

Effective plate length (L) 0.6 m 

Chevron angle (β) 60° 

Corrugation Pitch (P) 8 mm 

Corrugation amplitude (a) 1 mm 

Enlargement factor (ϕ) 1.15 

3.2.4 CFD modeling 

Model design 

The goal of the CFD simulations is to create a customized correlation for the heat transfer co-

efficient or the Nusselt number of the developed plate heat exchanger. As can be seen in Tab. 

3.3, these are always dependent on the dimensionless numbers Re and Pr. Therefore, it is first 

necessary to verify whether the Nusselt number of the PHE under investigation depends only 

on these dimensionless numbers or on additional parameters. To assess the dependence of the 

Nusselt number on other parameters, a sensitivity analysis is carried out. For this purpose, the 

correlation matrix is calculated to assess the relationship between the parameters. This is sym-

metrical and its contained values, the correlation coefficients rxy, can vary between -1 and 1. 

They are obtained by [69]: 

 

𝑟xy =
∑ ((𝑥k − �̅�)(𝑦k − �̅�))k

√∑ (𝑥k − �̅�)2 ∙ ∑ (𝑦k − �̅�)2
kk

  (3.11) 
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The correlation coefficient describes the relationship between two variables x and y. The ex-

pression x̅ and y̅ denotes the mean value of all data points xk and yk, respectively. The value -1 

indicates a negative linear correlation, the value 1 indicates a positive linear correlation and the 

value 0 indicates no correlation. The values between 0 and 1 or -1 describe the magnitude of 

the dependency. Values below 0.3 indicate almost no correlation. Furthermore, the correlation 

matrix can be used to prevent multicollinearity, i.e. the strong interdependence of two inde-

pendent variables, by representing the relationship between all variables [69]. To create a cor-

relation matrix, a broad database is necessary. Therefore, different configurations of the PHE 

are simulated. The inlet temperature of the cold fluid Tc as well as the hot fluid Th, the temper-

ature difference between the inlet temperatures ΔTin, the plate spacing sp, the Reynolds number 

Re, the thermal conductivity of the plate material λ and the number of thermal plates Ntp are 

varied according to Tab. 3.5. 

Tab. 3.5: Parameters of the PHE simulations. 

Design parameter Value 

Inlet temperature cold fluid (Tc,in) 0.2 m 

Inlet temperature cold fluid (Th,in) 0.6 m 

Plate spacing (sp) 0 - 2 mm 

Reynolds number cold fluid (Rec) 500-2000 

Reynolds number hot fluid (Reh) 500-2000 

Quantity of thermal plates (Ntp) 2 - 4 

Thermal conductivity of the wall (λ) 1.13 – 100 W/mK 

The Prandtl number Pr depends only on temperature-dependent quantities. Therefore, by vary-

ing the input temperatures, a database of the Nusselt number for different Prandtl numbers is 

created. In the case of dependence, another parameter may have to be included in the model 

equation, as well as, for example, the dependence of viscosity in the correlations in Tab. 3.3. 

Otherwise, this parameter is neglected, and the fitting is performed only to the reduced equa-

tion:  

 
𝑁𝑢 = 𝑎𝑅𝑒b ∙ 𝑃𝑟c (3.12) 

To fit the model to the data obtained by the simulations, the downhill simplex method is chosen. 

To assess the quality of the fit, the root mean squared error (RMSE) is calculated and mini-

mized: 
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RMSE =
1

𝑛𝑠𝑖𝑚
∙ √∑ (

𝑁𝑢𝑠𝑖𝑚,𝑖 − 𝑁𝑢𝑚𝑜𝑑𝑒𝑙,𝑖

𝑁𝑢𝑠𝑖𝑚,𝑖
)

2𝑛𝑠𝑖𝑚

𝑖=1
 (3.13) 

To assess the data, R-Square is also determined, which is a measure of the quality of a fit. It 

describes the amount of scatter in the data, provided by the underlying model [69]: 

 

𝑅2 =
∑ (𝑁𝑢𝑚𝑜𝑑𝑒𝑙,𝑖 − 𝑁𝑢̅̅ ̅̅ )

2

𝑖

∑ (𝑁𝑢𝑠𝑖𝑚,𝑖 − 𝑁𝑢̅̅ ̅̅ )
2

𝑖

 (3.14) 

The value 𝑁𝑢̅̅ ̅̅  indicates the average value of the data from the simulation for the Nusselt num-

ber. 

Simulation 

The commercial softwares ANSYS Fluent® [70] and ANSYS Worbench® [71] are used to sim-

ulate the PHE. Images used courtesy of ANSYS, Inc. Due to the plate sizes, number of plates 

and the complex inlet and collection structures (flow distributors), the meshing of the entire 

heat exchanger leads to an exorbitant number of cells, resulting in a very high computing time. 

Therefore, it is appropriate to reduce the size of the plate heat exchanger and thus the number 

of cells. For this reason, as before in the mechanical simulations, only a section of the plate heat 

exchanger is simulated (see Fig. 3.11). The latter is cut from the central heat-transferring sur-

face, which has the inserted embossing pattern. Considering the symmetrical structure of the 

plate, only a section with half the plate width is simulated. First, the geometries to be investi-

gated were set up using Autodesk Inventor®. This includes different plate spacings as well as 

different plate quantities. The hot fluid is located adjacent to the outer plates. In the case of 

direct plate contact (sp = 0), an additional geometry must be created in the area of the contact 

points of the plates, since the mesh must be particularly highly resolved in this area in order to 

be able to accurately represent the geometry and resolve the turbulent effects (see Fig. 3.11). 

This is followed by meshing with Ansys Meshing. Thereby, inflation layers are used in the 

near-wall region of the fluid to dissolve the boundary layer. The rest of the geometry is meshed 

with unstructured tetrahedral cells. A coarse mesh is used for the solid material domain, since 

only thermal conduction and no flow effects occur here. To assess the mesh quality, the dimen-

sionless wall distance y+ is determined after each simulation and the mesh is adjusted in the 

boundary layer region so that the first cell is located in the viscous sublayer. This is performed 

in several iteration steps. An example of a mesh is given in Fig. 3.11. 
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Fig. 3.11: Computational domain for the heat transfer simulations of the PHE. (l) Used plate heat ex-

changer geometry. (r) Illustration of mesh within the fluid domain and around the contact 

points. 

In total, the studied domains consist of 13 million to 16.5 million cells. The simulations for all 

configurations are performed for a steady-state flow field, and the k-ω SST model is chosen as 

turbulence model. Water is chosen for both the hot and cold fluid, and the PHE is simulated in 

countercurrent flow. The transferred heat flux is chosen as convergence criterion. Subsequently, 

using post-processing in Ansys Fluent, the convective heat transfer coefficient for each wall is 

determined. This is computed as given in Eq. 3.15 using the heat flux through the wall, the wall 

temperature, and a reference temperature to be specified. The area-averaged average is then 

calculated [72]: 

 

ℎ =
1

𝐴
∫

�̇�

𝑇w − 𝑇ref
𝑑𝐴

𝐴

0

 (3.15) 

The arithmetic mean of the inlet and outlet temperature is taken as the reference temperature 

for the hot and cold fluid, respectively: 

 

𝑇ref =
𝑇in + 𝑇out

2
 (3.16) 
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Due to the use of a small PHE section, only small temperature differences between inlet and 

outlet occur. In particular, if the temperature differences ΔTin and ΔTout are similar, the arith-

metic temperature difference is used instead of the mean logarithmic temperature difference. 

For further evaluation, the heat transfer coefficient is finally converted into the Nusselt number 

according to Eq. 3.17: 

 
𝑁𝑢 =

ℎ𝐿

𝜆fluid
 (3.17) 

3.3 Results and Discussion 

3.3.1 Thermal performance 

Heat exchanger test cell 

Fig. 3.12 and Fig. 3.14 show the results of selected heat transfer measurements conducted on 

flat heat transfer materials in the HX. The comparison of the U values at different operating 

conditions in Fig. 3.12 impressively shows the influence of the flow regime on the convective 

heat transfer coefficient and consequently the overall heat transfer coefficient. However, de-

pending on the proportion of the thermal resistance of the wall (Rw) in the total thermal re-

sistance of the heat transfer (Rtot, equals the reciprocal of U), the overall heat transfer coefficient 

is more or less affected by change in Reynolds number. Thus, the U value increases very 

strongly with Reynolds number for samples with high thermal conductivity (or low Rw). Based 

on these explanations, the U value for the polymer composite sample increases less than that 

for the SS sample as the Reynolds number increases since its thermal resistance is about 8 times 

higher at the same wall thickness. 
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Fig. 3.12: Dependence of the overall heat transfer coefficient on the operating conditions. Rec = Reh. 

Tc,in = 30 °C. s = 2 mm. 

Strictly speaking, the polymer composite sample C143-75 benefits to the same extent as the SS 

sample from an increase in Reynolds number, in terms of heat transfer. In fact, the thermal 

resistances of the heat transfer from the fluid to the wall (Rfluid) decrease by the same amount, 

regardless of the material, as can be seen from the illustration of the thermal resistances (see 

Fig. 3.13). However, as the proportion of Rw to Rtot increases, the former becomes limiting and 

the increase in the U value is slowed down. Nevertheless, Fig. 3.13 shows that even in the 

turbulent flow regime a large fraction of Rtot is due to Rfluid. Complementing this with the fact 

that the evaluations in Fig. 3.12 and Fig. 3.13 are based on polymer composites with high wall 

thickness ( 2 mm), it can be concluded that further increases in turbulence, e.g. by the manu-

facturing of structured plates (PHE), could further exploit the potential of these materials. For 

comparison: the thermal resistance of a PP wall of the same thickness is about 11.8 m²K/kW. 

In this case, surface structuring with the aim of reducing Rfluid would be unnecessary. 
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(a) (b) 

Fig. 3.13: Thermal resistances as a function of flow characteristics. Rec = Reh. ΔT = 40 °C. Tc,in = 30 °C; 

Th,in = 70 °C. (a) C143-75. (b) SS. 

This results also show that the comparison (using the U value as an indicator) differs among 

materials for different operating points. A qualitative material comparison is made at this point 

based on Fig. 3.14, which shows the U values for laminar as well as turbulent flow conditions 

on the cold side and turbulent flow conditions on the hot fluid side. It can be seen that the PP 

grade has only a minor influence on the heat transfer. The graphite content in the sample also 

has only a minor influence on the heat transfer in the range investigated (75 - 80 wt.%), which 

is also confirmed by the thermal conductivity measurements in Section 2.3.2. The greatest in-

fluence on the heat transfer results from sandblasting (sb) of the specimens, which improves it 

by up to 19 %. The extent of this phenomenon is dependent on the operating conditions (espe-

cially Re), but also on the intensity of the sandblasting. As mentioned in Section 2.3.2, sand-

blasting removes the polymer film from the surface of the samples and greatly increases the 

roughness. This increases both the thermal conductivity and the convective heat transfer coef-

ficients during operation. This also shows that the determination of thermal conductivity alone 

is not sufficient to evaluate materials with regard to their performance in heat exchangers. The 

thermal conductivity of the composite C143-80 could be increased by 8.9 % by sandblasting 

(see Figure 2.12), whereas the U value in heat exchanger operation could be increased by 11-

19 %. In order to cause such an increase of U by an increase of the thermal conductivity alone, 

it would have to be significantly higher, which has already been shown by the above explana-

tions. With respect to the heat transfer, sandblasting of the polymer composites is consequently 

recommended. 
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Fig. 3.14: Dependence of the U value on the investigated material. Reh = 3800; ΔT = 45 °C; Tc,in = 25 °C; 

Th,in = 70 °C. 

The cause of the increase of the convective heat transfer coefficient by sand blasting is similar 

to that occurring in crystallization fouling processes (investigated in the following Chapter 4). 

Some of the roughness peaks appear to be so large that they penetrate the viscous sublayer, 

leading to local turbulence and consequently an increased convective heat transfer coefficient  

[73]. For the laminar case shown, the PP-graphite composites achieve U values corresponding 

to 60-85 % of the value of SS. If the large density difference between SS and the composites is 

also considered (approx. a factor of 4.7), the composites appear to be competitive with SS, 

which will be addressed in Section 3.3.3. Overall, the results shown in Fig. 3.14 are not trans-

ferable to the later application, but they serve, similar to the investigations in Chapter 2, for 

material screening. The investigations, which can be regarded as complements to the thermal 

conductivity measurements, show that the composition and the graphite mass fraction in the 

studied range are less important for the thermal performance. The improvement in turbulence, 

on the other hand, provides significant improvements. 

Plate heat exchanger 

To maximize the convective heat transfer coefficient, the embossed composite plates presented 

in Section 3.2.1 are used in the PHE. The chevron patterns applied to the plates promote swirl 
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or vortex flows as well as the disruption and reattachment of boundary layers [74–76]. In addi-

tion, the embossing increases the effective heat transfer surface. Overall, this leads to a signif-

icant increase in the overall heat transfer coefficient, as depicted in Fig. 3.15a. Considering 

constant Reynolds numbers and wall thicknesses, the use of profiled plates leads to at least a 

doubling of the U value. Significant advantages can also be seen in comparison with SS. How-

ever, this advantage decreases with increasing Reynolds number, since for SS most of the ther-

mal resistance is due to the heat transfer fluid-wall. In the case of the patterned polymer com-

posite, however, the largest fraction of thermal resistance is present in the wall even at a low 

Reynolds number of 1000, as shown in Fig. 3.15b. Yet this figure also demonstrates that, as 

assumed in the previous chapter, the patterning of the plates further pushes the potential of the 

polymer composites. Over 80% of the thermal resistance is found to be due to the 2 mm thick 

separating wall. Increases in the Reynolds number would mainly lead to an exorbitant increase 

in the pressure drop at this point. Further optimization can therefore mainly take place via a 

reduction in wall thickness (under consideration of the mechanical stability). 

  

(a) (b) 

Fig. 3.15: Performance comparison between embossed and unembossed thermal plates. s = 2 mm; 

Tc,in = 30 °C; Th,in = 70 °C. (a) Overall heat transfer coefficients. (b) Proportion of Rw to Rtot. 

The bulk of the heat transfer measurements in the PHE were carried out primarily regarding 

model validation and consequently to enable a material comparison with established materials. 

The operating parameters were varied according to Tab. 3.2 and a total of 143 measuring points 

were determined. Most of the measurements are limited to PP-G sheets with a thickness of 2 

mm. A part of the measurement points of the PP-G plates are shown exemplarily in Fig. 3.16 

for one thermal plate and the co-current operation. Measurement data not shown in the main 

section are listed in the appendix for completeness. For a rough classification of the thermal 
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performance of the developed heat exchangers, the determined U values may be used. Overall, 

the thermal performance is influenced by end plates, pass arrangement, flow direction, number 

of transfer units and heat capacity flow rate ratio, but only the number of transfer units depend 

on the thermal plates used. It increases with increasing U value and heat transfer area for a given 

heat duty. Since the increase of the latter leads to a higher number of transfer units of the PHE 

(and thus to a higher efficiency) across all materials, only the U value is considered as the 

decisive performance parameter subsequently. According to the thermal conductivity measure-

ments, the PP-G plates have a through-plane thermal conductivity of 1.81 W/mK. Thus, a the-

oretical U value of 905 W/m²K would be achievable (calculated under the assumption that the 

convective heat transfer coefficients are infinitely large). At Reynolds numbers of 1600 for the 

cold and hot flow, a U value of 842 W/m²K is already reached. The differences to the counter-

current flow are only minor due to small temperature differences between inlet and outlet. Here, 

the maximum measured U value is 856 W/m²K under identical test conditions. However, due 

to the flattening of the measured values towards high Reynolds numbers, it can also be seen 

that the values are limited by the thermal resistance of the wall. This is still comparatively high 

at 1.1 m²K/kW. In comparison, commercially available heat exchangers achieve heat transfer 

coefficients of up to 7500 W/m²K [20]. 
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Fig. 3.16: Experimentally determined overall heat transfer coefficients. PP-G; Co-current; Ntp = 1; 

Tc,in = 40 °C; Th,in = 80 °C. 

The potential for improvement therefore lies in decreasing the thermal resistance in the wall, 

which can be achieved by further increasing the filling ratio (thermal conductivity increases, 

but from a certain loading onwards manufacturing problems arise) or, more simply, by reducing 

the wall thickness at the expense of mechanical stability. To compensate for this low mechani-

cal stability, more robust polymers can be used as a matrix, such as PPS (2-3 times higher 

tensile strength compared to PP [28]). The effect of reducing the wall thickness for the PPS-G 

composite from 2.5 mm to 0.85 mm is shown in Fig. 3.17. For this composite, a thermal con-

ductivity of 2.01 W/mK was determined for a wall thickness of 2.5 mm. With Reynolds num-

bers of 1600, overall heat transfer coefficients of 756 W/m²K and 1850 W/m²K respectively 

could be achieved for the PPS-G composite. Values that still do not come close to the perfor-

mance of metallic plate heat exchangers. However, comparing the present results with the heat 

transfer coefficients of other experimental results of polymer heat exchangers shows compara-

ble performance. 
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Fig. 3.17: Experimentally determined overall heat transfer coefficients. PPS-G; Countercurrent; Ntp = 1; 

Tc,in = 40 °C; Th,in = 70 °C. 

A comprehensive literature study of polymer heat exchangers was carried out by Chen et al. 

[25]. According to the authors, the focus of the investigations in recent years has been on the 

thermal performance of polymer hollow fiber heat exchangers. Despite the use of poorly ther-

mally conductive polymers (thermal conductivity less than 0.4 W/mK), very high heat transfer 

coefficients are achieved by using hollow fibers (inner diameter less than 100 μm), ranging 

from 500 to a maximum of 2100 W/m²K for liquid-liquid heat transfer [4,5,77,78]. Due to a 

lack of experimental data, the maximum working pressure is questionable for this design, which 

will operate in the low-pressure range due to the low wall thicknesses. The exception could be 

the mechanically extremely stable but expensive PEEK. Simple replacement or addition of in-

dividual components (as is possible with the PHE) for cleaning or expansion is also not possible 

with this design. Studies on polymer-based plate heat exchangers are limited to those by Zaheed 

and Jachuck [79,80], whose PEEK-based cross-flow heat exchanger reaches overall heat trans-

fer coefficients up to 900 W/m²K at a high maximum pressure of 10 bar. The comparison thus 

shows a superior thermal performance of the heat exchangers developed here when using low 

wall strengths. 

However, for a direct comparison (same geometry, same operating conditions) between the 

polymer composite PHE and metallic PHEs, the model described in Section 3.2.3 must be used 

as shown in the following section. 
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An effect that became apparent in the fouling experiments when using the developed materials 

and caused a considerable drop in thermal performance is the formation and adhesion of air 

bubbles on the heat-transferring surfaces. The reason for this is a locally supersaturated liquid 

at the sample surface and is adressed in detail in Section 4.3.1. However, it was only observed 

on polymeric surfaces, but not on metallic surfaces. Therefore, it should be checked whether 

bubble adhesion also occurs in the developed polymer composite based PHE. Fig. 3.18 shows 

the comparison of measured heat transfer rates for a series of experiments performed with de-

gassed and non-degassed water. To force bubble formation, low Reynolds numbers (200 – 600) 

were chosen. 

 

Fig. 3.18: Parity plot for the influence of degassed fluid on the heat transfer in the PHE. Ntp = 7; 

Tc,in = 40 °C; Th,in = 70 °C. Countercurrent flow. Re = 200 - 600. 

It is evident that there is no significant difference between the use of degassed and non-degassed 

water. The generation of swirl or vortex flows in the corrugated PHE thus ensures that either 

no air bubbles are generated (due to lower wall temperatures and thus lower supersaturation) or 

that these can be effectively removed before a negative influence on the heat transfer arises. 
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3.3.2 Plate heat exchanger modeling 

CFD-simulation based Nusselt correlation 

Tab. 3.6 shows the correlation matrix determined based on the data from the CFD-simulations. 

The simulation data can be found in Table A.5 in the appendix. Since the Prandtl number Pr is 

temperature sensitive due to its dependence on viscosity, the correlation matrix does not include 

the effect of the temperature on the Nusselt number. However, this results in a correlation co-

efficient rPr,T = rT,Pr ≈ -1 for the dependence of the Prandtl number on temperature. Since this 

would lead to multicolinearity in the modeling, the temperature is not considered herein. The 

correlation matrix shows that the dependence of the Nusselt number on the Reynolds number 

results to be the largest. Thus, a correlation coefficient of 0.95 is obtained for both the hot and 

the cold fluid. For the Prandtl number, a moderate dependence is obtained. The correlation 

coefficient for this parameter is in the range 0.22 ≤ rPr,Nu ≤ 0.33. For the remaining varied pa-

rameters, there is almost no dependence, and the correlation coefficients all result in |r| ≤ 0.2. 

In particular, the thermal conductivity of the plate material used has hardly any influence on 

the Nusselt number. This indicates that a plate heat exchanger made of composite material has 

almost the same heat transfer coefficient as a plate heat exchanger made of SS. Similarly, it can 

be seen that the effect of plate spacing on Nusselt number is minor. The plate number shows a 

small effect on the Nusselt number of the cold fluid. This can be explained by plate end effects 

(the circumstance that the two outer plates in the PHE do not transfer any heat), since with an 

increase in the number of plates, the Nusselt number of the cold fluid decreases, with otherwise 

identical conditions. However, the Nusselt number of the hot fluid remains almost unchanged. 

This can be explained by the fact that the number of channels with hot fluid in the conducted 

simulations is greater than with cold fluid and the plate end effect is therefore less significant. 
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Tab. 3.6: Correlation matrix for the determination of the dependence of the Nusselt number on other 

parameters. 

 Nuc Nuh s λw Rec Reh Prc Prh ΔT Ntp 

Nuc 1.00 0.01 0.02 -0.09 0.95 0.01 0.22 0.08 0.07 -0.11 

Nuh 0.01 1.00 0.05 -0.06 0.01 0.95 0.04 0.33 -0.25 0.01 

s 0.02 0.05 1.00 -0.05 -0.05 -0.05 0.04 0.15 -0.10 -0.07 

λw -0.09 -0.06 -0.05 1.00 -0.03 -0.03 0.02 0.09 -0.06 -0.04 

Rec 0.95 0.01 -0.05 -0.03 1.00 0.04 0.02 0.09 -0.06 -0.04 

Reh 0.01 0.95 -0.05 -0.03 0.04 1.00 0.02 0.09 -0.06 -0.04 

Prc 0.22 0.04 0.04 0.02 0.02 0.02 1.00 0.05 0.56 0.03 

Prh 0.08 0.33 0.15 0.09 0.09 0.09 0.05 1.00 -0.80 0.12 

ΔT 0.07 -0.25 -0.10 -0.06 -0.06 -0.06 0.56 -0.80 1.00 -0.08 

Ntp -0.11 0.01 -0.07 -0.04 -0.04 -0.04 0.03 0.117 -0.08 1.00 

Overall, the correlation matrix indicates a dependence of the Nusselt number on the Reynolds 

number and the Prandtl number. This is in agreement with known correlations as described in 

Section 3.2.3, so that the proposed model (Eq. 3.12) is applicable. For this purpose, the param-

eters of the equation are fitted to the simulation data, which results in the following Nusselt 

correlation: 

 
Nu = 0.284 ∙ Re0.587 ∙ Pr0.784 (3.18) 

Fig. 3.19 shows the simulation data along with the correlation based on it. The Nusselt number 

increases with both the Reynolds number and the Prandtl number. This can be explained by the 

dependence of the heat transfer coefficient on the flow boundary layer and the thermal boundary 

layer. As the flow boundary layer increases and the thermal boundary layer decreases, the heat 

transfer coefficient and thus the Nusselt number increase. Furthermore, it is evident that the 

simulation data for different Reynolds numbers as well as Prandtl numbers hardly deviate from 

the plotted plane. This is also reflected in the coefficient of determination, having the value 

R2 = 0.97. The scatter of the data is consequently very well represented by the model dependent 

on the Reynolds number and Prandtl number. In the region Re = 1000 and Pr = 4.58 - 3.32, 

slight deviations are apparent. In this area, the plate spacing was varied, but the relative devia-

tions are small, < 5%. Moreover, like the correlation coefficient 0.02 ≤ rs,Nu ≤ 0.05, the data do 

not indicate a direct correlation of plate spacing and Nusselt number. 
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Fig. 3.19: Nu plotted against Re and Pr. Data points: CFD simulations (Table A.1); Plane: Correlation 

after parameter fitting. 

Model validation 

For the validation of the model described in Section 3.2.3, the through plane thermal conduc-

tivity determined by laser-flash was used initially. The results of the simulations are exempla-

rily shown for the PP-G composite with a thermal plate number of one in Fig. 3.20. Thereby, 

the simulations resulting in the upper plane are based on the correlation given in this thesis and 

the simulations resulting in the lower plane are based on the correlation according to Muley and 

Manglik. At first sight, the correlation given in this work seems to fit the measured values much 

better, whereas a systematic deviation arises with the correlation according to Muley and Mang-

lik. This systematic deviation, due to the underestimation of the measured values, cannot be 

attributed to a flow maldistribution or poorer heat transfer coefficients in the inlet and outlet 

areas (flow distributors) of the developed PHE since the measured values would otherwise be 

overestimated by the simulation. In principle, only an underestimation of the convective heat 

transfer coefficients (h) by the correlation is then conceivable. But not only the correlation ac-

cording to Muley and Manglik applied in Fig. 3.22, but also the two other correlations taken 

from the literature qualitatively show the same systematic deviation from the measured values. 

Consequently, it can also be excluded that the correlations are affected negatively by the end-

plate effect. In the experimental calculation of h, which is conducted indirectly by measuring 
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U, if the number of thermal plates is insufficient, the end-plate effect causes an overestimation 

of h. The reason for this is that the end plates in the experiment cannot be assumed to be com-

pletely adiabatic. However, above a sufficiently large number of plates, the end-plate effect 

becomes negligible [81,82].  

However, the correlation of this work also leads to a systematic deviation that only becomes 

apparent upon detailed analysis. The slope of the measured values is not well represented by 

the correlation, which leads to an overestimation of the measured values at low Reynolds num-

bers and to an underestimation at high Reynolds numbers. This smaller slope of the plane com-

pared to the experimental data implies that the thermal resistance of the convective heat transfer 

is underestimated by the simulation. The higher the convective heat transfer coefficient at con-

stant thermal resistance of the wall, the flatter the plane will become. Consequently, the corre-

lation presented in this work overestimates the Nusselt number or convective heat transfer co-

efficient. 

 

Fig. 3.20: Measured and simulated heat transfer rates. PP-G; Co-current; Ntp = 1; Tc,in = 40 °C; Th,in = 

80 °C. Simulation with λ = 1.81 W/mK. Upper plane: correlation according to Eq. 3.18. 

Lower plane: Correlation according to Muley and Manglik (see Tab. 3.3). 

The plot of all experimentally determined values against the simulated values in Fig. 3.21 con-
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vective heat transfer coefficient or an increasing Reynolds number. Assuming that the simula-

tions overestimate the heat transfer coefficient, the systematic difference should become negli-

gible at very high Reynolds numbers (α → ∞, determining thermal resistance lies in the wall) 

and increase with decreasing Reynolds number (determining thermal resistance lies in the con-

vective heat transfer). And this is precisely what can be found in Fig. 3.21. The overestimation 

of the heat transfer originates in the fact that only one section of the PHE was simulated. More-

over, a section was chosen that was located in the area of the chevron pattern of the PHE, which 

are designed for a maximum heat transfer coefficient. The flow distributors, where lower con-

vective heat transfer prevails, as well as possible flow maldistributions are not considered in 

this case. Consequently, a trustworthy Nusselt correlation based on CFD simulations would 

have to cover the whole heat exchanger or at least all representative parts. Furthermore, it can 

be seen that the deviation reverses with increasing Reynolds number (experiment yields higher 

values than simulation). This can only be explained by the fact that the thermal resistance in the 

wall is lower than assumed, i.e., the thermal conductivity must be higher than estimated in the 

simulations. A fact that is also consistent with the divergence of the correlations found in the 

literature (shown in Fig. 3.21 for the correlation according to Wanniarachchi). However, for the 

latter, the heat transfer coefficient seems to be well estimated since the slope of the data points 

corresponds to the angle bisector. This is logical, since the correlations in the literature are 

based on experimental data, which in turn take into account the heat transfer in the flow distrib-

utors. 
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Fig. 3.21: Comparison between measured and simulated overall heat transfer coefficients. PP-G. 

λ = 1.81 W/mK. 

The reason for the deviations must lie in the anisotropic properties of the composite plates pro-

duced. The sheet extrusion of the materials ensures a stretching of the (non-spherical) graphite 

particles in the plane. This results in much higher in-plane thermal conductivities, which was 

already discussed in Section 2.3.2. The through-plane thermal conductivity relevant for heat 

transfer is, as described above, only 1.81 W/mK. However, this measurement is based on the 

unembossed plates. After embossing, the measurement of the thermal conductivity relevant for 

heat transfer is impossible. Consequently, the stretching during embossing of the sheets could 

lead to an increase in the effective thermal conductivity. Fitting the thermal conductivity in the 

model to the experimental data finally ensures an exact match between model and experiment 

for the correlations taken from the literature, as shown in Fig. 3.22. Depending on the underly-

ing correlation, however, the thermal conductivities must be adjusted to different values, always 

requiring a significantly higher value than the measured one (1.81 W/mK). Thus, the increase 

in thermal conductivity for the PP-G composite is between 7.7 and 16 % (see Tab. 3.7). This is 

quantified by the reduction of the mean average percentage error (MAPE) by adjusting the 

thermal conductivity. Only the adjustment of the thermal conductivity using the CFD simula-

tion-based correlation does not lead to better agreement due to the already discussed overesti-

mation of the convective heat transfer coefficient. Therefore, this correlation will not be con-

sidered in further discussions. 
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Fig. 3.22: Measured and simulated heat transfer rates. PP-G; Co-current; Ntp = 3; Tc,in = 40 °C; Th,in = 

80 °C. Lower plane: Simulation with λ = 1.81 W/mK. Upper plane: Simulation with λ = 2.05 

W/mK. Correlation according to Muley and Manglik (see Tab. 3.3). 

After the adjustment, all correlations provide good fits to the experimental data. However, the 

correlation according to Muley and Manglik is only applicable for Reynolds numbers greater 

than 1000, which is why only half of all data collected could be compared with it. This also 

explains the apparently best agreement of this correlation. For all subsequent modeling, the 

Wanniarachchi correlation is used, since it performs about as well as the Kumar correlation, but 

offers greater flexibility due to the geometry parameters that can be implemented (see Tab. 3.3). 

Tab. 3.7: Adjusted thermal conductivities and goodness of fit of the simulations. 

Correlation Adjusted λ 

W/mK 

Increase in λ 

 

MAPE U 

λ = 1.81 W/mK 

MAPE U 

Adjusted λ 

Muley and Manglik 2.05 13.3 % 8.93 % 1.44 % 

Wanniarachchi 1.95 7.7 % 5.85 % 3.11 % 

Kumar 2.1 16.0 % 9.72 % 2.59 % 

CFD-based (this work) 1.81 0 % 5.82 % - 

That the above-mentioned apparent increase in thermal conductivity by embossing is not a 

measurement error of the thermal conductivity of the PP-G composite is shown by the studies 
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on the PPS-G composites. Two different wall thicknesses were investigated here, with the ther-

mal conductivity determined for a 2.5 mm thick, unembossed sheet and given as 2.01 W/mK. 

According to the results of the parameter adjustments, as shown in Fig. 3.23, the more the orig-

inal plate is compressed, the greater the increase in the effective thermal conductivity.  

 

Fig. 3.23: Measured and simulated heat transfer rates. PPS-G; Counter-current; Ntp = 1; Tc,in = 40 °C; 

Th,in = 70 °C. Correlation according to Wanniarachchi. 

This results in the 2.5 mm thick plate having the best agreement between model and experiment 

by considering a thermal conductivity of 2.2 W/mK and the 0.85 mm thick plate by considering 

a thermal conductivity of 2.4 W/mK for the correlation of Wanniarachchi. To further confirm 

these findings, computed tomography (CT) scans of the cross-sectional area of embossed sam-

ples were taken, as shown in Fig. 3.24. It is clearly seen that the particles are aligned along the 

developed length. However, this may already be sufficient for the increase in thermal conduc-

tivity, as this is already equivalent to a (partly) superposition between the in-plane and through-

plane direction. Furthermore, particle agglomerations are formed which can act as additional 

thermal bridges. 



 

66 

 

 

Fig. 3.24: CT scan of the cross-section of an embossed polymer composite plate. 

Overall, the parameter fitting leads to a very good agreement between model and experiment. 

This is additionally illustrated in a parity plot for all measured and simulated overall heat trans-

fer coefficients in Fig. 3.25. Most of the measured values are within an uncertainty of 5 %. 

Except for a few outliers, all measured values are within an uncertainty of 10 %. 

 

Fig. 3.25: Comparison between measured and simulated overall heat transfer coefficients. PP-G; Ther-

mal conductivity adapted according to Tab. 3.7; Correlation according to Wanniarachchi. 
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3.3.3 Comparison with conventional materials 

Applying the validated model for calculating the performance of polymer composite plate heat 

exchangers enables the performance comparison with conventionally used materials for heat  

transfer of corrosive fluids, like stainless steel, Hastelloy or titanium. Even if the polymer com-

posites have economic advantages over the materials mentioned, a direct performance compar-

ison would be in favor of the metals as depicted in Fig. 3.26 (PP-G vs. SS). It shows U values 

simulated with the validated model as a function of the two parameters affecting U primarily 

(Re and s). The simulations were performed with only one thermal plate, since in this case no 

end-plate effect exists (heat is transferred between the two flows in true counter-current and co-

current flow, respectively [20]) and therefore cannot influence the comparison. The comparison 

in Fig. 3.26 covers a large operating and application range. It shows that for every point of the 

span, the U value of stainless steel exceeds that of PP-G, with the difference increasing with 

increasing Reynolds number. The reason is again the significantly higher thermal resistance of 

the composite wall, which becomes more pronounced with increasing h, as already discussed 

in previous sections. 

 

Fig. 3.26: Simulated U values for ideal countercurrent flow (Ntp = 1); Rec = Reh; Geometry parameters 

according to Tab. 3.4; Nusselt correlation according to Wanniarachchi; Upper plane: SS; 

Lower plane: PP-G. 

However, a detailed comparison becomes necessary when the considerable difference in den-
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condition. For comparison, the density of the PP-G studied is 1.65 g/cm³, whereas the density 

of SS is 8 g/cm³ (a factor of 4.8). Comparing the same materials based on UA as the comparative 

parameter reverses the result, as shown in Fig. 3.27. The area of stainless steel was standardized 

to 1 m². This results in a heat transfer area of 4.8 m² for PP-G under the above boundary con-

dition. 

 

Fig. 3.27: Simulated U values for ideal countercurrent flow (Ntp = 1); Rec = Reh; Geometry parameters 

according to Tab. 3.4; Nusselt correlation according to Wanniarachchi; Upper plane: PP-G; 

Lower plane: SS. 

However, this ratio only applies if the number of plates is sufficiently large, since the weight of 

the end plates must also be considered. Furthermore, this comparison does not account for the 

better mechanical stability of SS compared to PP-G, which is why a fairer comparison is at-

tempted subsequently. 

Even if, due to the inferior mechanical stability of the composites, higher wall thicknesses 

should be adopted (in the example case below wall thicknesses of 1 mm for SS and 1.5 mm for 

PP-G are assumed), significantly higher heat transfer areas result regarding PP-G. Fig. 3.28 

therefore shows the simulated performance comparison between PP-G and stainless steel with 

UA as the comparison parameter over a wide range of Reynolds numbers (200-8000). For this 

purpose, specific numbers of thermal plates were assumed (based on density ratio and wall 

thickness ratio: 7 for stainless steel and 27 for PP-G). 
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Fig. 3.28: Simulated U and UA values for constant Reynolds numbers; Rec = Reh; Geometry parameters 

according to Tab. 3.4; Nusselt correlation according to Wanniarachchi. 

In this scenario, only the generation of high Reynolds numbers (> 4000) leads to SS being 

preferable to PP-G. This also represents the application limit of the polymer composite, since 

above this Reynolds number there is no noteworthy increase in performance. This is due to the 

relatively high thermal resistance of the polymer composite wall, which has a limiting effect 

above this threshold. In addition, the higher pressure losses that occur at high Reynolds numbers 

would be an additional stress on the material. At a Reynolds number of 8000, the performance 

of SS exceeds that of the composite by 30.5%, although correspondingly higher pressure losses 

would have to be accepted.  

However, the comparison with equal Reynolds numbers results in different mass flows in the 

heat exchangers (due to the higher number of plates chosen for the polymer composite and 

therefore a larger cross-sectional area). Thus, for the purpose of completeness, Fig. 3.29 shows 

the comparison with constant mass flow rates, corresponding to the heating or cooling of a 

certain amount of fluid. If the curve of PP-G is below that of SS, this is equivalent to the fact 

that a larger area (or larger PHE mass) is required for the same heat duty and vice versa. 

Thereby, the mass flows of the cold fluid ṁc were chosen to cover the same Reynolds number 
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PP-G (60 - 2500). The mass flows of the hot fluid ṁh were chosen to cover low and high Reyn-

olds numbers (1000 and 8000, respectively) with respect to SS, resulting in Reynolds numbers 

of 300 and 2500 regarding PP-G.  

 

Fig. 3.29: Simulated UA values for constant mass flows; Geometry parameters according to Tab. 3.4; 

Nusselt correlation according to Wanniarachchi. 

Again, it can be seen that the polymer composite has advantages over SS at low mass flow 

rates. At a hot fluid mass flow rate of 0.16 kg/s, more heat would be transferred by using the 

polymer composite. In this case, the convective heat transfer on the hot fluid side is the limiting 

factor for both materials. In the case of high mass flows (ṁh = 1.18 kg/s and ṁc = 2 kg/s), there 

is a performance difference of 50 %. 

Nevertheless, considering its low density, the polymer composite offers comparable thermal 

performance compared to its metallic alternatives over a wide range of operating condit ions. 
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4 Crystallization Fouling 

4.1 Theory  

Fouling is defined as the accumulation of undesirable substances on a surface, in the context of 

this work specifically on heat exchanger surfaces. It reduces the effectiveness of a heat ex-

changer by decreasing heat transfer and increasing pressure drop by constricting the cross-sec-

tional area. Fouling can significantly affect the design of a heat exchanger and consequently the 

amount of material used in its fabrication (oversizing) as well as the performance between 

cleaning intervals. Consequently, fouling causes a tremendous economic loss as it directly af-

fects the initial cost, operating cost and performance of the heat exchanger [23,83]. In heat 

exchangers, fouling is caused by substances dissolved or suspended in industrial fluids or mi-

cro- respectively macro-organisms [84]. The formation of a fouling layer on a heat transfer 

surface results in an additional thermal resistance Rf which lowers the overall heat transfer co-

efficient as follows. 

 1

𝑈
=

1

ℎc
+

𝑠

𝜆
+

1

ℎc
+ 𝑅f (4.1) 

Depending on the cause of fouling, it is classified into the following mechanisms [85]: 

• Crystallization fouling 

• Particulate fouling 

• Chemical reaction fouling (including corrosion) 

• Biological fouling 

whereby, according to Steinhagen et al. [23], after corrosion fouling, most heat exchangers are 

affected by crystallization fouling (about 30%, a percentage based on data from 200 companies 

in New Zealand). Furthermore, in industrial applications, overlapping of different fouling 

mechanisms may occur, affecting each other [84]. On the polymer composite surfaces investi-

gated in this thesis, corrosion fouling is excluded due to the properties of the material. There-

fore, crystallization fouling is investigated to screen the composites, which will be described 

subsequently in detail. For more information regarding the remaining fouling mechanisms, 

please refer to the literature [85]. 

The deposition of crystals on heat exchanger surfaces is common, especially in aqueous sys-

tems. Examples include cooling water circuits, where deposits of hardness salts (such as cal-

cium carbonate) occur on heat transfer surfaces and the evaporation of solutions, where the 
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surface on which the boiling takes place is prone to fouling by crystallization. In general, su-

persaturation with respect to the prevailing temperature is a necessary condition for crystalliza-

tion to occur on surfaces. In the case of a saturated solution of salts with normal solubility (e.g., 

NaCl), precipitation will occur when the solution is cooled down. For saturated solutions of 

salts with inverse solubility (e.g., CaCO3), precipitation will occur when the solution is heated. 

Thereby, the highest or lowest temperature in a heat exchanger associated with the solution is 

at the liquid-solid interface (heat transfer surface). In the presence of (local) supersaturation, 

the formation of crystal nuclei and crystallites occurs followed by the crystal growth on the 

surface [86].  

Technically, the fouling process is divided into the subsequent five phases [83], applying to all 

of the previously mentioned fouling mechanisms. 

1. Initiation 

The nucleation necessary for deposit formation ensures that the heat transfer coefficient 

of the initially clean heat transfer surface remains. This initial phase can last up to sev-

eral days. 

2. Transport 

Diffusive mass transport of at least one key component from the bulk flow to the heat 

transfer surface 

3. Attachment 

Deposition or reaction of the substance forming the deposit (e.g., CaCO3) of the fouling 

controlling species on the surface. 

4. Removal 

Depending on the strength of the deposited layer, a more or less pronounced erosion due 

to the fluid flow is obtained. The mechanism of this erosion is assumed to be the break-

ing off of entire deposit pieces due to defects in the deposit, the shear forces of the flow 

or the occurrence of turbulent vortices at the heat transfer surface. Furthermore, there 

are various mechanisms that do not cause the removal of already formed deposits, but 

rather an autoretardation of the transport process, such as the decrease in temperature at 

the deposit-fluid phase boundary due to the growing fouling layer. 

5. Aging 

Aging processes can increase the strength of the deposit (e.g., polymerization, regres-

sion of defects) or weaken it (e.g., degradation of bio-deposits). 

The initial formation of crystal nuclei, which always represent the beginning of the formation 

of a fouling layer, initially provide a delay (depending on material and operating parameters), 
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as described above. If the first crystals start to grow in the viscous sublayer of the flow, this 

results in additional thermal resistance on the one hand, but also in an improvement of the 

convective heat transfer on the other hand. If the latter effect predominates, negative measured 

fouling resistances occur, which usually become positive again after a certain time due to fur-

ther crystal growth. The time period from the beginning of the fouling process until the fouling 

resistance again becomes zero is called the roughness delay time (see Fig. 4.1). 

Based on the fouling mechanisms and sub-steps described above, the possibilities for the tem-

poral progression of fouling shown in Fig. 4.1 result, which are observed in practice [87]. If 

there is no constant heat flux condition but constant wall temperatures, the formation of the 

fouling layer provides a decrease in temperature of the liquid-solid interface which has a direct 

effect on the fouling process. The resulting fouling rate can then range from linear to asymp-

totic, even if there is no removal rate under the given operating conditions. 

 

Fig. 4.1: Characteristic fouling resistance curves (based on Bucko [88] and Bansal [89]). (1) Linear 

increase, (2) decreasing fouling behavior, (3) asymptotic fouling behavior, (4) sawtooth pro-

file. 

4.1.1 Influence of process conditions on crystallization fouling 

The deposition rate during crystallization fouling can be simplistically attributed to the follow-

ing steps: transport of ions from the bulk to the surface, surface integration of the material, and 
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removal of the fouling layer from the surface, which are dependent on both crystallization ki-

netics (single salt precipitation or mixed salt precipitation) and flow conditions in the heat ex-

changer. Due to the complexity of the crystallization mechanism and the variety of heat ex-

changers, numerous authors have therefore made efforts to describe fouling processes mathe-

matically [89–93]. Overall, the following influencing factors can be derived with regard to crys-

tallization fouling: 

• Fouling increases linearly with increasing foulant bulk concentration. 

• The surface integration is strongly temperature dependent (increases with temperature) 

and is usually described via an Arrhenius approach. 

• Improved mass transfer favors fouling up to a certain point where surface integration 

becomes limiting. 

• The residence time of the liquid on the wall influences the probability that the fouling 

material adheres to the surface. 

• The removal of the deposits from the surface depends on the shear strength of the foul-

ing layer (or adhesion) and the shear stress of the fluid flow. 

Furthermore, it must be added that the formation of crystals is also strongly dependent on the 

surface itself, which will be discussed in more detail below based on the materials studied. 

Briefly, sites on the heat exchanger surface support the formation of crystals, but also surface 

energy effects determine crystal growth [86]. 

4.2 Material and Methods 

4.2.1 Materials and preparation 

The same materials were used as those investigated in Chapters 2 and 3. See Sections 2.2.1 and 

3.2.1 respectively for the preparation. 

4.2.2 Experimental set-up  

The fouling experiments were carried out at various operating conditions in the screening ap-

paratus shown schematically in Fig. 3.8. The setup has already been described in detail in Sec-

tion 3.2.2, so only the adjustments for the fouling studies are addressed below. In addition to 

the two test units already described (PHE and HX1, see Fig. 3.6 and Fig. 3.7), another one is 

used for the fouling investigations, shown schematically in Fig. 4.2. This is hereinafter referred 

to as HX2 and is also operated in countercurrent flow for the fouling studies. 
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It has a heat transfer area of 32 cm² and the liquid ports are aligned transversely to the heat 

transfer surface, as usual for plate heat exchangers. The flow entering HX2 can therefore neither 

be assumed as hydrodynamically nor thermally fully developed. Although vortex formation 

cannot be suppressed in this way, as is the case in HX1, this assembly represents a setup closer 

to the PHE. 

 

Fig. 4.2: Set-up of the plate heat exchanger test cell (HX2). (1) Cold water circuit, (2) Flat plate sample, 

(3) Hot water circuit. 

Several reasons support the use of multiple test units to investigate fouling processes on the 

developed polymer composites. As various authors have shown, crystallization fouling pro-

cesses in heat exchangers depend on the heat transfer material [50,94,95] as well as the process 

conditions [96,97] (wall temperature, salt concentration, residence time, etc.). In order to focus 

explicitly on the heat transfer material, controlled test conditions, i.e., especially uniform tem-

perature and flow profiles, are necessary. Therefore, most of the fouling tests are performed in 

HX1, which ensures the most uniform conditions at the heat transferring surface using flow 

diffusers. In order to verify the transferability of the results to realistic geometries, further in-

vestigations will be carried out in HX2 and the PHE. This will allow the separation of the foul-

ing effects due to the material and the operating conditions. 

In all test units, 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 so-

lution side is made of polymethylmethacrylat to allow visual monitoring of the fouling process 
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and possible bubble formation. 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 transiently. Using the energy balance for the calculation of the 

heat transfer rate �̇�, the overall heat transfer coefficients U are calculated according to Eq. 3.4. 

As a result of crystallization fouling, the heat transfer rate changes with increasing test duration, 

providing a transient overall heat transfer coefficient Uf. The resulting thermal fouling re-

sistance Rf is then calculated according to Eq. 4.2 referring to the initial overall heat transfer 

coefficient U0 of the clean surface. 

 

𝑅f =
1

𝑈f
−

1

𝑈0
 (4.2) 

4.2.3 Experimental procedure 

Prior to each experiment, the investigated polymer compound samples respectively the SS sam-

ples were cleaned with isopropanol and deionized water. The screening apparatus was cleaned 

several times with deionized water to ensure that there were no foreign ions left in the system. 

The feed solution for the CaCO3-scaling tests is prepared by adding CaCl2⸱2 H2O (≥ 99 %, p.a., 

ACS, Carl Roth GmbH & Co. KG) and NaHCO3 (≥ 99.7 %, ACS, Sigma-Aldrich Chemie 

GmbH) to temperature-controlled deionized water, resulting in an initial pH value of about 7.7. 

For CaSO4-scaling (that is not pH sensitive), the procedure is conducted with the salts Na2SO4 

(≥ 99 %, ACS, VWR Chemicals) and Ca(NO3)2⸱4 H2O (≥ 99 %, p.a., ACS, Carl Roth GmbH 

& Co. KG). Regarding the measurement of the initial overall heat transfer coefficients, the data 

were recorded for 15 minutes after reaching a steady state before the addition of the second salt 

(fouling excluded). The bias uncertainties in the initial overall heat transfer coefficients were 

determined as given in Section 3.2.2 (see Eq. 3.5). After completion of the fouling experiments, 

the materials to be examined were removed and the deposits were dried and weighed to obtain, 

besides the thermal fouling resistance, another parameter for assessing the susceptibility to foul-

ing. The deposits were also visually inspected for uniformity and defects to obtain a qualitative 

statement regarding the adhesion of the deposits to the respective materials. 

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 pro-

cesses, which can be achieved by high wall temperatures, laminar flow conditions were created 
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on the cold fluid side (which contains the fouling salts) and turbulent flow conditions on the hot 

fluid side. In the experiments where bubble formation on the investigated surfaces should be 

suppressed, a vacuum spray-tube degasser (see Fig. 3.8) 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 experiments are listed in Tab. 4.1. 

Tab. 4.1: Operating parameters of the fouling experiments. 

Exp. 

Nr. 
Material 

Test 

unit 
Rec Reh 

Tc,in /  

°C 

Th,in /  

°C 

Tw,0,calc / 

°C 
Salt 

bsalt / 

mmol/kg 

1 SS HX1 500 3900 30 80 68.9 CaSO4 25 

2 C143-75 HX1 500 3900 30 80 - CaSO4 25 

3 C143-75-dg HX1 500 3900 30 80 60.9 CaSO4 25 

4 C143-75-sb HX1 500 3900 30 80 61.6 CaSO4 25 

5 SS HX1 500 3900 40 90 79.4 CaSO4 25 

6 C143-75 HX1 500 3900 40 90 - CaSO4 25 

7 C143-75-dg HX1 500 3900 40 90 71.1 CaSO4 25 

8 C143-75-sb HX1 500 3900 40 90 71.7 CaSO4 25 

9 SS HX1 500 3900 35 90 78.5 CaCO3 3.5 

10 C143-75-dg HX1 500 3900 35 90 70.1 CaCO3 3.5 

11 SS HX2 500 5000 30 80 66.1 CaSO4 25 

12 C145-80 HX2 500 5000 30 80 58.7 CaSO4 25 

13 SS HX2 500 5000 30 80 66.1 CaCO3 3.5 

14 C145-80 HX2 500 5000 30 80 58.7 CaCO3 3.5 

15 C143-75 PHE 500 1000 40 90 51.4 CaSO4 25 

16 C143-75 PHE 500 1000 40 90 51.4 CaCO3 3.5 

4.2.4 Surface temperature calculation 

To draw sound conclusions regarding the fouling processes investigated, knowledge of the sur-

face temperature is crucial besides the surface properties. Since the surface 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 for HX1 and HX2. The model 

from Section 3.2.3 is used to calculate the wall temperatures in the PHE. The two models are 

based on the same approach, except that for the heat transfer test cells, only one cold and one 
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hot fluid stream must be considered as described below. In addition, different Nusselt correla-

tions are necessary to calculate the convective heat transfer. The fluid temperature variation in 

the heat exchanger test cells in flow direction x was calculated according to Eq. 4.3 & 4.4. 

 𝑑𝑇c

𝑑𝑥
=  

𝑈𝑤

𝐶c
(𝑇h − 𝑇c) (4.3) 

 𝑑𝑇h

𝑑𝑥
=  

𝑈𝑤

𝐶h
(𝑇c − 𝑇h) (4.4) 

To calculate U, respectively the convective heat transfer coefficients h, Nusselt correlations for 

turbulent [98] and laminar flows [98,99] were applied. The relation in Eq. 4.5 was used to cal-

culate the initial wall temperatures, which are listed in Tab. 4.1.  

 

�̇� =
𝑇h − 𝑇w,h

1
ℎh𝐴

=  
𝑇w,c − 𝑇c

1
ℎc𝐴

=
𝑇h − 𝑇c

1
𝑈𝐴

 
(4.5) 

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 proce-

dure led to very small deviations between measured and calculated heat transfer rates for the 

HX1. These were on average 4 % but maximum 5.9 %. However, for the HX2, 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, estimating the wall temperatures in the presence of air 

bubbles on the polymer composite surfaces (as discussed later) turns out to be almost impossi-

ble, since these represent a location-dependent, transient thermal resistance and strongly influ-

ence 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.  

To calculate the wall temperatures in the PHE, the correlation according to Wanniarachchi et 

al. was used as recommended in the previous chapter. The deviation from the experimentally 

determined heat flux is 3.5 %. 

In order to include fouling resistances in the simulations, the described model is adapted by 

extending Eq. 3.9 to include thermal fouling resistances. 

 

𝑈 = (
1

ℎh
+

𝑠w

𝜆w
+

𝑠f

𝜆f
+

1

ℎc
)

−1

  (4.6) 

Where sf/λf indicates the thermal fouling resistance Rf. 
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4.2.5 CFD modeling 

Knowledge of surface temperatures is particularly useful for interpreting crystallization fouling 

experiments. 

Where the temperature profiles in the heat exchanger test cells can be calculated with high 

accuracy using the model from Section 4.2.4, this proves difficult for the PHE. As shown in the 

previous chapter, the model provides a very good agreement with the experimental data, but 

the temperature profiles are only calculated along the flow direction of the fluid. Due to the 

flow diffusers used in the HX1, this is sufficient in this case, because of the generation of an 

uniform flow profile orthogonal to the flow direction. However, especially for the PHE, the 

knowledge of the temperatures on the complete heat transferring surface is needed for the in-

terpretation of the fouling experiments, since these can vary strongly not only along but also 

orthogonally to the flow direction. For this purpose, CFD simulations were performed with 

Ansys Fluent. To evaluate the flow through the developed PHE, a complete duct was adopted 

as the fluid domain, as shown in Fig. 4.3 and simulated with the k-ω SST model as turbulence 

model.  

 

Fig. 4.3: Schematic view of the flow domain of the investigated PHE channel. (1) Inlet. (2) Outlet. 

Bordered surface: Heat transferring surface. 

However, the actual heat transfer from hot to cold fluid could not be simulated, so the trans-

ferred heat flux obtained from the model was set as a boundary condition. This is because, as 

already shown in Section 3.2.4, the geometry of the heat exchanger requires a very fine meshing 

and consequently large computational resources. Even the meshing of a single channel required 

15.5 million elements. A value that would have at least tripled for the simulation of the heat 

transfer (one cold fluid and two hot fluid channels). Furthermore, due to the same reason, no 

inflation layers could be integrated in the computational grid, which would have made the sim-

ulation of the heat transfer inaccurate. The selected unstructured mesh (maximum element size 

of 0.2 mm) produces wall y+ values of 0.015 - 5.8 (area weighted average of 1.4). Consequently, 

1 2



 

80 

 

particularly at the contact points, the y+ values are slightly too big to perfectly resolve the vis-

cous sublayer. However, the mean value is still within the recommended range [72], which is 

why it can be assumed that the accuracy is sufficient, especially for the qualitative observations 

aimed at with the simulations. This is also shown by the comparison of the simulated mean wall 

temperatures from the mathematical model and the CFD simulations performed. The difference 

is only 0.1 °C (mathematical model: 51.4 °C; CFD simulations: 51.5 °C). Since the wall tem-

peratures, with respect to the evaluation of crystallization fouling, were the parameters of inter-

est, the area weighted temperature was chosen as the convergence criterion for the CFD simu-

lations. 

4.2.6 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 experiments. The gases 

dissolved in the fluid are present there in a supersaturated form due to the higher wall temper-

ature compared to the bulk. In order to detect the amount of bubbles covering the heat transfer 

surfaces images were taken and processed transiently. 

The optical recording of the air bubbles was performed with a Nikon D5600 SLR camera using 

a Nikon Micro-Nikkor 55 mm lens and a ring light as illumination unit. This provides a better 

contrast between air bubbles and sample surface. To determine the degree of bubble coverage 

on the heat transferring surface, an optical image analysis is performed using an algorithm with 

functions of the Image Processing Toolbox of Matlab®. This involves cropping the image to 

the heat transfer surface followed by the creation of a grayscale image. The contrast of the 

image is increased, and the image is sharpened and binarized. Custom parameter adjustment 

ensures that the bubbles are captured correctly. The parameters to be adjusted are the greyscale 

threshold, the setting of the minimum number of pixels forming a bubble (removing noise) and 

creating disk-shaped circular rings (to make sure that the bubbles are detected as a whole). This 

process, illustrated in Fig. 4.4, generates binary images that can be utilized to calculate the 

percentage of the heat transfer surface covered by air bubbles. However, a distinction of the 

bubble size is not performed by the algorithm. 
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(a) (b) (c) 

Fig. 4.4: Workflow of the optical bubble detection. (a) Greyscale image; (b) Overlay for parameter 

adjustment; (c) Binary image for bubble area determination. 
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4.3 Results and Discussion 

4.3.1 Bubble influence on the fouling resistance 

If air bubbles form on the heat transfer surface during a fouling experiment, there are two effects 

that influence the transient 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. 4.5. In 

fact, this is a thermal resistance due to the formation of air bubbles on the heat exchanger sur-

face. Henceforth referred to as Rbub. 

 

Fig. 4.5: Influence of surface bubble coverage on the thermal resistance. Exp. 2. 

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. Consequently, many bubbles 

form on the surface under investigation. 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. 

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 carried 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 

prevents the formation of bubbles. The magnitude of the influence of bubble coverage on the 
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heat transfer using polymer composites is shown by Fig. 4.6. 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 Sec-

tion 2.3.3) nucleate bubbles easily even at low supersaturations, while hydrophilic or even 

smooth hydrophobic surfaces (such as SS) nucleate bubbles only at exceptionally large super-

saturations [100,101]. 

 

Fig. 4.6: Overall heat transfer coefficients U0 at the beginning of the fouling experiments in HX1. 

In the case of the sandblasted material, which has a superhydrophobic surface due to its high 

roughness (see Fig. 2.18), bubbles do form, but these bead off in a similar way to the lotus effect 

and do not adhere [102]. 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 deposits, as can be seen in Fig. 4.7. In the case of non-sandblasted polymer com-

posite, two fundamentally different results are obtained depending on whether the test solution 

was previously degassed or not. The fouling resistance that occurs after 60 hours, when the test 
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solution has not been degassed (dg) previously, is approximately a factor of 20 greater com-

pared to degassed solution. This is also evident from the masses of the deposits (see Tab. 4.2), 

as seven times the mass of CaSO4 is deposited in the presence of air bubbles under otherwise 

identical experimental conditions. Consequently, when degassed fluid is used, there is almost 

no fouling propensity, whereas there is a strong fouling propensity when non-degassed fluid is 

used, which can only be attributed to the presence of air bubbles on the heat-transferring sur-

face. 

 

Fig. 4.7: Influence of bubble formation on the fouling resistance. Exp. 2 & 3. 

In this case, the heat transferring surface was almost completely covered with air bubbles, that 

could not be removed by the existing laminar flow and buoyancy forces. The consequence of 

such gas accumulation has already been discussed in the literature and has a severe effect on 

the fouling process [103]. 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. 4.8. The bubble structure is clearly recognizable there and differs from the classical crystal 

structures. 
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(a) (b) 

Fig. 4.8: Influence of the presence of bubbles in the fouling process on the crystal structure formed; (a) 

bubbles, Exp. 2. (b) no bubbles, Exp. 5. 

In order to avoid fouling on the composites investigated here and hence make them competitive 

to the reference material SS, adherent air bubbles on the surfaces must be avoided. The possi-

bilities to achieve this are degassing of the fluids containing the substances causing fouling, 

prevention by surface adjustment or hydrodynamic adjustment to remove the bubbles. From a 

technical point of view, only the two proposals mentioned last are suitable.  

4.3.2 Fouling kinetics and quantity 

Heat exchanger test cell 

Fig. 4.9 and Fig. 4.10 show the results of the fouling tests in HX1 for two different fluid tem-

peratures and CaSO4 fouling. In the case of lower fluid temperatures, there are no major differ-

ences 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 com-

posite (C143-dg) seems to change to a steady state after 60 hours, whereas SS still shows a very 

steep increase. At this point, SS exhibits a fouling resistance value that is twice to three times 

higher than that of the polymer composites. The masses deposited at the end of the tests are not 

that conclusive. Although twice as much salt is deposited on stainless steel compared to the 

material that is least susceptible to fouling in terms of thermal fouling resistance, only a minor 

difference exists between the untreated polymer composite and stainless steel. To assess with 

certainty whether the differences between the materials are only due to the different wall tem-

peratures or to the different surface properties, very long experiments or experiments at higher 

temperatures are necessary.  
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Fig. 4.9: Fouling resistance curves. Exp. 1,3,4. 

The results for higher fluid temperatures (see Fig. 4.10) are more impressive. These are accom-

panied by higher wall temperatures, 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 [86,96]. 
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Fig. 4.10: Fouling resistance curves; Exp. 5,7,8. 

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 SS during the experiment. An increasing fouling layer thickness 

causes the temperature to decrease at the fluid-fouling layer interface, since the transferred heat 

flux decreases (in the present experimental design). Additionally, the fouling kinetics on SS 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). The linear increase in fouling resistance is 2.7×10-3 m²K/kW 

per hour in the case of Exp. 1 (SS) and 2.2×10-3 m²K/kW per hour in the case of Exp. 2 (C143-

75). At higher wall temperatures, the advantages of the polymer composites over SS also be-

come apparent when looking at the deposited masses in Tab. 4.2, which are about twice as large 

for SS. 
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Tab. 4.2: Mass of the deposits after the experiments with CaSO4 in HX1. 

Exp. Nr. Material mdep / g/m² 

1 SS 88.96 

2 C143-75 707.29 

3 C143-75-dg 100.42 

4 C143-75-sb 44.58 

5 SS 233.47 

6 C143-75 752.08 

7 C143-75-dg 126.39 

8 C143-75-sb 114.44 

Thus, even when wall temperatures are considered, it is concluded that the polymer composites 

are less susceptible to fouling than SS. Furthermore, 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 demonstrated in the literature for polymer surfaces 

[104]. 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 in Fig. 4.11). The fouling resistance 

drops by 0.23E-4 at this point. Afterwards it rises with the same incline as before. The fouling 

curve thus corresponds to the sawtooth shape known from the literature [87,88]. This self-

cleaning effect could lead to consistently low fouling resistances and consequently longer ser-

vice time intervals, especially when high shear forces and turbulences are generated (as is the 

case in PHEs). 
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Fig. 4.11: Fouling resistance curve and self-cleaning effect illustration; Exp. 7. 

Incidentally, this also applies if a very large salt layer forms on the polymer composite sample 

due to bubble formation (as in Fig. 4.7). The layer detached itself completely 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 qualita-

tive 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 in-

creasing wall temperature due to increased crystallization fouling rates. The induction time is 

about 30 hours long for the lower temperatures (see Fig. 4.9). Thereafter, the fouling kinetics 

exceed that of the untreated polymer. However, these findings contradict those of the masses 

deposited at the end of the fouling tests in Tab. 4.2, which imply similar fouling susceptibility 

of treated and untreated surfaces. 

This is due to the fact that the thermal fouling resistances plotted in the diagrams are based only 

on the measurement of the overall heat transfer coefficient (see Eq. 4.2). It is therefore implied 

that the change in the heat transfer coefficient has only one cause, namely the creation of an 

additional thermal resistance by the growing fouling layer. However, the growing fouling layer 

leads not only to a deposit resistance but also to a change in convective resistance as show by 

many authors [105–107]. Thus, the increase in surface roughness due to the fouling layer pro-

motes turbulences at the surface leading to an increase in convective heat transfer, which can 
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strongly influence Rf, especially in the presence of thin fouling layers. This effect becomes 

negligible for large deposit quantities, whereas for thick fouling layers the constriction of the 

flow cross section can lead to a significant influence due to increased flow velocities. The latter 

effect can be neglected due to the relatively high cross-sectional area in the HX1. Moreover, 

most of the measured fouling curves are only affected by the first mentioned effect at the be-

ginning of the experiments. But, as mentioned above, inconsistencies appear between the com-

parison of fouling curves and fouling masses of C143-75-dg and C143-75-sb. The sandblasted 

sample already shows a very rough surface at the beginning of the test, which is why it benefits 

less from the formation of the fouling layer with regard to the improvement of convective heat 

transfer. In the case of the untreated sample, however, the influence of the increase in roughness 

due to the formation of the fouling layer appears to be significant, since a lower Rf is obtained 

on it for nearly identical fouling mass. However, since the fouling layer adheres better to the 

sandblasted specimen (no fragments of the fouling layer detached in any test), it can be assumed 

that the untreated specimen is advantageous for long test durations. 

Supplementary Fig. 4.12 shows the results of the fouling tests for a second model salt system 

(calcium carbonate) and high wall temperatures. As with calcium sulfate fouling, significant 

advantages of the polymer composites over SS can be identified. 

 

Fig. 4.12: Fouling resistance curves. Exp. 9 & 10.  
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In the case of the more dynamic CaCO3 fouling, asymptotic fouling resistances form already 

after 15 h of testing. Where an asymptotic fouling resistance 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 resistance related to C143-75 increases by 

1.1×10−3 m²K/kW per hour from a testing time of two hours. The fouling resistance of the SS 

sample, on the other hand, increases in the initial phase by 8.8×10−2 m²K/kW per hour, which 

corresponds to a factor of 80. 

In any case, the use of polymer composites seems to be advantageous over SS in systems sus-

ceptible to crystallization fouling. This is confirmed by the results obtained with HX2 for cal-

cium sulfate as well as for calcium carbonate fouling (Fig. 4.13 and Fig. 4.14 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 Section 4.2.2. Thus, higher flow velocities than implied by the Reynolds number prevail 

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. 

 

Fig. 4.13: Fouling resistance curves. Exp. 11 & 12. 
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Fig. 4.13 and Fig. 4.14 confirm this thesis. For both calcium sulfate and calcium carbonate, 

significantly higher fouling resistances are formed with SS as heat transfer surface. In addition, 

the polymer composite shows a strongly pronounced negative fouling resistance over a long 

period of time. Such negative fouling resistances result as previously discussed from increasing 

convective heat transfer coefficients due to local turbulence caused by initial crystal formation. 

 

Fig. 4.14: Fouling resistance curves. Exp. 13 & 14. 
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Tab. 4.3: Mass of the deposits after the experiments in HX2. 

Exp. Nr. Material mdep / g/m² 

11 SS 836.8 

12 C145-80 163.7 

13 SS 90.8 

14 C145-80 19.9 

Possible properties underlying fouling-resistant surfaces have been discussed frequently in the 

literature [16,108–110]. In most cases, the topographic and energetic surface properties are used 

for evaluation. These have already been presented for the developed polymer composites in 

Section 2.3.3 and are shown again in the following Tab. 4.4 for the materials that were investi-

gated with respect to fouling for clarification. What should always be considered is that the 

mentioned properties can affect the measurement methods mutually. For example, the signifi-

cant increase in roughness of the polymer composites by sandblasting also results in signifi-

cantly higher contact angles and surface free energies. As already discussed in detail in Chapter 

2, Young's equation used to determine surface free energies, is only valid for perfectly smooth 

surfaces [111]. Yet an increase in roughness leads to an increase in the apparent contact angle 

for liquids that have a Young contact angle of >90 ° [112]. As a result, the sandblasting of the 

materials apparently increases the surface free energy. The actual value should be nearly the 

same as that of the non-sandblasted sample. 

Tab. 4.4: Material surface properties. 

Exp. Nr. γOWRK /mNm θH2O / ° Sa / μm 

SS  40.46 81.4 0.077 

C143-75 27.77 93.4 0.243 

C143-75-sb 51.91 139.9 9.792 

C145-80 27.83 92.2 0.703 

Furthermore, a separate evaluation, i.e., which property contributes to which extent to more or 

less fouling, is hardly possible, since the samples investigated have different surface energies 

and roughness. As shown in Section 2.3.3, different PP grades and different graphite contents 

cause only minor differences in the properties considered. The two polymer composite materi-

als examined in the fouling tests can therefore be regarded as representative for the entire ma-

terial class. Only the sandblasting of the materials causes a significant difference in the surface 

properties. 
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A high surface roughness, which usually results in a shorter induction phase due to faster nu-

cleation processes, 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 composites, 

especially if sandblasted, 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 dif-

ferent surface free energies of the materials investigated. Overall, it can be stated that the poly-

mer composite surfaces possess a lower surface energy than the SS surface, which in this par-

ticular case appears to lead to a lower susceptibility of fouling. The fact that a lower surface 

energy leads to less deposit formation is in accordance with the literature [16,109,113,114]. 

However, the different energetic behavior of different surfaces at the interface between the in-

itial crystals and the surface is very complex and cannot be reduced to one parameter alone, 

such as the surface free energy [115]. Therefore, no correlation can be given between surface 

free energy and fouling behavior. 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 increase [116] and a decrease [113,117] in fouling sus-

ceptibility in a direct comparison of polymer surfaces with metallic surfaces. An assessment 

must therefore always be made in a direct comparison, whereby a low surface energy seems 

generally to be preferred. This usually results also in poor adhesion of deposits [110], which 

facilitates cleaning of the heat exchangers in-place and may avoid a blocking of single channels. 

For this reason, surface treatments and coatings that reduce the surface energy of thermal plates 

of PHEs have proven to be very useful [16,108]. The low adhesion forces between surface and 

crystal due to low energy surfaces can also be observed for the material C143-75, as shown (see 

Fig. 4.11) and discussed above. However, 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. In order 

to verify whether this already applies to the developed PHE, preliminary fouling investigations 

were carried out in it. 

Plate heat exchanger 

To assess the fouling susceptibility of the developed heat exchangers, Fig. 4.15 shows the ther-

mal fouling resistances developed over the test period for the model systems calcium carbonate 

and calcium sulfate. The salt concentrations were chosen according to the experiments in the 

heat exchanger test cells. The boundary conditions were chosen to ensure that the wall temper-

atures were as high as possible to accelerate fouling. Consequently, low Reynolds numbers on 

the solution side and high fluid temperatures were chosen. However, the good heat transfer with 

PHE results in high temperature differences at the plate surfaces. In Tab. 4.1, the mean value is 
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given as 51.1, but the actual temperatures vary according to the model from Section 3.2.3 be-

tween 45.3 °C and 56.3 °C. 

 

Fig. 4.15: Fouling resistance curves; Exp. 15 &16. Ntp = 3. 

An eminent difference can be observed between the two model salts. Whereas calcium car-

bonate shows almost no deposition tendency, very high fouling resistances are formed after an 

induction phase when using calcium sulfate. At the start of both experiments, the fouling re-

sistances fluctuate around 0 m²K/W or even decrease to negative values. In the experiment 

carried out with calcium carbonate, however, the fouling resistance does not increase to positive 

again in the period investigated, which speaks for extremely slow kinetics for the selected ex-

perimental conditions. After 65 h, the heat transfer coefficient exceeds the initial one by 1.3 %. 

Due to the already extremely selected test conditions, i.e., aiming at high temperatures (higher 

temperatures are not possible due to the use of PP as composite matrix) combined with mini-

mum plate spacing (there are contact points between the individual plates), a tendency to CaCO3 

fouling is therefore not given. In the case of CaSO4 fouling, on the other hand, there is an in-

creasing rise in the fouling resistance after a delay time of 20 h. Here, the fouling curve does 

not conform to one of the typical four patterns [87]: linear, falling rate, asymptotic and saw 

tooth type, but appears to be self-reinforcing. After 85 hours, this results in a performance re-

duction of 21%, with an increasing trend. An examination of the fouling layers, illustrated in 

Fig. 4.16, shows the reason for the self-reinforcing trend. 
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(a) (b) (c) 

Fig. 4.16: Visualization of CaSO4 crystallization fouling on the heat transfer surface in the (a) inlet; (b) 

middle; (c) outlet region. 

Some parts of the channels, especially at the outlet, are blocked by the deposits, as a result a 

part of the heat transfer surface is no longer available for heat transfer. However, since large 

parts of the heat transfer area seem to be unaffected by fouling after a test period of 85 h, this 

rather suggests a poorly designed inlet and outlet region (flow distributor) of the PHE, than the 

unsuitability of the polymer composites in fouling prone systems. Bansal et al. [97] were able 

to show, for example, that a well-designed inlet and outlet region leads to higher heat fluxes at 

simultaneously lower susceptibility to fouling because of the generation of an improved flow 

distribution. Therefore, a proper design of the flow distributor is crucial to exclude flow mal-

distribution and dead zones and thus to minimize fouling.  

In order to verify whether the cause of the fouling tendency in the developed PHE is due to 

flow maldistributions, CFD simulations are conducted. Hence, Fig. 4.17 shows the simulated 

residence time distribution in the affected PHE channel. 

 

Fig. 4.17: Particle residence time in a PHE channel; 165 Particles.  

It is immediately apparent that the fluid residence time is longest in the region most affected by 

fouling. Furthermore, dead zones appear in the corners of the flow domain, which are also af-

fected by fouling. In addition, parts of the fouling layer cannot be removed due to insufficient 
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local flow velocities. The self-cleaning effect described above thus does not occur. A longer 

local residence time of the fluid as well as dead zones favor higher bulk and consequently wall 

temperatures, which are mainly responsible for crystallization fouling of inverse soluble salts. 

Therefore, Fig. 4.18 shows the simulated wall temperatures along with the precipitations on the 

plate. 

  

(a) (b) 

Fig. 4.18: Visualization of the correlation between simulated wall temperature and scaling. (a) Deposits 

formed in the experiment. (b) Simulated wall temperatures. 

The comparison of the plate affected by fouling with its surface temperature (in the clean state) 

shows a very clear correlation between high temperatures and crystallization fouling. Whether 

the design of the PHE plate alone determines whether scaling layers form on the polymer com-

posites cannot be stated with certainty at this point. However, the results suggest that the plate 

geometry (especially the flow distributors) should be redesigned, with the aim of a more uni-

form flow and consequently temperature profile to further reduce fouling. 

The comparison of the results in Fig. 4.15 with conventional martials is difficult since identical 

plate geometries would be necessary. However, a qualitative comparison will be attempted at 

T /  C

70

40



 

98 

 

this point. There are several publications dealing with fouling processes with CaSO4 or CaCO3 

in PHEs [97,118,119]. The plate geometry is always similar to the one investigated here (chev-

ron type, same corrugation angle, similar enlargement factor). However, due to lower material 

thicknesses and the use of metallic heat exchangers, it is likely that higher temperatures are 

present on these heat exchange surface, which accelerates fouling processes. The higher Reyn-

olds numbers of these investigations, on the other hand, ensure lower fouling susceptibilities 

because of decreased surface temperatures. Even if higher fouling resistances are usually 

formed in the publications listed than on the plates investigated here, this cannot be directly 

equated with lower fouling susceptibility of the polymer composites. However, it is remarkable 

that parts of the surfaces investigated here remain completely free of fouling (see Fig. 4.16), 

which is not the case in the publications listed when pronounced fouling occurs. This could be 

an indication of the advantage of polymer composites over metallic materials in terms of fouling 

susceptibility. A result that could already be shown for flat plates. 

4.3.3 Performance comparison considering fouling effects 

So far, all considerations in this chapter have been made only with respect to thermal fouling 

resistances and deposited masses. To get a better sense of the performance reduction properties 

of scaling layers, the results of the fouling experiments are implemented below in the model 

from Section 3.2.3, extended with Eq. 4.6. The considerations here refer only on the asymptotic 

fouling resistances and are of a hypothetical character. Fig. 4.19 shows the simulations from 

Fig. 3.28 extended by fouling resistances measured in the experiments. The highest asymptotic 

fouling resistances measured in the heat transfer test cells (HX1 and HX2) were implemented 

for both calcium carbonate and calcium sulfate fouling. 



 

99 

 

 

Fig. 4.19: Simulated U values for constant Reynolds numbers; Rec = Reh; Geometry parameters accord-

ing to Tab. 3.4; Nusselt correlation according to Wanniarachchi. Straight lines correspond to 

to CaCO3 fouling resistances (Fig. 4.12). Dashed lines correspond to CaSO4 fouling re-

sistances (Fig. 4.13). 

Since the SS surface is more affected by fouling, there is a decrease in the performance differ-

ence between the composite and SS for CaCO3 fouling. At high Reynolds numbers (Re = 8000), 

the U value of the polymer composite increased from 20.5% to 50.9% compared to SS. Thus, 

in this scenario, oversizing of the SS heat exchanger would be necessary to compensate for the 

reduction in performance due to the fouling layer, but not with a C143-75 heat exchanger. With 

the knowledge in mind that the composites have a much lower density than SS, the composite 

would be advantageous for the same material weight usage. In fact, consideration of CaSO4 

fouling shows that fouling can provide such a severe limitation of heat transfer that the polymer 

composite surface, which is less affected by fouling, performs better than SS at long operating 

times. In this scenario, C143-75 outperforms SS by up to 23.4 % regarding U. As already men-

tioned, the observations made here are of a theoretical character. However, on the basis of the 

experimental results of the fouling tests carried out, there is a justified assumption that the pol-

ymer composites also have a very low susceptibility to fouling in the plate heat exchanger and 

can outperform conventional materials in this respect. 
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5 Conclusions 

The use of heat exchangers in corrosive environments usually forces plant operators to rely on 

expensive materials such as high alloy steels, titanium, or synthetic graphite. The underlying 

corrosion resistance of the polymer composite PHEs presented in this thesis, coupled with low 

raw material costs and manufacturing processes, makes them a viable alternative for these type 

of heat exchangers. The range of applications can be extended by using different polymers as 

matrix. For example, a polypropylene-based heat exchanger could be used for temperatures up 

to 90 °C and a polyphenylene sulfide-based heat exchanger for temperatures up to at least 

150 °C. The manufacturing of highly filled thermoplastic graphite composites can compensate 

for many of the disadvantages of pure polymers for the use in heat exchangers, which makes 

their use as thermal plates in PHEs conceivable in the first place. 

The filler provides a mechanically more stable, stiffer material. The elastic modulus increases 

by approx. 500 % compared to pure polymer when polypropylene is used as matrix material. 

Simultaneously, the elongation at break decreases to less than 1 %. In addition, the contact 

points in plate heat exchangers between the individual plates at minimum plate spacing ensure 

the necessary mechanical stability over a wide pressure range of the materials that are otherwise 

less stable than metals. 

The increase in thermal conductivity due to the use of graphite as filler is further enhanced by 

the embossing process, which according to model data results in an increase in thermal conduc-

tivity of up to 20 % compared to the non-embossed sheet. Still, due to the anisotropic character 

of the graphite particles, only effective thermal conductivities up to 2.4 W/mK are achieved. 

Due to the significantly lower density, the composite materials enable the realization of large 

heat transfer surfaces at the same heat transfer weight compared to metallic PHEs, which com-

pensates to a considerable degree for their lower thermal conductivity. 

In systems susceptible to crystallization fouling the use of the developed polymer composites 

resulted in significantly reduced fouling proneness compared to stainless steel (SS) when bub-

ble formation was avoided. This can be achieved by degassing the fluids used, sandblasting the 

surfaces of the polymers (which creates a superhydrophobic surface and prevents bubble adhe-

sion), or creating turbulences on the surfaces. The latter is achieved, for example, simply by the 

characteristics of PHEs. The reduced fouling susceptibility of the polymer composites is shown 

by means of 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 
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of larger fouling layers on the metal. 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 technical processes. However, the requirement for this is an appropriate design 

of the flow distributors, the inlet section of the thermal plates, since the formation of dead zones 

or poorly perfused parts in the PHE can cause the formation of deposits even when fouling 

resistant materials are used. 

Overall, this thesis provides a promising basis for optimized future designs of efficient, corro-

sion resistant and cost-effective polymer composite based plate heat exchangers especially for 

industrial applications in corrosive or metal free environments. 
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6 Outlook 

Future work should address two main areas. First, the improvement of the performance of the 

polymer composite plate heat exchangers to broaden their scope and consequently maximize 

their applicability. Secondly, the precise characterization of their operating range in terms of 

thermal and mechanical parameters, to promote their use in industrial applications. 

With regard to improving performance, a distinction must be made between material technol-

ogy and design optimization. Any increase in thermal conductivity of the materials will have a 

very strong impact on the performance of the PHE. Therefore, further material formulations 

and possibly an alignment of the graphite particles should be considered. Especially the latter 

approach may result in a significant increase in through-plane thermal conductivity based on 

the discussion in Chapter 2, but possibly at the expense of the price of the final product. Design 

optimization must aim at maximum mechanical stability as well as uniform flow distribution in 

the fluid channels of the PHE, to avoid fouling as effectively as possible. The main task in this 

respect is the design of the flow distributors, which should be CFD-aided designed. The periph-

eral regions where the clamping bolts are placed are also critical, as high stresses act on the 

material there, which is why great attention should also be paid to optimizing the clamping of 

the PHE. 

To enable the use of novel heat transfer materials, their application limits must be precisely 

defined. These include the operating temperature, maximum absolute pressures, maximum 

pressure differences (in accordance with pressure equipment directives), and the definition of 

chemical resistances. In order to achieve these objectives, a large number of time-intensive load 

tests are still necessary, since these must also cover long-term behavior (creep behavior, alter-

nating loads, material fatigue) at various temperatures. Only this will enable the safe and effec-

tive use of polymer composite PHEs in industrial applications. 
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A Appendix Measurement and Simulation Data 

Plate heat exchanger measurement data 

Tab. A.1: Experimentally determined overall heat transfer coefficients for the operating conditions 

given in Tab. 3.2. PP-G. Parallel flow. s = 2 mm. 

U 

kW/m²K 

BU,95 % 

kW/m²K  

Q 

W 

BQ,95 % 

W 

Reh 

- 

Rec 

- 

Th,in 

°C 

Tc,in 

°C 

Ntp 

- 

752 10.81 298.8 4.16 810.9 821.7 80.1 40.1 1 

751 52.14 301.2 20.89 816.7 980 80.1 40 1 

773.3 101.8 309.2 40.68 778.7 1207 80 40.1 1 

784.9 48.72 316.7 19.66 820.1 1406 80.1 40 1 

797.2 99.01 320.9 39.81 818.2 1606 80 40.1 1 

771 13.03 308.1 5.161 1002 818.8 79.9 40.1 1 

797.4 8.543 318.4 3.364 987.8 999.4 79.6 40 1 

809 8.157 324.6 3.256 989.1 1201 79.6 40 1 

817.7 9.883 329.8 3.869 1005 1416 79.6 40 1 

821.5 10.55 332.3 4.145 1016 1608 79.6 40 1 

779.8 16.35 315.6 6.641 1222 817.5 79.9 40 1 

807.5 8.865 327.7 3.533 1220 999.8 79.8 40 1 

816.1 8.044 332.5 3.244 1211 1201 79.8 40 1 

824.1 14.11 337.0 5.757 1207 1416 79.8 40 1 

828.8 11.07 339.5 4.512 1208 1605 79.8 40 1 

790 11.8 320.2 4.79 1428 818.8 80 40.2 1 

811 8.841 332.2 3.586 1420 999.6 79.9 40 1 

818.6 10.06 336.8 4.1 1410 1202 79.9 40 1 

826.2 10.95 341.4 4.5 1416 1416 79.9 40 1 

832.9 13.23 344.3 5.481 1390 1603 79.9 40 1 

794.8 14.72 324.5 6.016 1625 822.3 80 40.1 1 

810.9 8.528 334.8 3.48 1625 999 80 40 1 

821.2 9.74 340.4 4 1605 1202 80 40 1 

828.7 12.06 344.8 4.982 1587 1414 80 40 1 

841.6 17.81 350.9 7.433 1636 1611 80 40 1 

 

  



 

D 

 

Tab. A.2: Experimentally determined overall heat transfer coefficients for the operating conditions 

given in Tab. 3.2. PP-G. Countercurrent flow. s = 2 mm. 

U 

kW/m²K 

BU,95 % 

kW/m²K  

Q 

W 

BQ,95 % 

W 

Reh 

- 

Rec 

- 

Th,in 

°C 

Tc,in 

°C 

Ntp 

- 

763.3 25.43 230.6 7.653 823.1 808.5 70.1 40 1 

762 9.321 231.5 2.81 806.4 997.7 70.1 40 1 

789.8 9.946 239.5 2.996 805 1189 69.9 40 1 

809.2 10.5 245.9 3.166 806.6 1408 70 40 1 

823.9 11.52 251.2 3.489 806 1607 70 40 1 

779.8 12.43 237.3 3.756 1000 808 70 40 1 

805.4 24.83 245.4 7.545 999.2 997 70 40 1 

804.8 10.58 247.4 3.207 1001 1187 70 40 1 

816.6 10.57 250.9 3.165 979.2 1407 70 40 1 

841.5 11.55 259.1 3.528 998.3 1607 70 40 1 

778.6 12.03 238.4 3.653 1188 809.8 70 40 1 

783.5 9.944 241.6 3.022 1193 995.8 70 40 1 

818.4 21.9 253.3 6.742 1212 1191 70 40 1 

821.8 10.11 255 3.105 1197 1407 70 40 1 

845.9 11 263 3.39 1195 1606 70 40 1 

785.1 12.14 242.3 3.716 1421 812.4 70 40 1 

786.9 9.834 244.2 3.029 1421 994.7 70 40 1 

809.5 10.8 252 3.321 1383 1187 70 40 1 

835.4 11.01 261.3 3.424 1419 1407 70 40 1 

850.6 11.57 266.1 3.585 1393 1606 70 40 1 

788.4 12.34 244.3 3.786 1606 814 70 40 1 

791.1 17.03 246.9 5.268 1596 992.1 70 40 1 

811.3 9.545 254.3 2.967 1609 1217 70 40 1 

824 11.32 259 3.528 1607 1404 70 40 1 

854.6 11.39 269 3.541 1594 1605 70 40 1 

755.5 9.805 301 3.764 832.2 809.5 79.9 40 1 

759.7 12.01 305.2 4.74 815.9 1009 80 40 1 

761.8 12.1 307.2 4.805 814.9 1207 79.9 39.9 1 

775.8 9.459 313.4 3.801 817.9 1398 80 40 1 

791.5 10.82 319.9 4.142 800.5 1598 80 40 1 

776.8 14.64 312.9 5.827 993.4 816 80 39.9 1 

787.5 9.419 318.4 3.743 991.4 1011 79.9 40 1 

776.8 13.35 316.9 5.401 996.2 1208 80 39.9 1 



 

E 

 

U 

kW/m²K 

BU,95 % 

kW/m²K  

Q 

W 

BQ,95 % 

W 

Reh 

- 

Rec 

- 

Th,in 

°C 

Tc,in 

°C 

Ntp 

- 

791.8 9.668 323.3 3.926 992.6 1399 80 40 1 

810 11.21 331.4 4.468 1010 1598 80 40 1 

783.2 13.53 318.7 5.484 1210 818.4 80 39.9 1 

792.1 12.64 323.9 5.123 1204 1006 80 40 1 

802.9 10.74 329.7 4.386 1209 1210 80 40 1 

800.6 10.12 330.1 4.15 1209 1401 80 40 1 

819.2 10.1 338.7 4.16 1210 1600 80 40 1 

791.8 13.34 323.5 5.428 1396 820.9 80 40 1 

798.5 12.38 328.5 5.064 1402 1006 80 40 1 

789 11.4 326.8 4.697 1420 1212 80 40 1 

814.8 9.999 337.9 4.125 1426 1410 80 40 1 

834.2 10.51 347 4.35 1422 1601 80 40 1 

797.2 13.38 327.4 5.478 1610 820.9 80 40 1 

804.5 14.01 332.9 5.782 1609 1005 80 40 1 

804.2 11.32 334.7 4.679 1609 1213 80 40 1 

809.3 10.67 337.8 4.43 1608 1402 80 40 1 

826.1 11.3 345.1 4.705 1641 1606 80 40 1 

644.7 17.72 503.8 12.55 407.3 389.6 70 40 3 

692.9 16.58 577.4 13.46 598.5 600.9 70 40 3 

737.7 9.772 637.5 7.94 813.3 804.9 70 40 3 

739.4 8.47 654.7 7.227 978.6 995.4 70 40 3 

763.6 10.56 688.9 9.146 1206 1192 70 40 3 

773.5 13.67 707.5 12.09 1415 1401 70 40 3 

592.6 7.857 689.7 7.344 266 266.8 70 40 5 

679.7 8.736 908.8 10.43 547.8 535.9 70 40.1 5 

710.7 8.671 1007 11.52 792.5 794.7 70 40.1 5 

731.3 10.37 1072 14.57 1049 1067 70 40.1 5 

568.8 17.06 1105 26.34 210.5 204.1 80 40.1 7 

611.7 14.43 1297 24.3 411.1 209.3 80 40.1 7 

622.4 19.94 1367 34.54 607.9 210.9 79.9 40.1 7 

599.4 7.776 1246 13.52 215.2 410.3 80 40.1 7 

659 8.104 1501 16.44 396.8 399.2 80 40 7 

642.8 10.66 1552 22.38 588.3 398.3 80 40 7 

 

 



 

F 

 

U 

kW/m²K 

BU,95 % 

kW/m²K  

Q 

W 

BQ,95 % 

W 

Reh 

- 

Rec 

- 

Th,in 

°C 

Tc,in 

°C 

Ntp 

- 

669.6 10.6 1644 23.8 587.1 599 79.4 40 7 

543.8 18.99 813.4 23.96 193.8 204.4 69.9 40 7 

603.3 20.93 979.2 30.71 397.1 207.9 70 40 7 

561.9 15.85 970.4 22.34 615 210.4 70 40.1 7 

658.6 14.61 1008 13.1 207.5 398.8 69.9 40 7 

673.3 14.51 1168 21.95 393.9 408.7 70 40.1 7 

692.9 19.23 1256 30.38 607.7 401.8 70 40.1 7 

658.7 9.676 1043 12.46 212 597 69.9 40 7 

686.4 8.663 1226 13.63 393.9 600.3 70 40.1 7 

697.8 12.39 1314 21.28 605.6 589.9 70 40.1 7 

 

Tab. A.3: Experimentally determined overall heat transfer coefficients for the operating conditions 

given in Tab. 3.2. PPS-G. Countercurrent flow. 

U 

kW/m²K 

BU,95 % 

kW/m²K  

Q 

W 

BQ,95 % 

W 

Reh 

- 

Rec 

- 

Th,in 

°C 

Tc,in 

°C 

Ntp 

- 

s 

mm 

638.5 15.68 188.3 4.596 612.7 598.1 69.9 40.2 1 2.5 

696.5 11.03 209.7 3.311 809.2 795.6 70 40.2 1 2.5 

718.7 11.83 219.7 3.6 1001 997.2 70 40.2 1 2.5 

734.6 8.673 227.4 2.669 1187 1210 70 40.2 1 2.5 

746 9.597 233.3 2.973 1415 1415 70 40.2 1 2.5 

755.8 10.94 238.1 3.431 1610 1615 70 40.2 1 2.5 

1284 28.63 345.4 7.582 589.2 611.7 69.9 39.8 1 0.85 

1595 32.45 433.7 8.685 789.5 795.8 70 39.9 1 0.85 

1689 26.1 473.2 6.794 999 995.5 70 39.9 1 0.85 

1741 18.16 499.8 4.852 1201 1203 70 39.9 1 0.85 

1771 17.18 517.4 4.885 1390 1400 70 39.9 1 0.85 

1804 18.25 533.5 5.244 1580 1603 70 39.9 1 0.85 

 

Tab. A.4: Experimentally determined overall heat transfer coefficients for the operating conditions 

given in Tab. 3.2. PP-G degassed. Countercurrent flow. s = 2 mm. 

U 

kW/m²K 

BU,95 % 

kW/m²K  

Q 

W 

BQ,95 % 

W 

Reh 

- 

Rec 

- 

Th,in 

°C 

Tc,in 

°C 

Ntp 

- 

502.2 18.08 770.7 24.55 190.5 203.1 70 40 7 



 

G 

 

651.8 18.06 1032 27.12 395.1 208.6 70 40 7 

661 17.57 1090 27.77 602.1 209.8 70.1 40 7 

587 13.27 922.1 13.09 196.4 394.3 70 40.1 7 

610.4 160.1 994.8 204 262.8 395.5 69.9 40 7 

681.1 8.455 1241 13.5 600.1 400.5 70 40.1 7 

443.8 8.997 775.1 12.7 197.1 597 70 40.1 7 

631.4 7.935 1149 13.19 399.3 603.8 70 40.1 7 

655 7.739 1253 13.46 607.5 605.5 70.1 40.1 7 

 

  



 

H 

 

Simulation results 

Tab. A.5: Simulated convective heat transfer coefficients and Nusselt numbers. Two lines represent one 

configuration (hc and hh, respectively). 

h 

kW/m²K 

Nu 

- 

s 

mm 

λW 

W/mK 

Re 

- 

Pr 

- 

Tref 

°C 

ΔT 

°C 

Ntp 

- 

12.885 53.69 0.25 16.2 1000 4.58 40.81 20 4 

9.606 40.02 0.25 16.2 1000 3.32 59.44 20 4 

8.822 36.76 0.25 16.2 500 4.58 41.17 20 4 

6.519 27.16 0.25 16.2 500 3.32 59.21 20 4 

12.915 53.81 0.25 16.2 1000 4.58 41.17 30 4 

8.835 36.81 0.25 16.2 1000 2.88 69.05 30 4 

19.232 80.13 0.25 16.2 2000 4.58 40.51 20 4 

14.925 62.19 0.25 16.2 2000 3.32 59.64 20 4 

8.716 36.32 0.25 16.2 500 4.58 41.35 20 4 

10.652 44.38 0.25 16.2 1000 3.32 59.04 20 4 

8.660 36.08 0.25 16.2 500 4.58 41.53 20 4 

14.920 62.17 0.25 16.2 2000 3.32 59.74 20 4 

13.014 54.22 0.25 16.2 1000 4.58 40.69 20 4 

6.478 26.99 0.25 16.2 500 3.32 59.10 20 4 

12.838 53.49 0.25 16.2 1000 4.58 40.94 20 4 

14.882 62.01 0.25 16.2 2000 3.32 59.69 20 4 

19.392 80.8 0.25 16.2 2000 4.58 40.36 20 4 

6.479 26.99 0.25 16.2 500 3.32 59.01 20 4 

19.361 80.67 0.25 16.2 2000 4.58 40.44 20 4 

9.612 40.05 0.25 16.2 1000 3.32 59.37 20 4 

12.922 53.84 0.25 16.2 1000 4.58 41.53 40 4 

8.268 34.45 0.25 16.2 1000 2.53 78.60 40 4 

14.433 60.14 0.25 16.2 1000 5.55 31.89 60 4 

7.796 32.48 0.25 16.2 1000 2.27 87.66 60 4 

14.762 61.51 0.25 1.13 1000 4.58 40.21 20 4 

10.596 44.15 0.25 1.13 1000 3.32 59.85 20 4 

12.309 51.29 0.25 100 1000 4.58 41.05 20 4 

9.333 38.89 0.25 100 1000 3.32 59.27 20 4 

11.756 48.99 0.25 16.2 1000 3.87 50.90 20 4 

8.844 36.85 0.25 16.2 1000 2.88 69.39 20 4 

 



 

I 

 

h 

kW/m²K 

Nu 

- 

s 

mm 

λW 

W/mK 

Re 

- 

Pr 

- 

Tref 

°C 

ΔT 

°C 

Ntp 

- 

10.746 44.78 0.25 16.2 1000 3.32 60.98 20 4 

8.283 34.51 0.25 16.2 1000 2.53 79.34 20 4 

17.593 58.64 0 16.2 1000 4.58 41.09 20 4 

13.223 44.08 0 16.2 1000 3.32 59.29 20 4 

8.177 54.51 1 16.2 1000 4.58 40.90 20 4 

6.088 40.58 1 16.2 1000 3.32 59.41 20 4 

9.989 49.95 0.5 16.2 1000 4.58 40.85 20 4 

7.995 39.97 0.5 16.2 1000 3.32 59.46 20 4 

5.757 57.57 2 16.2 1000 4.58 40.89 20 4 

4.389 43.89 2 16.2 1000 3.32 59.42 20 4 

11.696 48.73 0.25 16.2 1000 4.58 40.85 20 6 

9.915 41.31 0.25 16.2 1000 3.32 59.26 20 6 
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