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ABSTRACT 

This Ph.D. thesis is focused on theory and experimental investigations developing of new 

knowledge about polymeric hollow fiber heat exchanger (PHFHE). The state-of-the-art study 

of plastic heat exchangers shows that their usage is limited by several niches where their 

advantages significantly dominates, or where the use of non-plastic competitors is not 

impossible. On the other hand, plastic heat exchangers (and PHFHEs in particular) are devices 

of increasing interest. It is shown that use of small tubes (fibers) allows PHFHEs to be more 

competitive than conventional plastic heat exchangers. Small hydraulic diameter of a fiber 

causes high heat transfer coefficients, reduces thermal resistance of plastic wall and allows it 

to create light and compact design. 

Detailed study of fluid flow and heat transfer inside the hollow fiber showed that 

conventional approaches for single-phase laminar flow can be utilized. Poiseuille number 

equal to 64 and Nussel number about 4 are recommended to be used to predict pressure drops 

and heat transfer coefficient, respectively. Additional attention should be paid to careful 

determination of fiber diameter and liquid properties (viscosity). Scaling effects, such as axial 

heat conduction, thermal entrance region and viscous dissipation can be neglected. 

The study of outside heat transfer showed that heat transfer on fiber bunches are intense 

and are competitive to contemporary compact finned-tube heat exchangers. The Grimson 

approach showed clear correlation with experimental results and, thus is recommended to 

predict heat transfer coefficients on fiber bunches. 

Two types of fouling (particulate- and biofouling) of outer fiber surface were 

experimentally studied. It was found that particulate fouling by titanium oxide particles is not 

intense and deposits can be removed relatively easy. However, fouling is much more intense 

when it is associated with biofouling caused by wastewater. In this case, smooth and low-

adhesive surface of plastic is not sufficient precaution to prevent deposit formation. 
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INTRODUCTION 

Conventional heat exchangers are made of metals; the most widely used are copper, 

aluminium and steel. However, some special applications require heat exchangers which are 

resistant to chemicals and corrosion so plastics were chosen as a convenient material. They 

are light, chemically resistant and cheaper than corrosion-resistant alloys. Except corrosive 

applications, plastic heat exchangers are also used in several other fields such as low-

temperature water heating, automotive and aerospace industry, food processing industry, 

biotechnology, etc. 

Polymeric hollow fiber heat exchanger (PHFHE) were proposed about two decades ago. 

Small diameter of the hollow fibers is the basis to make a heat exchanger with high 

characteristics because it reduces thermal resistance of the polymer wall, causes high 

convective heat transfer coefficients and provides possibility to achieve a high ratio of 

compactness. Also worth noting that different types of hollow fibers are commercially 

available; however, PHFHEs are not produced commercially. It can be explained by the fact 

that available hollow fibers are not intended to heat transfer applications and are relatively 

expensive. The connection of hundreds and even thousands of fibers in one heat transfer 

element is not a simple task too. Furthermore, PHFHEs should be designed taking into 

account the peculiarity of hollow fibers. A conventional heat exchanger design theory can be 

applied, but is not completely sufficient and several questions require additional study. This 

work is intended to choose or develop sufficient approaches for modelling fluid flow and heat 

transfer in PHFHEs studied in Heat Transfer and Fluid Flow Laboratory (HeatLab). 

Particularly, the following questions are considered as important for the project and will be 

studied in the thesis:  

● analysis of single-phase fluid flow and heat transfer of liquid inside of 

polymeric hollow fiber 

● heat transfer on the bunch of straight hollow fibers 

● particulate and biological fouling of polypropylene hollow fibers  
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1 POLYMERIC HOLLOW FIBER HEAT EXCHANGERS 

1.1 Properties of PHFHE Related to Polymeric Material 

PHFHE is characterized by two main features: fibers are made of polymeric material; fiber 

diameter is small. These two features outline the advantages and drawbacks of PHFHE 

compared with conventional metal heat exchangers. Polymer materials have the following 

advantages: light weight; excellent chemical resistance; the smooth and hydrophobic surface; 

polymers are easier to shape, form and machine than metals; flexibility; non-toxic and 

chemically neutral; can be blended with fillers; environmentally friendly and low-price.  

However, use of polymeric material is associated with several complications and 

drawbacks. Polymer’s thermal conductivity is low, as usual 0.1- 0.4 W/m K which is 100-300 

times lower than of metals. It considerably limits use of polymers for heat exchange 

equipment because of the thermal resistance of polymeric wall significantly decreases heat 

transfer. Conventional polymers have relatively lower mechanical strength and temperature 

resistance. High thermal expansion of polymers creates some difficulties in design, but can be 

considered as a positive factor because it improves the resistance to fouling. Moreover, 

degradation of polymeric material, change in the properties under the influence of 

environmental factors such as heat, light, chemicals etc., should be observed. 

1.2 Small Diameter of Hollow Fiber as a Key of High Thermal Performance 

Feasibility of use of hollow fibers of a small diameter is the main question which should 

be answered. Nowadays miniaturization and decrease of hydraulic diameter of heat exchanger 

is world-wide tendency [1] and we will consider fibers as tubes with diameter 0.4 – 2.0 mm. 

As it was mentioned above polymer’s thermal conductivity is low and thus wall thermal 

resistance significantly limits heat transfer. It is evident that the value of wall thermal 

resistance can be decreased by the increase of wall material thermal conductivity, by 

reduction of outer diameter or diameter ratio (wall thickness): 

𝑅𝑤 ↓=
𝐷𝑜↓

2𝑘↑
ln (

𝐷𝑜

𝐷𝑖
↓)         (1) 

Now we will show how the thermal conductivity influences heat transfer. Results show 

(see Fig. 1) that thermal conductivity of material has a significant influence on resulting 

OHTC. PP with enhanced thermal conductivity (k = 1.7 W/m K) causes rise of OHTC 

approximately two times (from 1000 to 2200 W/m
2
 K) comparing to basic PP material. 



 Doctoral Thesis        Ilya Astrouski 

3 

 

 

 

Fig. 1 Overall HTC vs water velocity 

Fiber diameter has a strong influence on convective heat transfer. Fig. 2 shows influence 

of diameter on the HTC for the case of air flowing across a cylinder. HTCs are calculated 

based on the Zukauskas equation [2] for different velocities. Fig. 3 shows the influence tube 

diameter on the convective HTC for water flowing inside the fiber. The change of the curves 

character corresponds to change of the flow regime from turbulent (right plateau on graph) to 

laminar (the left part). The Blausius equation was used to calculate the inside Nusselt for 

turbulent regime [2]; and the Hickman equation (Equation 9) is used for laminar regime [3].  

 

Fig. 2 Outside HTC vs fiber diameter. External flow of air (20 °C) across a circular tube. 

HTCs are calculated for different diameters (0.1-10 mm) and air velocity (1-20 m/s). 
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Fig. 3 Inside HTC vs fiber diameter. Internal flow of water (20 °C) within a circular tube. 

HTC values for different diameters (0.1-10 mm) and velocity (0.05-2 m/s) 

1.2.1 Compactness 

Another feature of PHFHEs is a possibility to achieve high compactness of design because 

of a large heat transfer area can be obtained in small volume. This can be explained by the 

fact that a surface area of an object can be estimated proportional to the square of its size; and 

its volume is proportional to the cube of its size. Thus, surface to volume ratio can be 

increased by a simple decrease of characteristic dimension. Let’s consider typical in-line and 

staggered patterns of tube bundles. Fig. 4 shows that heat transfer surface made of fibers with 

diameter smaller than 1 mm is compact for both gas-side and liquid-side applications [1]. 

 

Fig. 4 Surface area density vs diameter  
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2 HEAT TRANSFER AND FLUID FLOW INSIDE OF FIBER 

2.1 Theoretical Consideration  

A polymeric hollow fiber is a tube of small diameter (smaller than 1 mm) and can be 

classified as a microchannel [4]. It was observed that, in order to study the forced convection 

of liquids in a laminar regime, a common theoretical basis for macro- and micro-flows could 

be used; nevertheless, certain effects can be of differing importance for micro-systems when 

compared to macro-systems. These effects were called "scaling effects" and the following 

definition was used: “Scaling effects are those influences that can be neglected in the original 

scales but become important in different (larger or smaller) scales”. Based on the works of 

Herwig, Yarin and Morini [4, 5, 6] we can identify the following "scaling effects" for single-

phase laminar flow in a microchannel: axial heat conduction, viscous dissipation, variable 

property effects, effect of the thermal entrance region and wall roughness.  

2.1.1 Axial heat conduction in liquid, wall and combined axial heat conduction 

Axial conduction in the fluid was studied in detail in [5]. According to [7], Mcr = 0.01 can 

be applied and the following inequality was proposed to estimate the length at which the axial 

conduction should be considered: 

𝑥

𝑟𝑖
𝑃𝑒 ≤ 20          (2) 

where 𝑃𝑒 = 𝑅𝑒 ∙ 𝑃𝑟 is Peclet number, x is the axial coordinate and ri is the hydraulic radius. 

Axial conduction in the wall of mini- and microchannels was investigated in detail in [8]. 

The following criterion was proposed to estimate axial conduction in the walls: 

𝑀 = (
𝑘𝑤

𝑘𝑓
) (

𝐷𝑜
2−𝐷𝑖

2

𝐷𝑖𝐿
) 

1

𝑃𝑒
> 10−2        (3) 

where 𝑘𝑤, 𝑘𝑓 – are thermal conductivities of wall and fluid; 𝐷𝑜, 𝐷𝑖, L is outer, inner diameters 

and microchannel length. This inequality was recommended as well in [6] and [10]. The 

combined axial conduction problem was discussed in [5]. 

2.1.2 Viscous dissipation. 

Under some conditions, the heat released due to viscous dissipation leads to a drastic 

change of flow and the temperature field: in particular, it leads to flow instability, transition to 

turbulence, oscillatory motions, etc. [5]. Detailed discussion of this effect can be found in [5, 
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6, 11]. According to [6], the viscous dissipation effects in adiabatic micro-channels cannot be 

neglected if the following condition is satisfied: 

4
𝐸𝑐

𝑅𝑒
[𝑓𝑅𝑒𝐿∗] ≥ 1          (4) 

where 𝐸𝑐 = 𝑢2 (2𝑐𝑝∆𝜃𝑟𝑒𝑓)⁄  is the Eckert number, 𝐿∗ = 𝐿/𝐷𝑖 is a dimensionless micro-

channel length and ∆𝜃𝑟𝑒𝑓 is a reference temperature rise. Po = f Re equal to 64 can be used in 

the case of developed laminar flow in circular channels. 

2.1.3 Variable property effect. 

A hollow fiber is a long microchannel and large temperature gradients can occur along its 

length, causing large property gradients. Thus, liquid properties should be carefully 

considered to avoid associated errors. Small density variations have no significant influence 

on other effects and liquid density can be considered constant. Thermal capacity and thermal 

conductivity strongly influence heat transfer but the change of these properties with 

temperature is not very pronounced. Thus, these liquid properties can be assumed constant 

except in some special cases. On the other hand, liquid’s viscosity has very strong dependence 

on temperature and viscous forces play an important role at microscale. For example, water 

viscosity changes more than twice for a temperature change from 20 ºC to 60 ºC. 

2.1.4 Thermal entrance region effect. 

The thermal entrance region is a microchannel inlet section where the liquid temperature 

profile develops. It is associated with higher temperature gradients between the wall and fluid 

and higher Nusselt numbers compared to the thermally fully developed region. The thermal 

entrance region length can be estimated by the Graetz number (thermally fully developed 

profile is achieved when Gz < 10 [10]): 

𝐺𝑧 =  
𝐷𝑖

𝐿
𝑅𝑒𝑃𝑟           (5) 

2.1.5 Influence of wall roughness. 

The role of surface roughness on fluid flow and heat transfer in micro-channels has been 

emphasized by several authors. According to [11], tubes can be considered smooth or rough 

depending on roughness size. The authors proposed the following equation to estimate the 

boundary that subdivides the flow in smooth and rough channels: 

𝑘𝑠

𝑟𝑖
=  

5

1.41𝑅𝑒1 2⁄           (6) 
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where 𝑘𝑠 – height of roughness, 𝑟𝑖 – microchannel radius. Our studies showed that fiber 

internal surface is smooth (see Fig. 5), with relative roughness less than 0.002. Such a low 

roughness does not influence fluid flow and heat transfer.  

  

Fig. 5 Images of PP hollow fiber surface made by electronic microscopy: (a) the outer 

fiber surface x100 magnification; (b) the outer fiber surface x15000 magnification. 

The surface is smooth, without any defects; the absolute roughness is less than 1 μm. 

2.2 Prediction of the Pressure Drops 

As it was mentioned above, hollow fibers can be considered as smooth microchannels and 

conventional Poiseuille number Po = 64 can be used to calculate pressure drop. Thus, 

pressure drop (along the fiber, due to the viscous friction, excluding pressure drops of fiber 

inlet/outlet) can be expressed as: 

∆𝑝𝑖𝑡 =
128∙𝜇𝑎𝑣∙𝑙∙𝑄𝑓,𝑡

𝜋∙𝐷𝑖
4∙𝑁

          (7) 

where Qf,t is a volumetric flow rate through the fiber, 𝑙 is fiber length, 𝐷𝑖 is internal diameter, 

N is number of fibers and μav is average value of viscosity along the fiber. Fig. 6 shows 

comparison of experimental results with theoretical prediction by Equation 7.  

Proper defining of hollow fiber is drastically important for correct use of Equation 7. 

Polymeric hollow fibers are produced by extrusion process and one kilometer or even several 

kilometers of fiber can be used to produce one heat exchanger. Different factors affect the 

extrusion and causes oscillation of diameter of fiber. We propose the following equation to 

define the fiber diameter: 

D4 = √
∑ D4n

i=1

n

4

          (8) 

where n – is number of diameter measurements. The error in the pressure drop calculation due 

to the use of arithmetic average of diameter instead of D4 and can be very significant.  

a b 
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Fig. 6 Pressure drops vs flow rate graph. Comparison of experimental results and 

theoretical prediction by Equation 25. [12]  

2.3 Prediction of the Nusselt Number 

Hickman’s approach [3] gives a solution for incompressible fluid flowing through a 

circular tube (maintained at constant temperature), with constant physical properties, a fully 

developed laminar velocity profile and a thermally developing temperature profile. The T3 

convective boundary condition is utilized; this assumes that the outside wall temperature of 

the circular duct is axially constant and that the heat flux is linearly proportional to the 

temperature difference between the outside wall  temperature and the inside wall temperature, 

which can vary axially as well as peripherally. The following equation was proposed: 

NuT3 =
(48/11)+Nuw

1+(59/220)Nuw
          (9) 

Equation 9 yields 𝑁𝑢𝑇3 values which fall between 3.66 and 4.36. The lower limit of this 

Nusselt number range is the asymptotic Nusselt number corresponding to the constant wall 

temperature boundary condition (𝑁𝑢𝑤 = ∞) and the upper limit is the limiting Nusselt number 

corresponding to the constant heat flux boundary condition (𝑁𝑢𝑤 = 0) [3]. This simplified 

solution doesn’t take into account the influence of a developing flow region, and 

underestimates heat transfer for short ducts but is sufficient for long fibers (L/Di > 200). Next 

relationship can recommended [9] for PHFHE with short fibers to estimate Nusselt number 

with thermal developing region: 

𝑁𝑢𝑇3 =
(

48

11
)+𝑁𝑢𝑤

1+(
59

220
)𝑁𝑢𝑤

+ {0.05 −
0.065

[1+𝑒𝑥𝑝(0.46∙𝑁𝑢𝑤+2.47)]
∙ (4𝐺𝑧 𝜋⁄ )}   (10)  
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3 HEAT TRANSFER AND FLUID FLOW ACROSS BUNCHES OF FIBERS 

3.1 Theoretical Consideration  

Heat exchangers are manufactured mainly from a large amount of identical discrete 

elements. For example, in shell-and-tube heat exchanger, fluid flow in a shell is organized 

across the system of cylindrical tubes. This kind of flow can be characterized as an external 

flow because boundary layers around cylinders develop freely, without constraints created by 

adjacent surfaces. Thus, there is a flow region outside the boundary layer in which velocity 

and temperature gradients are negligible. The primary objective is to define suitable 

correlations for the pressure drop and HTCs of cross-flow heat exchangers. 

The geometrical configuration of fibers in heat exchangers (tube pitches) varies. In some 

cases, fibers are placed in large distances (pitch to outer diameter ratio > 3) and, possibly, do 

not influence each other. It is possible to consider such a displacement of fibers as bunch of 

separated tubes and use equation for a cylinder in a flow. Fluid flow of non-ideal fluid 

(viscous) across separated cylinder is characterized by the boundary layer which starts to form 

on the front part of the tube, then continues along the cylinder periphery and splits from the 

cylinder surface in the rear part. The Churchill and Bernstein relation was proposed [8] to 

calculate the Nusselt number across a separate cylinder for the entire range of the Reynolds 

numbers and Peclet numbers Pe = Re Pr > 0.2): 

𝑁𝑢 = 0.3 +
0.62𝑅𝑒1∕2𝑃𝑟1∕3

[1+(0.4∕𝑃𝑟 )2∕3]
1∕4 [1 + (

𝑅𝑒

282.000
)

5∕8

]
4∕5

     (11) 

Authors [2] caution that empirical equation should not be considered as “sacrosanct” because 

it is reasonable over a certain range of conditions and accuracy better than 20% should not be 

expected. 

If the pitches between fibers are smaller (pitch to outer diameter ratio < 3) then the system 

should be considered as the bunch of fibers. A forced convection problem across a separate 

tube and bank of tubes has been studied in depth by various authors. The heat-transfer 

characteristics of staggered and in-line tube banks were studied by Grimson [8], and the 

results can be represented in the form of Equation 12. The values of the constant C and the 

exponent m depend on the geometric parameters used to describe the tube-bundle 

arrangement. The Reynolds number is based on the maximum velocity occurring in the tube 

bank; that is, the velocity through the minimum-flow area. 

𝑁𝑢 = 𝐶  𝑅𝑒𝑚  𝑃𝑟1∕3         (12) 
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3.2 Experimental section 

3.2.1 Tested heat exchangers 

Several examples of liquid-to-gas cross-flow heat exchangers were prepared from PP 

hollow fiber fabric and microtubes (one module was made of stainless steel tubes) in the 

HeatLab to study heat transfer on fiber bunches (see Fig. 7). Tab. 1 represents parameters of 

ready modules: number of tubes/fibers N, fiber length L, outer and inner diameters (Do and 

Di), tube pitches in width and depth (b1 and b2), overall heat transfer area based on outer 

surface (Ao) and frontal flow area (Af). 

  

  

Fig. 7 Tested heat exchangers: (a) heat exchanger made of stainless steel tubes 

(module S1) (b, c) heat exchangers based on hollow fiber fabric (modules P1 and 

P2) (d) heat exchangers based on hollow fiber fabric made by pilot-operated link 

(modules P3 and P4) 

 

(a) (b) 

(c) (d) 
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Tab. 1 Geometrical characteristics of tested modules (S1, P1, P2, P3 and P4) 

module N L (mm) 
Do 

(mm) 

Di 

(mm) 

b1 

(mm) 

b2 

(mm) 
Ao 

(m
2
) 

Af 

(m
2
) 

S1 200 185 1 0.75 7 5.8 0.12 0.025 

P1 728 135 0.7 0.60 2.3 3 0.22 0.032 

P2 560 260 0.55 0.45 1.7 3 0.25 0.032 

P3 1960 250 0.6 0.48 1.8 2 0.92 0.060 

P4 1904 220 0.8 0.64 1.8 2 1.05 0.053 

3.2.2 Experimental results for modules S1, P1 and P2 

Tab. 2 provides the range of results obtained for the 21 heat-transfer experiments 

performed. It contains the tube- and air-side Reynolds numbers, the heat-transfer rates, the 

OHTCs based on the outside fiber area, the heat exchanger effectiveness and the number of 

transfer units (NTU).  Tab. 2 shows that the heat-transfer rate in heat exchangers with small 

non-finned tubes can reach high values, up to 2200 W for a device that is about 15x25x5 cm 

in size and several hundred grams in weight. The obtained OHTCs (up to 590 W/m
2
K) are 

reasonably high compared to finned-tube metal heat exchangers. 

Tab. 2 Thermal Performance of Heat Exchangers 

mod

ule 

number 

of runs 
Ret Reair 

Q (W) U 

(W/m
2
K) 

ε NTU 

S1 4 620-650 390-1290 1300-2260 270-480 0.12-0.16 0.10-0.13 

P1 12 70-240 180-930 960-2050 300-530 0.17-0.41 0.17-0.47 

P2 5 125-135 150-740 1530-2190 400-590 0.38-0.51 0.44-0.60 

Tab. 3 provides the range of tube- and air-side coefficients obtained for all modules tested. 

It is evident that the tube-side coefficients are very high and air-side coefficients are 

significantly lower. Tab. 3 also shows the percent contribution of each resistance to the total 

resistance. The results presented reveal that for aqueous systems the tube-side resistance 

would be the smallest of the three and that little improvement in the overall heat-transfer 

performance should be anticipated by increasing the tube-side Re number. Additionally, it 

clearly seen that air-side thermal resistance is dominant and limits the overall heat transfer 

coefficient for all cases. The influence of wall thermal resistance was slightly higher for 

hollow fibers than for steel tubes but was not a significant factor. It can be concluded that the 
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low thermal conductivity of PP not an obstacle for use of hollow fibers for gas-to-liquid heat 

transfer. The contribution of wall thermal resistance is small for both fibers and stainless 

tubes, but it is more pronounced for fibers because of the low thermal conductivity of PP. 

Moreover, both tube and air-side convective coefficients rise with decreasing diameters of the 

tube (fiber). For example, module P3, which has the smallest diameter (Di = 0.45 mm ID), 

showed 25% higher ht than steel tubes (Di = 0.8 mm).  

Tab. 3 Tube- and air-side HTCs 

module ht (W/m
2
K) ho (W/m

2
K) Rt/Rov (%) Rw/Rov (%) Ro/Rov (%) 

S1 2950-2980 320-670 7-13 6-11 76-87 

P1 3160-3520 390-850 8-13 13-22 64-79 

P2 4100-4140 390-940 6-12 13-25 63-80 

Next, experimental results will be examined against the theory presented earlier. Fig. 8 

shows comparisons of theoretically obtained and experimental data for PP fiber modules P1 

and P2. A large discrepancy exists between the experimental data and the theoretical 

prediction by the Churchill and Bernstein model. This model gives significantly 

underestimated results for the whole range of Reynolds numbers. Nevertheless, agreement 

between the theoretical prediction by the Grimson model and experimental data is 

significantly better. The standard deviation of experimentally obtained data from the 

theoretical prediction by Grimson equation was 4% for module S1, 11% for module P1, and 

8% for module P2.  

  

Fig. 8 Outer heat transfer coefficient versus Reynolds number of modules P1 and P2 
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3.3 Comparison of PHFHEs and Conventional Finned-Tube Heat Exchangers 

Heat transfer surfaces of modules P3 and P4 were invented to be used as liquid-to-gas 

heat transfer surfaces, for example, they can be used as car radiator. Tab. 4 presents 

information about the car radiator and module P3. Fig. 9 presents graphs of pressure drops 

and air-side HTCs ho of both heat exchanger cores depending on air velocity. We can 

conclude that the core made out of hollow fibers is very competitive from the point of view of 

heat transfer. The pressure drops are slightly higher for fiber core but we expect that this 

drawback can be eliminated by additional optimization of fiber distribution and 

decomposition. 

Tab. 4 Comparison of parameters of aluminium radiator and module P3 

Low temperature radiator LTR VPATBH 

8005 AA made of aluminium alloy. 

Core size is 290x292x25 mm, 1x5 mm fins 

on 1.5x25 mm flat tubes, 1.9 m
2
 surface. 

Module P3, total fiber number is 1960 (14 

layers 140 each), outer/inner fiber diameter is 

0.6/0.48 mm, length 250mm. Core size is 

250x250x40 mm, 0.92 m
2
 surface. 

 

 

  

Fig. 9 Pressure drops and surface-to-air HTC vs air velocity for aluminium core of car 

radiator and core made on fiber fabric (module P3). 
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4 FOULING OF POLYMERIC HOLLOW FIBER SURFACES 

The accumulation of unwanted deposits on the heat exchanger surface is referred to as 

fouling process [13]. The presence of these deposits creates a resistance to heat transfer and 

reduces the efficiency of the particular heat exchanger. Considering possible applications of 

PHFHEs two types of fouling were studied. The first one is particulate fouling by titanium 

oxide (TiO2) in photocatalytic reactor and the second is fouling by wastewater. 

4.1 Experimental Study of Particulate Fouling by TiO2 particles 

The photocatalytic degradation of organic pollutants is based on the ability of TiO2 

particles to perform oxidation and reduction on their surfaces. However, it is a well-known 

fact that the efficiency of UV radiators is relatively low and therefore a significant fraction of 

the total electricity input is transferred not into UV radiation but into heat. The heat 

generation is so intensive that coolers are required to prevent the water from boiling. Fouling 

is an integral part of the work of these heat exchangers.  

During particle deposition, the deposit thickness generally reaches a constant asymptotic 

value 𝑅𝑓
∗ [14]. If the deposit thermal conductivity and density are constant, time evolution of 

the fouling thermal resistance can be expressed through asymptotic value 𝑅𝑓
∗ and fouling 

process time constant tc as [14]: 

𝑅𝑓(𝑡) = 𝑅𝑓
∗(1 − 𝑒−𝑡/𝑡𝑐)         (13) 

Value of 𝑅𝑓
∗ shows the maximum level of fouling and its influence on heat transfer and tc 

indicates the rate of its development. Both parameters are influenced by parameters of flow 

such as foulant concentration, particle size distribution, pH (measure of the activity of the 

hydrogen ion) and liquid velocity. 

4.1.1 Experimental Setup 

The heat transfer bundle (see Fig. 10) was built from PP fibers whose ends were collected 

in plastic screwed pipe fittings. The experimental setup is a liquid/liquid heat transfer system. 

It mainly includes a tested heat exchange element, a hot foulant circuit, cooling water circuit 

and pressurized air injection system (see Fig. 10). The goal of the first part of experiments 

was to determine values of asymptotic fouling resistance 𝑅𝑓
∗ relative to the foulant velocity. 

The goal of the second part was to study the rate of deposit growth (fouling process time 

constant tc) and the influence of TiO2 suspension concentration on it.  
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Fig. 10 Hollow fiber heat transfer bundle (at the left) and experimental setup scheme 

4.1.2 Results and discussion 

Firstly, it should be mentioned that obtained values of overall HTC are relatively high for 

both clean (up to 2100 W/m
2
 K) and dirty (up to 1750 W/m

2
 K) conditions. Fig. 11 shows 

variation of OHTC for clean and fouled surfaces with a change of the shell Reynolds number. 

It is obvious that HTC has a strong dependence on the shell Reynolds number. It means that 

shell-side thermal resistance is dominant. We assumed fouling resistance independent on shell 

velocity and experimental results have been fitted. Asymptotic value of fouling resistance 

𝑅𝑓
∗ of 8.2*10

-5
 m

2
 K/W was obtained in this way.  

 
Fig. 11 Overall heat transfer coefficient versus shell-side Reynolds number for clean and 

fouled (cb = 1 g/l) conditions. 
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During fouling evolution tests, we were watching as TiO2 particles were accumulating in 

the shell. Fig. 12 shows fouling evolution for two concentrations: 1 g/l and 5 g/l. In both 

cases, fouling develops rapidly and achieves asymptotic values in just a few hours. It can be 

associated with low liquid velocities in the shell and  low level of maximum fouling value 𝑅𝑓
∗. 

Fig. 12 shows that concentration of foulant cb has influence on the rate of deposit 

development (deposition coefficient kd) but has no influence on its maximum value 𝑅𝑓
∗. 

 

Fig. 12 Fouling evolution in time (u = 0.04 m/s): (a) TiO2 bulk concentration cb1 = 1 g/l; (b) 

cb2 = 5 g/l. 

We used air bubbling as the defouling procedure to clean the fiber surface from the 

deposit. It was observed through a transparent shell that fibers were moving and particles 

were being removed from the fiber surface during the cleaning. The graph on Fig. 13 shows 

the typical OHTC behavior during defouling. The plateau on the left part of the graph 

corresponds to maximum fouling state (U = 1480 W/m
2
 K). It is around 75% of the initial 

clean value (U0 = 2020 W/m
2
 K). Steep HTC rises at 13:50 and 14:50 corresponds to air 

injecting. It should be noted that HTC sharp peaks are associated with an abrupt rise of liquid 

velocity during defouling.  
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Fig. 13 HTC change during defouling procedure (u = 0.04 m/s, cb = 5 g/l) 

4.2 Experimental Study of Fouling of Hollow Fiber Bundles by Wastewater 

Wastewater (sewage) is a source of energy that can be used for heating buildings and tap 

water with heat pumps. However, heat exchangers installed in sewage channels are negatively 

affected by fouling. The growth of deposits on heat exchange surfaces creates additional 

resistance to heat transfer and decreases the efficiency of the system. Fouling is considered to 

be a major disadvantage and a challenge for wastewater heat pump applications [15]. 

4.3 Wastewater specification 

Three types of wastewater were studied: wastewater from gym showers, from a 

commercial laundry (which mainly washed work clothing) and from an experimental laundry 

(which only washed dormitory bed linen). The following wastewater parameters were chosen 

as relevant (see Tab. 5): the chemical oxygen demand (COD), the biochemical oxygen 

demand (BOD), pH (measure of the acidity), electrical conductivity, turbidity expressed in 

Nephelometric Turbidity Units (NTU), Pov and Nov - the overall amounts of dissolved 

phosphorus and nitrogen, Escherichia coli concentration, concentration of coliform bacteria. 

The first setup was intended to study fouling with forced convection on the bundle surface 

(see Fig. 10). The fiber bundle was placed into a transparent Plexiglas shell (100 inner 

diameter) to create a heat transfer section like shell-and-tube heat exchanger. Wastewater and 

cooling circuits were connected by the test section, creating the experimental setup. The hot 

wastewater flowing through the shell was cooled by tap water flowing through the lumen path 

of the bundle. The second setup was built to study fouling with natural convection on the 
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bundle surface. Bundles were placed in the 2 m
3
 PP accumulation tank and were equipped 

with inlet/outlet temperature sensors, a flow meter, a filter and regulating valves. The tank 

was connected to a wastewater supply from a washing machine (Primus FX 240) through the 

intermediate tank with a pump. All experiments started with a new, clean bundle and OHTCs 

were defined with pure water. Then, tests with wastewater were conducted. Wastewater 

circulated in the fouling circuit (or in the tank) during the entire experiment.  Tap water was 

pumped through the bundles only during measurements of OHTC once per several days to 

estimate fouling evolution. 

The fouling process was monitored by measuring the reduction of OHTC and is expressed 

as fouling thermal resistance Rf [13]: 

𝑅𝑓 =
1

𝑈𝑓

−
1

𝑈0

 (14) 

where Uf and U0 are heat transfer coefficients for clean and fouled conditions. 

Tab. 5 Properties of tested wastewaters 

Parameter Unit 
Shower 

wastewater 

Laundry 

wastewater 1 

Laundry 

wastewater 2 

Wastewater origin  
Gym 

showers  

Commercial 

laundry 

Washing machine; only 

washing steps using hot water, 

washing was with chlorine 

COD mg/l 248 242 189 

BOD mg/l 51.1 136 62.6 

pH - 8.1 7.9 7.8 

Electrical 

conductivity 
μS/cm 897 781 810 

Turbidity NTU 36 29 22 

Pov mg/l 1.1 1.1 1.1 

Nov mg/l 0.28 4.4 3.5 

E. coli KTJ/100 ml 0 68 32 

Coliform bacteria KTJ/100 ml 50 299 145 

Tab. 6 Review of conditions for wastewater fouling experiments 

Bundle Wastewater  Setup Test conditions 

no.1 
Shower 

wastewater 
1 

14-day experiment, wastewater was changed once per week 

T1 = 12 ˚C, T3 = 30 ˚C, m12 = 0.12 kg/s, m34 = 0.26 kg/s 

no.2 
Laundry 

wastewater 1 

35-day experiment, wastewater was changed once per week 

T1 = 10 ˚C, T3 = 30 ˚C, m12 = 0.13 kg/s, m34 = 0.27 kg/s 

no.3 
Laundry 

wastewater 2 
2 

94-day experiment, wastewater was changed once per week 

T1 = 13 ˚C, T5 = 42 ˚C, m12 = 0.13 and 0.067 kg/s 

no.4 
94-day experiment, wastewater was changed once per week 

T1 = 13 ˚C, T5 = 42 ˚C, m12 = 0.067 kg/s 
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4.4 Results and discussion. Fouling during forced convection (setup 1) 

At the beginning of the experiment, a clean heat transfer coefficient was defined with pure 

water. For bundle no. 1, the OHTC obtained with pure water (1640 W/m
2
 K) was higher than 

that obtained with shower wastewater (1430 W/m
2
 K). The same behavior was observed for 

bundle no. 2; the OHTC of pure water was 2020 W/m
2
K while the OHTC of laundry 

wastewater was 1750 W/m
2
 K. This difference can be explained by the deviation of 

thermophysical properties of wastewaters from pure water and by changing the flow regime.  

For shower wastewater, during two weeks no significant reduction of OHTC was observed 

(HTC values were similar to reference value). The small oscillation of HTC is related to the 

oscillation of flow rate and temperatures during measurements. Few solid particles were 

observed on the fiber surface at the end of the experiment. The bio-fouling presence was 

small, so what fouling did occur was particulate fouling. The low rate of biological growth is 

confirmed by the bacteria level and BOD of shower wastewater. Adhesion forces between 

particles and the fiber surface were not strong, so deposits could be removed relatively easily. 

Fouling by laundry wastewater was much more intense than with shower wastewater. The 

heat exchange bundle was removed from the shell at the end of experiment (see Fig. 14). It 

had collected a great deal of viscous and sticky deposits consisting of biofilm and solid 

particles. The presence of bio-fouling was also confirmed by wastewater analysis: a high 

BOD and bacteria level. Fig. 14 shows the evolution of OHTC and fouling thermal resistance. 

It can be concluded that fouling achieved approximately an asymptotic (maximum) value 

during the 35 days.  

  
Fig. 14 Heat exchange bundle no. 2 after 35-day experiment with laundry wastewater no. 2 

(left) and fouling evolution in time: OHTC (black squares) and fouling thermal 

resistance (white squares). 
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4.5 Results and discussion. Fouling during natural convection (setup 2) 

For bundle no. 3 and no. 4, the OHTCs obtained with pure water were 245 W/m
2
 K 

and 260 W/m
2
 K, respectively. There no significant differences between these values and 

OHTs obtained with wastewater on clean bundles were observed (236 W/m
2
 K and 

271 W/m
2
 K respectively). Thus, in contrast to forced convection in the shell-and-tube 

section, no differences between pure water and wastewater were found for natural convection. 

A probable explanation is that there was no foam and bubbles from wastewater no.2 during 

natural convection. Fig. 15 shows bundles at the end of the experiment and a graph of the 

fouling evolution. After the 94-day experiment only a few solid particles were observed on 

the surface of the bundles. It seems reasonable that bio-fouling did not occur due to the 

presence of chlorine used for washing bed linen. Small amounts of particles do not influence 

heat transfer much and no significant reduction of OHTC was observed (see Fig. 15).  

 

  
Fig. 15 Heat exchange bundles no. 3 and no. 4 after 94-day experiment with laundry 

wastewater no. 2. and graph of fouling evolution in time. 
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CONCLUSION 

The main object of interest of this thesis is polymeric hollow fiber heat exchangers 

(PHFHEs), a new type of devices which are made out of small diameter polymeric tubes. 

Analysis of commercially available plastic heat exchangers shows that their applications are 

limited by several niches. More than 90% of installations are related to the radiant heating 

systems, chemical industry, or automotive and aerospace. Plastic heat exchangers are used 

only in those conditions, where their advantages significantly predominate or where the use of 

non-plastic heat exchangers is not impossible. On the other hand, plastic heat exchangers are 

devices of increasing interest. Number of scientific publications, variety of commercially 

available designs and manufacturing companies constantly increase. It was shown that small 

diameter is a key point allowing to create heat exchanger with superior characteristics. Small 

diameter reduces thermal resistance of polymer wall to the appropriate level and allows the 

fiber to withstand high internal pressure.  Due to small hydraulic diameter of a fiber, the heat 

transfer coefficients are high on both, the inside and the outside fiber surfaces. Use of small 

diameter fiber is basic property provides high rate of compactness. 

Hollow fiber should be considered as microchannel and appropriate theory should be 

applied. We can conclude that the conventional microchannel theory is almost suitable to 

describe fluid flow and heat transfer inside a hollow fiber. However, several special points 

should be considered to prevent misleading results. The main finding of are as follows: 

 Firstly, special attention should be paid to careful determination of fibers diameter.  

 Thermally dependent thermophysical properties of liquid (viscosity, mainly) are 

strongly recommended for precise calculations. 

 Influence of fiber surface roughness on fluid flow and heat transfer is mostly 

negligible. Fibers should be considered as hydrodynamically smooth tubes. 

 Influence of another microchannel scaling effects (axial heat conduction, thermal 

entrance region and viscous dissipation) has minor influence on heat transfer and 

fluid flow and can be neglected in majority of conditions. 

 Equations 7, 9 and 10 are suitable for calculation of pressure drops and the inside 

Nusselt number. Equation 7 is verified by experimental results an appropriate 

correlation was found. Equation 9 is recommended for long hollow fibers 

(majority of cases) and Equation 10 is recommended for short fibers when 

influence of thermal entrance region is more significant.  
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Considering heat transfer across bunches of hollow fibers, it was found that heat exchange 

surface made of fibers has high thermal performance and appropriate pressure drops. It is 

competitive to heat transfer surface of contemporary compact aluminium heat exchanger (car 

radiator). Two theoretical models were applied to predict heat transfer coefficient. The 

Churchill and Bernstein equation (for cylinder) is not appropriate because it underestimates 

heat transfer. Grimson approach showed well agreement with experimental results and, thus it 

is recommended to predict heat transfer coefficients on fiber bunches. 

Lastly, the problem of fouling on the bundles of polypropylene hollow fibers was 

discussed. It was found that such bundles have high values of overall heat transfer coefficient 

(up to 2100 W/m
2
K) but, they are influenced by fouling in different ways. Two types of 

fouling (particulate fouling and biofouling) were experimentally studied. 

 Concerning particulate fouling by titanium oxide particles, we can conclude that 

such kind of the fouling is not a significant problem. The low adhesion of the 

plastic surface can be sufficient precaution to prevent this kind of fouling. 

Maximum observed fouling resistance was up to 15*10
-5

 (m
2
K)/W and caused 

maximum reduction of overall heat transfer coefficient of 20% approximately. 

Moreover, it was shown that particulate deposit can be relatively easily removed 

from the fiber surface by air bubbling (increase of fluid velocity). The defouling 

procedure was evaluated as adequately efficient because the bubbles destroyed the 

particle agglomerates and removed the main mass of deposit. 

 Study of the fouling by wastewater showed that it strongly depends on the type of 

wastewater. Experiments with shower wastewater and with chlorinated laundry 

wastewater showed, that fouling is low because microorganisms growth do not 

occur, and fouling is associated with the accumulation of solid particles only 

(particulate fouling). In such case there is no large decrease of thermal 

performance even during a long-term operation. For instance, there was no 

significant decrease of overall heat transfer coefficient was observed in this case 

during 95-day experiment. However, fouling is much more intense when it is 

associated with both particulate fouling and bio-fouling. In this case, smooth and 

low-adhesive surface of plastic is not sufficient precaution to prevent high rate of 

fouling. For instance, when intense biofouling occurred, the thermal performance 

can decrease twice in approximately one month.  
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