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Abstract 

This study investigates the change in thermal resistance due to fouling in drain water pipes. 

As insulation of houses and energy efficiency of appliances improve, the importance of Drain 

Water Heat Recovery (DWHR) is growing steadily. In older houses, the relative heat loss 

through drain water is smaller than in newly built houses, but should still be considered. For 

example, 17 % of the total heat loss in Swedish multi-family houses built before 1940 was 

transported with the drain water (Ekelin et al., 2006). The average temperature of drain 

blackwater is between 23 °C and 26 °C (Seybold & Brunk, 2013), and a part of its heat can be 

recovered in DWHR systems. This allows cold incoming water to houses and buildings to be 

pre-heated by drain water before it is heated in the heat pump. Depending on the system, 30 % 

to 75 % of the heat from drain water can be recovered (Zaloum et al., 2007b).  

 

A threat to heat exchanger performance is that additional materials, so called fouling, 

accumulate on the surfaces of the heat exchangers and increases its thermal resistance. This 

resistance can be described by a fouling resistance and can be very costly due to losses in heat 

transfer and required cleaning. To quantify the fouling resistance, experiments were 

conducted in a climate chamber on Brinellvägen 66, using a pipe that had been installed for 3 

years in the sewage system from the men’s toilet on Brinellvägen 64B. The installed pipe was 

compared with a pipe from the same manufacturer with the same dimensions. The pipes were 

sealed and filled with water at about 20 °C. Thermocouples were used to measure the 

decrease in water temperature over time in both pipes. Based on these measurements, the 

difference in thermal resistance was found, using curve fitting and the Lumped Capacitance 

Method. The fouling resistance was quantified by comparing the thermal resistances of the 

test pipe with and without fouling. 
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The main findings were firstly that fouling significantly increases the thermal resistance of 

aluminium pipes. Secondly, corrosion causes a significant decrease in the pipes’ thermal 

resistance. The combination of these effects led to a decrease of 14 % in thermal resistance in 

the examined system after three years compared to the time of installation. The decrease in 

thermal resistance due to corrosion in the test pipe was 44 % compared to the time of 

installation. Furthermore, the thermal resistance of the test pipe decreased by 51 % when it 

was cleaned from the fouling. The fouling resistance of the 0.81 mm fouling layer was found 

to be 0.03068 m
2
K/W.  
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Sammanfattning 

Denna studie undersöker den ökade termiska resistansen i avloppsrör på grund av 

beläggningar. Idag lägg stor vikt vid bra isolering och energieffektiv utrustning i nybyggda 

hus, vilket även sätter press på värmeåtervinning av avloppsvatten. Värmeåtervinningen av 

avloppsvatten är mindre viktig i äldre hus, då den relativa värmeförlusten av avloppsvatten är 

lägre än i nybyggda hus, men bör likväl tas i akt vid utvärderingen av värmeanvändning. I ett 

svenskt flerfamiljshus byggt före 1940 stod värmeförlusten på grund av varmt avloppsvatten 

för 17 % av den totala värmeförlusten (Ekelin et al., 2006). Den genomsnittliga temperaturen 

för svartvatten ligger på 23 °C till 26 °C (Seybold & Brunk, 2013), varav delar av värmen kan 

återvinnas i värmeväxlare. Detta bidrar till att det kalla ingående vattnet till värmepumpen 

förvärms av värmen från avloppsvattnet. Beroende på system och material kan 30 % till 75 % 

av värmen från avloppsvatten återvinnas (Zaloum et al., 2007b). 

 

Ett hot mot prestandan av värmeväxlare är att beläggning formas på de värmeöverförande 

ytorna i värmeväxlaren. Detta bidrar till en ökad termisk resistans och kan vara mycket 

kostsam på grund av minskning av värmeöverföring och nödvändig rengöring av 

anordningen. För att undersöka omfattningen av den ökade termiska resistansen utfördes en 

rad experiment i en klimatkammare på Brinellvägen 66. En jämförande metod användes där 

ett aluminiumrör, som tidigare installerats i avloppssystemet från herrarnas toalett i korridoren 

på Brinellvägen 64B, jämfördes med ett identiskt rör av samma tillverkare. Rören var tätade 

och fyllda med 20-gradigt kranvatten. Termoelement användes för att, över tid, mäta 

minskningen av vattentemperaturen i rören. Temperaturskillnaden användes för att beskriva 

skillnaden i termisk resistans genom att utföra kurvanpassning och tillämpa Lumped 

Capacitance Method. Skillnaden i termisk resistans mellan de båda rören antogs vara lika med 

beläggningens motstånd för värmeöverföring.  

 

Två huvudsakliga resultat kom av studien. Det första var att beläggning bidrar till ökad 

termisk resistans av aluminiumrör. Den andra var att korrosion tillsammans med andra 

externa faktorer orsakar en märkbar minskning av rörens termiska resistans. Totalt sett 

orsakade beläggningen tillsammans med korrosion en minskning av 14 % av den termiska 

resistansen i provröret, jämfört med den termiska resistansen vid installationstillfället. Vidare 

låg minskningen i termisk resistans på grund av korrosion i teströret på 44 % jämfört med den 

termiska resistansen vid installationstillfället och den genomsnittliga termiska resistansen av 

det rengjorda teströret låg på 51 % lägre än den genomsnittliga resistansen av teströret innan 

rengöring. Den beräknade resistansen för ett 0.81 mm tjockt lager av beläggning var 

0.03068 m
2
K/W.   
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symbol description unit 

𝐴 area
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𝑐𝑝 specific heat capacity
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h heat transfer coefficient W/(m
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k thermal conductivity W/(m K) 

L length of pipe m 

𝐿𝐶 characteristic length m 

𝑚 mass of water kg 

r radius m 

𝑅 thermal resistance m
2
K/W 

𝑅𝑓 fouling resistance K/W 

𝑅𝑡𝑜𝑡 total thermal resistance  K/W 

t time s 

T temperature °C 

�̇� overall heat transfer rate W 

U uncertainty  - 
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m
3
 

 

greek letters   

∆ change or difference   

ρ density 
 

kg/m
3
 

 

subscripts  

∞ signifies a bulk value
 

𝑎𝑙 signifies a value for aluminium 
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𝑚𝑖𝑛 signifies the minimum value 

𝑜𝑢𝑡 signifies a value for the outside wall of pipe 

𝑠 surface 

𝑡𝑒𝑠𝑡 signifies a value of the test pipe 

𝑤𝑎𝑡𝑒𝑟 signifies a value for water 
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1 Introduction 

In the Paris Agreement after the Conference of the Parties in 2015, COP21, representatives of 

all states of the world agreed to the target of “holding the increase in the global average 

temperature to well below 2 °C above pre-industrial levels” by reducing global greenhouse 

gas emissions (UNFCCC, 2015). An important field of action is the energy demand of 

buildings, as it contributed to one third of global greenhouse gas emissions in 2002 

(IPCC, 2007). Therefore, the European Directive on the energy performance of buildings 

states that all new buildings built after 31/12/2020 will have to be “nearly zero-energy 

buildings” (European Parliament, 2010). All member states are obliged to implement this 

directive in national laws and define a comparable standard for this term. 

 

The building sector consumed 41 % of total U.S. primary energy in 2011 and residential 

buildings accounted for 22 % of total primary energy consumption (DOE, 2012). Thus, 

reducing the energy demand of buildings would have a big impact on global greenhouse gas 

emissions. The greatest share of U.S. building’s energy demand is space heating and cooling. 

43 % of primary energy consumption and 54 % of site energy demand are used for this 

purpose (DOE 2012). The U.S. residential site energy demand is presented in Figure 1. 

 

To reduce the energy demand for heating, as little heat as possible should leave the house. 

Heat leaving the house without being recovered is labelled heat loss. 17 % of the total heat 

loss in Swedish multifamily houses built before 1940 was transported with the drain water 

(Ekelin et al., 2006).  

 

 
Figure 1: U.S. residential site energy demand by end-use in 2011 [U.S. Department of Energy, 2012] 

Total: 101.2 Mbtu/ 29.66 MWh 

 

The average temperature of drain water from households found in the literature study range 

from 23 to 26 °C (Seybold & Brunk, 2013) or from 20 to 40 °C (McNabola & Shields, 2012). 
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Household drain water therefore has a more suitable temperature for heat recovery than other 

heat sources like lake water or groundwater (Seybold & Brunk, 2013). The drain water 

temperature from showers or washing machines is substantially higher. Letting this amount of 

energy leave the building with warm water without reusing it, represents a great inefficiency 

in the energy system. This has opened up an industry for technologies aiming to reduce the 

energy demand for heating water, such as by heat recovery from drain water.  

1.1 Drain Water Heat Recovery 

The idea of Drain Water Heat Recovery (DWHR) systems is to use as much as possible of the 

thermal energy of water leaving the building to heat water used in the building. According to 

the First Law of Thermodynamics, the thermal energy of drain water cannot be lost, but only 

transferred to another physical system or transformed to another form of energy. The Second 

Law of Thermodynamics dictates the direction of the heat flux, which will always be from the 

warmer physical system to the colder physical system. Therefore, drain water can only heat a 

medium of lower temperature. As shown in Figure 2, the drain water transfers a part of its 

thermal energy to the incoming water in a heat exchanger. The preheated incoming water is 

then heated to the required temperature level in a heater. As it has a higher temperature than 

the cold incoming water, less energy is needed for the heater. Other options include using the 

preheated incoming water as cold water to the building and using a heat pump instead of a 

heater (Hamann, 2015).  

 

 
Figure 2: One example of a DWHR system, showing incoming cold water, preheated in the heat 

exchanger and heated in the heater, before being used. 
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1.1.1 Application of DWHR 

There are several DWHR systems on the market which differ with respect to the place of the 

heat exchanger in the system and usage of the recovered heat. A popular solution is to install a 

DWHR system onto shower drains. Showers provide a good opportunity to use hot drain 

water for heat recovery since they can be seen as an independent system with both cold 

ingoing water and hot drain water (McNabola & Shields, 2012). Also, there is a continuous 

flow as long as the shower is used, which is advantageous for DWHR (Zaloum et al., 2007a). 

The highest efficiency could be achieved with a counter flow set-up of the hot and cold water 

streams (Zaloum et al., 2007a). The hot drain water is collected and transfers a part of its 

thermal energy to the water in the outside part of a field-tube heat exchanger. This heated 

water can be used in the heating flow or directly in the hot shower flow. The shower DWHR 

system for multiple showers, the drain connection and an example of installed field-tube heat 

exchangers are depicted in Figure 3. 

 

 
Figure 3: Example of DWHR system in showers with field-tube heat exchangers (Hamann, 2015), 

where a) is a schematic of a DWHR system from showers, b) is a horizontal DWHR system installed in 

a shower and c) is a vertical DWHR system.  

Another option for DWHR from showers is a field-tube heat exchanger in the form of a 

shower drain. This system recovers the heat directly at the drain and can decrease the size of 

the system significantly if only the shower flow is to be heated. It can also be used to heat the 

central heating flow. Also, other heat exchangers can be used in this system, for example a 

a) 

b) 

c) 
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coiled pipe heat exchanger. The outgoing hot drain water flows through an inner pipe with 

larger diameter and the cold ingoing water flows through smaller diameter coils, wrapped 

tightly around the drain pipe, see Figure 4. The drain water will run down the wall of the inner 

pipe as a falling film. This provides an optimal contact with the inner surface allowing heat 

transfer to the water in the coiled pipe. 

 
Figure 4: A DWHR device showing the ingoing and outgoing flows of cold and preheated water (Słyś 

and Kordana, 2014). 

To recover the heat from drain water collection pipes in big multifamily buildings, industrial 

scale field-tube heat exchangers can be used. Here, a part of the thermal energy of the drain 

water is transferred to the counter flow in the outer tube, which is then used to increase the 

inlet temperature to the central heating tank. This reduces the energy demand for the heating 

of the building. The heat exchangers are normally insulated to reduce heat loss to the 

surrounding air (Hamann, 2015). 

 

Another possibility is the heat recovery from big pipes in the sewage system, collecting drain 

water from several buildings. The advantage is that the temperature is more stable and there is 

continuous flow, because the fluctuation of temperature and flow rate decreases with an 

increasing number of drain water sources. As the examined system is only relevant in 

residential applications, this study will not elaborate on sewage system heat recovery. 

1.1.2 Efficiency and potential 

The potential of residential DWHR is highly dependent on the specific building. For example, 

a separated greywater drain has a higher temperature and is therefore on a higher exergy level 

(Meggers et al., 2011). The capacity factor of a DWHR system increases with decreasing 

variation of drain water mass flow and the efficiency increases with increasing temperature of 

the drain water. Therefore, the conditions compared to a single-family building are better for 

sport facilities and swimming pools, as more showers are installed and used more frequently. 

The same is true for DWHR from the collection pipe of a laundry room in a student 
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accommodation, which is used throughout the whole day. Nevertheless, the greatest total 

potential is found in single or multi-family buildings, as their number is substantially greater 

than that of the facilities mentioned above. 

 

The greatest potential of a direct heat recovery from one single-family household source is the 

drain water from shower, bath and washbasin, as it has a high average temperature and the 

highest volume per person per day. This is shown in Table 1, presenting the average 

household water requirements by purpose in Germany.  

 

Table 1: Average household water demand in litres per capita and day by purpose (LPCD) in Germany 

(Fritsch et al., 2014) 

Purpose 
Water demand 

[LPCD] 

Bath, shower, hygiene 43 

Toilet flush 32 

Laundry 15 

Dish washing 7 

House cleaning, car cleaning, garden 7 

Eating and drinking 5 

Small business 11 

Sum 120 

 

A Polish study has shown that a shower DWHR system in a single-family building can have a 

payback time of 2.5 years in the most favourable scenario. The examined system was feeding 

preheated water both to the shower mixing valve and the water heater. In the least favourable 

case examined in the study, the payback time was greater than the lifetime of the system (Słyś 

& Kordana, 2014). 

 

There are different studies on DWHR efficiency. In Canada, 8 different DWHR systems were 

tested, showing efficiencies between 30 % and 75 % depending on the device, flow rate and 

number of heat transfer units (Zaloum et al., 2007b). In Northern Ireland, experiments on one 

single DWHR system were conducted, showing recovery with efficiencies between 60 % and 

75 %, even for short periods of hot drain water over a long time span (Hewitt & 

Henderson, 2001). 

 

To achieve a high efficiency, it has been shown that a DWHR system should be installed 

vertically or with a maximum installation angle of 2 degrees, creating an optimal condition for 

falling film to occur on the inside of the drain pipe. Tilts of more than 2 degrees reduced the 

efficiency of the heat exchange by up to 40 %, compared to the vertical set-up. The 

phenomenon of a falling film is crucial for the efficiency of the heat exchanger as it allows the 

water to flow along the inner wall of the inner pipe (Manouchehri, 2015), see Figure 5. The 

falling film forms when the high speed flow of water meets the drain pipe, causing a turbulent 
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flow along the wall of the pipe. The thickness of the falling film is related to the flow rate of 

the fluid and the surface area of the pipe.   

 

 
Figure 5: Falling film inside a drain pipe (Manouchehri, 2015) 

1.2 Different types of drain water  

Drain water can be divided into greywater and blackwater, based on how the water has been 

used in the household. Depending on the type of drain water, different DWHR might need to 

be installed. Greywater is the drain water that comes from other sources than toilets, and 

usually only contains a low fraction of solid materials. Greywater allows heat recovery to 

occur more easily since it can be used without filtering. Blackwater on the other hand is all 

drain water, including water from the toilets. This water might contain solid materials, thus it 

needs to be filtered or used in a pipe that is suitable for solids (Wallin, 2014).  

 

The field-tube heat exchanger can only be used with greywater, so the blackwater has to be 

transported in a separate drain pipe. For drain water with substantial contamination, special 

heat exchangers have been developed. They are constructed to have an open flow over a plate 

heat exchanger (Hamann, 2015). 

1.3 Different pipe and heat exchanger materials 

Most studies have been done with copper pipes (Zaloum et al., 2007; Tahan et al., 2015; 

Wallin & Claesson, 2014). Copper pipes and coils have been used in these studies, and are the 

standard for installations in houses, because copper has good heat conduction properties at 

comparably low cost.  

 

In this thesis, aluminium pipes have been examined. In cooperation with SAPA, a company 

specialised in aluminium solutions, an aluminium profile should be tested as a cheaper 

alternative to the standard copper pipe and wrapped coils. Even though the heat transfer 

coefficient of aluminium is about half that of copper, the reason for using aluminium is that 
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the material is softer and easier to work with than copper when it comes to produce profiles 

including both the drain pipe and the coils.  

1.4 Fouling in pipes and heat exchangers 

Fouling is a general term that refers to all types of deposit of materials that appears on the 

surfaces of heat exchangers. Due to a low thermal conductivity of the deposit, the result of 

fouling is usually an increase in the thermal resistance in the heat exchanger, leading to a 

lower efficiency (Knudsen et al., 1999). Fouling not only affects the thermal resistance, but it 

can also limit the water mass flow or restrict the falling film in the pipe due to increased wall 

roughness (Yeap et al., 2004) and decreased cross-sectional area of the pipe 

(Chew et al., 2004).  

1.4.1 Causes of fouling 

There are several causes for fouling to occur in heat exchangers, depending on several 

variables; such as quality and temperature of fluid, fluid velocity, place of installation, and 

type of heat exchanger. Also, the material of the heat exchanger affects the fouling since some 

materials have anti-fouling properties, such as copper. The types of fouling are classified not 

only due to these variables, but also with regard to chemical and physical mechanisms by 

which they occur. The main fouling mechanisms are crystallization fouling, particulate 

fouling, chemical reaction fouling, corrosion fouling and biological interaction fouling 

(Knudsen et al., 1999). The fouling found in the test pipe of this project is assumed to be of 

the biological type, due to its contact to blackwater. Biological interaction fouling, or 

biofouling, is the attachment of macro- or micro-organisms on the surface of heat exchangers. 

Macro-organisms refer to larger organisms such as mussels and can be seen in heat 

exchangers using lake water. From residential houses on the other hand, the main reason for 

fouling is the growth of micro-organisms such as bacteria and formation of slimes, which can 

bind small sediments or solids transported in the blackwater (Knudsen et al., 1999).  

 

Fouling within the pipe or in a heat exchanger does not occur evenly over the surface, but 

mostly in places of increased roughness or around pits in the surface (Lei et al., 2010). This 

uneven distribution of deposits causes an uneven surface on the inside of the pipe, which in 

turn increases the turbulence of the flowing water (Albert et al., 2010), resulting in an 

enhancement of the heat transfer. Although, no studies have been found where the 

enhancement of the heat transfer rate due to turbulence in fouled heat exchangers has been 

greater than the resistance of fouling in the system.  

1.4.2 Assumptions in calculations involving fouling 

To be able to do calculations involving fouling, assumptions regarding the examined fouling 

must be made. The main assumptions are that the fouling is at steady state in terms of 

thickness and distribution along the pipe. To find the thermal resistance of the fouling 
fR , the 

heat transfer performance of the heat exchanger is measured. The change in performance is 

then linked to the amount and properties of deposits, giving a value of the fouling resistance 

(Lister et al., 2012).  
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However, in reality studies have shown the effect of surface roughness on fouling, and the 

increase of fouling on different materials over time (Kukulka, 2007, a, b). The result of 

fouling on aluminium was that the thickness of fouling continued to grow with time, and 

might not come to a steady thickness. This makes it hard to examine the fouling on heat 

exchangers, since the thickness of deposits may change over time. For some types of fouling 

it might also be hard to measure the actual thickness of the deposits since they have a soft and 

easily deformable nature (Chew et al., 2004).  

1.4.3 Economic impacts of fouling 

Due to the negative impacts of fouling on heat transfer rate and water flow rate presented in 

1.4.1, actions have to be taken in order to maintain a high heat transfer rate in heat exchangers 

and DWHR systems. These actions have economic impacts as they involve both shutting 

down the heat exchange systems and the cleaning of the heat exchanger 

(Ishiyama et al., 2010). 

 

One of the economic impacts of fouling in heat exchangers is the cost of additional heating 

(Fullarton, 1993). Additional heating is necessary in one part of the system to compensate for 

the decreased heat transfer rate. That is, how much extra energy is needed to reach the 

required heat flux, or how much heat flux is lost due to the fouling and what costs does that 

entail.  

 

Another impact is the additional heating cost that will occur during the time the heat 

exchanger is offline to be cleaned. This cost is higher in industrial applications than in 

residential, as the amount of recovered heat is usually higher.  

 

Moreover, the cleaning itself comes at a certain cost, depending on the cleaning technique. 

The type of fouling and its cost will define the choice of cleaning technique and cleaning 

schedule.  
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2 Problem formulation 

An efficient way to reduce the energy demand in households and public facilities today is to 

install DWHR systems from toilets and showers, which allows up to 75 % of the heat from 

the drain water to be recovered (Zaloum et al., 2007b). The blackwater and greywater coming 

from these sources however contains solids and segments that will cause fouling on the drain 

pipe to occur. This fouling creates an increased resistance of the heat transfer through the 

system, leading to a loss in efficiency of the DWHR system.  

 

To be able to obtain the expected result, some sub-goals had to be reached. These were to: 

 find all necessary equations and correlations needed to be able to calculate the fouling 

resistance 

 build an experimental set-up that would provide all necessary values for calculations 

 perform experiments and collect data. 

 

The expected result from the study is: 

 An evaluation of the effect fouling has on the heat transfer rate in an aluminium pipe 

in a DWHR system in a public facility. 
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3 Methodology 

The methodology of this project consists mainly of laboratory work and experiments, 

conducted at the KTH Energy department. The study focuses on the heat transfer of an 

aluminium pipe that has been installed in the sewage system from the gentlemen’s toilets in 

the university building on Brinellvägen 64B. The pipe is a collection pipe that transports 

blackwater. The aluminium pipe was installed in 2012 and disassembled for this project to 

examine the fouling emerged in the pipe during this period of time. As presented in the 

introduction, fouling creates a resistance to heat transfer in heat exchangers. To determine the 

thermal resistance of this fouled pipe, experiments were conducted, and the results were 

compared to the results of a control pipe. The control pipe originated from the same pipe as 

the test pipe and thus had the same material, the same diameter and the same length. Tap 

water of a set temperature was poured into the pipes, and the temperature drop over time was 

measured for both pipes. The results were then compared to determine the fouling resistance 

in the test pipe.  

3.1 Hypothesis 

The expected outcome from this series of experiments was that the water in the test pipe will 

cool down slower than in the control pipe, since the thermal resistance of the fouling will 

decrease the heat transfer rate.  

3.2  List of equipment  

Table 2 shows the list of equipment used for the experiments conducted in this project. Some 

of the equipment has been used for set-up only, others throughout the experiments.   

 

Table 2: Equipment used in the experiments 

Equipment Units 

Styrofoam 1 sheet of 10 mm and 1 sheet of 8 mm 

Rod  2 

Computer 1 

Thermocouples  8 

Cable ties 7 

Data acquisition unit 1 

1000 ml measuring jug, plastic 2 

1000 ml lab beaker, glass 2 

Thermometer  1 

Funnels 2 

Spanners 2 

Clutching tong 1 

Nipper 1 
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3.3 Experimental set-up 

In the following section, the experimental set-up will be explained in detail to allow the 

experiment to be replicated. Three experiments were conducted in the climate chamber 207 in 

the ETT Laboratory on Brinellvägen 66. The climate chamber was an “Industri- and 

laboratoriekyl” of 8 m
2
 and had a maximum fan capacity of 3.33 m

3
/s. 

 

To determine whether there was a difference between the pipes except for the fouling, two 

additional experiments were conducted. Before these experiments, the test pipe was cleaned 

from the fouling. The procedure was the same for all experiments. 

3.3.1 Test pipe 

The test pipe is depicted in Figure 6 to show the extent and material of the fouling. Here, it 

can be seen that the fouling contains quite large lumps and is soiled in consistence.  

 

 
Figure 6: a) Test pipe shown from above and b) fouling in the test pipe. 

3.3.2 Data acquisition and logging 

To be able to do readings and save all measured data from the experiments, thermocouples 

were used to measure the temperature of the water. These were connected to a computer 

where the measurements were logged.  

3.3.3 Calibration 

The thermocouples were calibrated in ice water and in a temperature bath with temperatures 

ranging from 25 °C to 5 °C in steps of 5 degrees. The measurements of these calibrations can 

be seen in Appendix A.  

3.3.4 Preparations 

The test and control pipe were weighed and their lengths were measured. These 

measurements and the dimensions provided by the manufacturer are presented in Table 3. The 

inner diameter of the test pipe could not be measured accurately. This is because both ends of 

the pipe were cut and therefore had another inner diameter than the rest of the pipe. The inner 

diameter was not measured in other places to preserve the fouling. As the control and test pipe 

were cut from the same pipe, the inner diameters were assumed to be equal. The fouling mass 

would amount to 13 g, assuming that its mass is equal to the mass difference between the 

pipes.  

 

a) b) 
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Table 3: Dimensions and weight of the test and control pipe. 

Parameters Test Control 

Length 900 mm 900 mm 

Inner diameter 100 mm 100 mm 

Outer diameter 110 mm 110 mm 

Weight 4106 g 4093 g 

 

The average thickness of the fouling was measured using small sheets of paper. These 

measurements were done at four places in the top area and four places in the bottom area of 

the pipe. The depth of the visible fouling on the paper was then measured using a calliper, see 

Figure 7.  

 

 

 
Figure 7: a) Measurement of fouling thickness with calliper and b) all the test papers for 

measurements of the fouling thickness at four different places at top and bottom of test pipe. 

a) 

b) 
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The measured thicknesses of the fouling are shown in Table 4. The average thickness of the 

fouling in the top and bottom is also shown, along with the total average measured thickness 

of the fouling, which is 0.81 mm. 

 

Table 4: Measured fouling thicknesses. 

Thickness 

of fouling 

Depth 1 

 [mm] 

Depth 2 

 [mm] 

Depth 3  

 [mm] 

Depth 4   

[mm] 

Average 

[mm] 

Bottom 0.75 1.00 1.00 1.15 0.975 

Top 0.50 0.40 0.70 1.00 0.65 

    Total 

average: 

0.81 

 

An aluminium plate with a thickness of 4 mm was welded onto the control pipe. However, as 

the high temperatures during the welding process would have influenced the composition of 

the fouling, another solution had to be found to seal the test pipe. This seal consisted of a rod, 

rubber seals and bolts to cause pressure between the ends of the pipe, see Figure 8.  

Styrofoam parts were made; stands for the pipes and insulation parts for the top of the pipes.  

 

 
Figure 8: The seal for the test pipe, where a) shows the seal at the end of the rod and b) the three 

layers of rubber. 

3.3.5 Set-up of test rig 

In total, 8 type T thermocouples were used: three in each pipe, to measure the water 

temperature within the pipes, and two to measure the inside and outside wall temperatures of 

the control pipe. The sensors within the pipes were placed equally along the rod in the middle 

of the pipe to measure the temperature of the water column in different heights. They were 

fastened onto a rod with cable traps 15 cm, 45 cm and 75 cm from the top of the pipe and bent 

to place the end of each thermocouple at 1 cm from the rod. This was done to avoid 

measuring the temperature of the rod.  

 

The thermocouple measuring the inside wall temperature was placed next to the 45 cm sensor 

on the rod. At the same height, an additional thermocouple was taped on the outside of the 

pipe to measure the outside wall temperature. A schematic showing the set-up and the 

a) b) 
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position of the thermocouples in the pipes can be seen in Figure 9. Figure 10 shows where the 

thermocouples have been fastened with cable ties and the fastening of the thermocouple 

measuring the outside wall temperature.  

 

 
Figure 9: Schematic of the experimental set-up of test and control pipe, including fouling, 

thermocouples and seals of the pipes. 

 

 
Figure 10: Fastening of thermocouples onto a) the rod and b) on outside of pipe. 

Firstly, the rod was hold in place in the pipe by hand while the bottom and belonging seals 

were assembled. The rod was put in place and the pipe was sealed by applying pressure at 

both ends by screwing bolts onto the rod, see Figure 11.  

a) b) 
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Figure 11: The top holder of the rod, screwed in place to seal the test pipe, and placed on top of the 

control pipe to allow the thermocouples to have the same positions. 

Secondly, the pipes were placed in stands, consisting of two layers of styrofoam, of which one 

had a hole for the pipes to be placed in. After that, tap water was poured into a container and 

then poured simultaneously into the two pipes using lab beakers and funnels. 6.5 litres of 

water were poured into each pipe. The amount of water did not fill the whole pipe, allowing 

the pipe to be handled without the risk of spilling water. The temperature of the water in the 

experiments was about 20 °C.    

 

To reduce the heat transfer through the open ends of the pipes and the area of the pipe without 

water contact, these areas were insulated using styrofoam parts, see Figure 12. The 

experiments were conducted in the climate chamber at a temperature of 5 °C, with fans 

working at 40 % of maximum capacity. The set-up in the climate chamber can be seen in 

Figure 13 and the settings for the climate chamber can be seen in Appendix B. 
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Figure 12: Molds of styrofoam to insulate the top of the pipes, and the ingoing thermocouples to the 

pipes. 

 

 
Figure 13: The experimental set-up in the climate chamber, with the styrofoam insulations taped 

together to improve the insulation. 
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3.3.6 Measurements 

The temperature was let to drop within the pipes for as long as it needed to reach a 

temperature close to the air temperature in the climate chamber. Measurements were recorded 

throughout the experiment with 10 seconds intervals using the computer with the program 

BenchLink Data Logger, see Figure 14. The measurements were logged and examined over 

time for both pipes using Excel and creating graphs from the results. The experiments were 

run for about 10 hours, 10 hours, 7 hours, 6 hours and 8 hours for Experiments 1 to 5 

respectively. Between the measurements, the test pipe was stored in a plastic bag. This was to 

prevent the biofilm to dry out and cause the fouling to separate from the surface and fall off.  

 

 
Figure 14: Experimental set-up, showing the pipes in their styrofoam molds, the thermocouples going 

into to pipes and the connected devices for measurements. 

3.4 Validity of test pipe 

After the comparative experiments with the test and control pipe, the test pipe was cleaned 

from fouling using a pressure washer. Thereafter, the procedure explained in section 3.3 was 

followed to conduct another two experiments. This was done to validate the test pipe, since 

there was the possibility of experienced corrosion in the installation in the facility.  
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3.5 Quantification of the fouling resistance 

To quantify the fouling resistance based on the measured temperatures, an equation describing 

the heat transfer was chosen. The values of this equation needed to represent the measured 

data as accurately as possible.  

3.5.1 Theory  

The theory behind the chosen method is dependent on heat transfer over time and influences 

of heat transfer. This will be presented in this section.  

3.5.1.1 Overall heat transfer  

In all heat transfer problems, the time during which the heat transfer takes place is important 

for the heat flux, but also to know what inlet or outlet temperature is needed to reach the 

aimed energy outcome. The overall heat transfer rate Q  is given by: 

 

 ,
,

water p water start end

start end

m c T T
Q

t t

  



 (1) 

 

where waterm  is the mass of water in the pipe, ,p waterc  is the specific heat capacity of water at 

room temperature, T  stands for water temperature and t  represents the time. Therefore, the 

amount of heat transferred to the surrounding air is linearly related to the decreasing water 

temperature. 

  

The relationship between the overall heat transfer rate and the thermal resistance totR  is given 

by: 
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 (2) 

 

3.5.1.2 Thermal resistance, R 

The thermal resistance of a material indicates the temperature difference across a structure 

when a unit of heat energy flows through it in unit time. The thermal resistance in the control 

pipe is given by: 
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      (3) 

 

and the thermal resistance of the test pipe is given by: 
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          (4) 

 

where 
fR  is the fouling resistance, inh  is the heat transfer coefficient of the water inside the 

pipe, inA  the inside area, k  the heat transfer coefficient of the pipe, outh  the heat transfer 

coefficient for the surrounding air, and outA  the outside area of the pipe. outr  and inr  are the 

outer and inner radii of the pipe and L  is the length of the pipe. totR  is the total resistance. 

 

Due to the assumption that the pipes are identical, the difference between the thermal 

resistances of the test and control pipe is directly proportional to the fouling resistance 

according to: 

 

, ,controltot test totR R R   , (5) 

where ΔR is equal to the fouling resistance
fR . 

3.5.2 Assumptions 

In order to do the calculations needed in this study, some assumptions was made. 

3.5.2.1   Assumptions in calculations regarding the fouling resistance 

Assumptions made for the quantification of the fouling resistance are the following: 

1. The test and control pipe have identical properties, apart from the fouling in the test pipe. 

2. The specific heat capacity of water is constant at 4.192 kJ/(kg K). 

3. The temperature of the surrounding air is constant at 5 °C. 

4. The water columns in the pipes are of uniform temperature.  

5. Heat transfer occurs over an inner surface area of 0.26 m
2
 in both pipes in every 

experiment.  

6. There is no heat transfer over the openings at the top and the bottom of the pipes, as they 

are insulated.  

7. The thickness of fouling remains constant throughout the study. 

The assumption of a constant specific heat capacity of water is possible due to the 

insignificant change in specific heat capacity in the temperature range of the experiments. The 

chosen value corresponds to the temperature of 10 °C, which is close to the average 

temperature of the experiments. 
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3.5.2.2  Assumptions in calculations regarding the Biot number  

Assumptions made for validating the Biot number are: 

1. Heat transfer occurs in three steps; conduction within the water column, conduction 

through the aluminium pipe and convection between the aluminium pipe and the air. Due 

to this assumption, Equation 3 can be rewritten into: 

ln
1 1

,
2

out

inin
tot

water in al out out

r

rr
R

k A L k h A

 
 
    

  (6) 

where the first term represent the conduction within the water column; 
inr  is the inner 

radius, waterk  is the thermal conductivity of the water and 
inA  is the inside area. The other 

terms are the same as in Equation 3.  

2. The water column and the aluminium pipe are treated as a solid cylinder with uniform 

temperature.  

3.5.3 Biot number, Bi 

The Biot number defines the possible methods to find equations for the heat transfer. It is a 

dimensionless number, and it is defined as the ratio of conductive and convective heat transfer 

across a material: 

 

,ChL
Bi

k
  (7) 

 

where k  is the thermal conductivity of the body, h  is the heat transfer coefficient and CL  is 

the characteristic length given by: 

 

,C

s

V
L

A
  (8) 

 

where V  is the volume and sA  is the surface area of the examined body. 

 

The magnitude of the Biot number will indicate whether a method called The Lumped 

Capacitance Method can be applied to the system.  

3.5.4 The Lumped Capacitance Method 

The Lumped Capacitance Method is a method to simplify heat transfer problems, while 

keeping the accuracy of the calculations to about 2 % error (University of Aberdeen, 2015). In 

a lumped system, the examined body is treated as a “lump”, where the temperature is assumed 

to be uniform at all points throughout the heat transfer process. This means that the 

temperature of the water columns can be seen as a function of time only.  
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The formula used in calculations in the Lumped Capacitance Method is: 
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where: 
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p

hA
b
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  (10) 

 

and h  is the heat transfer coefficient, SA  is  the outside area or the water column,   is the 

density, V  is the volume and 
pc is the specific heat capacity of the examined material.   

 

These equations can be used to find the temperature of the body, and at what time that 

temperature is reached. They can also provide the total thermal resistance of the system based 

on temperature measurements over a sufficiently long period of time. 

 

Traditionally, only a Biot number less than 0.1 has been considered valid for calculations 

using the Lumped Capacitance Method. According to Xu et al. (2012) however, the method 

can be applied to systems for Biot numbers up to 1, without too large uncertainties. The Biot 

number for the examined system was calculated after the total thermal resistance was 

obtained. Since the thermal conductivity of water was the dominating thermal conductivity of 

the cylinder with a characteristic length of 91 % of the total characteristic length, it was 

decided to use this thermal conductivity in the calculations. This conservative assumption 

gives the maximum Biot number for the system. With the thermal conductivity waterk = 0.6 

W/mK and the calculated heat transfer coefficient outh = 19.46 W/m
2
K, a Biot number of 0.8 

was calculated, see Appendix C. Since the Biot number is smaller than 1, the Lumped 

Capacitance Method is considered a valid method to use in this study.  

 

3.5.5 Curve fitting 

The measured data was imported to Excel and the average value of the three sensors in each 

pipe was calculated for every time step. These average temperatures were plotted over time. 

Based on the start temperature, mass of water, specific heat capacity of water and a guessed 

value for the heat transfer coefficient, a theoretical temperature curve was calculated 

according to Equation 8 and 9. In order to find the best fit, the sum of squares of differences 

between all calculated and measured values was minimized by varying 
ShA  using the solver 

function. This gave the best guess value of the unknown 
ShA  in the formula for the 

theoretical equation.  
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Since the water columns were assumed to be identical, and therefore held the same properties, 

the only difference between the two pipes is the heat transfer coefficient. This change is 

indirectly proportional to the resistance since: 

 

1
S

tot

hA
R

 . (11) 

 

Rearranging the formula to receive totR  for the test and control pipe allows us to calculate the 

change in resistance R  according to Equation 5. This R  is the fouling resistance.  

3.6 Uncertainty analysis 

Uncertainties and external factors might have affected the results from the experiments. In 

this section, these uncertainties and factors are listed. An overview of the uncertainties is 

presented in the end of this chapter. 

3.6.1 Temperature measurements  

In this section, the uncertainty of the temperature measurements of the water and air is going 

to be presented. 

3.6.1.1 Temperature of water column 

The uncertainty of the used thermocouples was ± 0.1 K, according to the manufacturer. This 

was validated with calibrations.  

 

The temperature of the water was measured in the central line on the considered water 

column, but due to a limited amount of thermocouples, only three sensors were used to 

measure the temperature of the water. It was assumed that the temperature of water would 

increase with increasing height due to density differences. Therefore, the thermocouples were 

placed at three different heights, see Figure 10a. A higher number of thermocouples would 

have decreased the uncertainty of water temperature measurements and would have provided 

a more detailed picture of possible temperature gradients inside the water column.  

3.6.1.2 Temperature of air 

To avoid changes in temperature around the pipes during the experiments a climate chamber 

was used, which kept the temperature constant. The uncertainty of air temperature 

measurement provided by the manufacturer was ± 0.5 K.  

3.6.2 Time measurements 

Water temperatures were measured every ten seconds. The timestamp of each measurement 

was given to the millisecond, which gives an uncertainty of 0.5 ms.  

3.6.3 Mass measurements 

The mass of the water and the pipes was measured using a scale with an uncertainty of 

± 0.05 g, given by the manufacturer. However, the uncertainty appeared to be higher, since 
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the values from the scale varied significantly during measurements. Based on observations, an 

uncertainty of ± 1 g was assumed. 

3.6.4 Volume measurements 

The volume of water poured into the pipes was measured using lab beakers of 1000 ml from 

the brand VWR. The intervals were in steps of 200 ml with the highest marked measure of 

900 ml. The uncertainty of the beakers were assumed to be 5 %, since lab beakers of this form 

and size usually have an uncertainty of 5 % (Science Company) and there was no information 

to be found in the product catalogue nor on the internet. To measure 6.5 litres of water, seven 

times 900 ml and one time 200 ml was measured, the uncertainty is given by  

 

   
2 2

7 0.05 900 0.05 200U      , (12) 

 

resulting in an uncertainty of ± 119.48 ml, truncated to ± 119 ml. 

3.6.5 Dimension measurements  

The length of the pipe was measured using a one meter ruler with the smallest unit of 1 mm. 

The uncertainty of this is 0.5 mm.  

 

Furthermore, the length was not the same around the pipes, as they were not perfectly cut. The 

difference between the shortest and the longest measured length was 3 mm on both pipes. The 

average of the biggest and smallest value was taken, so it is assumed that this fact does not 

contribute to the uncertainty of the dimension measurements.  

 

To measure the depth of the fouling, a calliper has been used. This calliper has an uncertainty 

of 0.05 mm given by the manufacturer. To decrease the uncertainty of the measurements, 

eight points in the pipe were examined.  

 

 

 

3.6.6 Overview of uncertainties 

An overview of all uncertainties can be seen in Table 5 below. 

Table 5: Expanded uncertainties for all measured quantities. 

Measured quantity Uncertainty 

Temperature of water column ± 0.1 K 

Temperature of air ± 0.5 K 

Time 0.5 ms 

Mass of water ± 1 g 

Volume of water ± 119 ml 

Length of pipe 0.5 mm 

Thickness of fouling 0.05 mm 
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4 Results and discussion 

In this chapter, the results of the conducted experiments will be presented, along with 

discussions regarding the results, set-up and other parameters.  

4.1 Measurements 

The results of the temperature measurements will be presented and discussed. 

4.1.1 Experiment 1  

The measured water temperatures in Experiment 1 are shown in Figure 15. 

 

 
Figure 15: Water temperature development over time in Experiment 1 with uncertainty of 

measurement marked in black. 

In the beginning of Experiment 1, the water temperature in the control pipe is decreasing 

faster than the water temperature in the test pipe. Both temperatures then decrease much faster 

for 30 minutes. After that, the temperatures rise sharply before falling again. Until the end of 

the experiment, the water temperature in the control pipe is again decreasing faster than the 

water temperature in the test pipe. The maximal difference between the two water 

temperatures was 0.4 K. The extraordinary temperature drop from 35 minutes to 1 hour and 

10 minutes can be explained by the toppling of the control pipe due to insufficient 

stabilization. It touched the fouled pipe and both remained in a tilted position, causing some 

water to flow out. Due to this water loss, the top sensors of both pipes were above the water 

level and the average temperatures decreased sharply.  
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After being noticed, the pipes were put back in position and the amount of the water loss was 

estimated to be 900 ml in both pipes by measuring the remaining height of the water columns. 

Therefore, additional 900 ml of water were filled in each pipe to reach the approximate 

original level. This water had a temperature of 15 °C, which was approximately the same 

temperature as the remaining water in the pipes. Furthermore, the air temperature did not 

change during the operation. Therefore, the data from 1 hour and 15 minutes could be 

considered a restarted experiment. The difference in water volume between the two pipes was 

measured after the experiment and was accounted for in the curve fitting analysis. So was the 

starting temperature, which was not the same at 1 hour and 15 minutes. The volume of water 

in each pipe was measured after the end of the experiment as 6355 ml in the control pipe and 

6419 ml in the test pipe. The small volume difference could contribute to the faster cooling of 

the water in the control pipe afterwards. Therefore, it was included in the calculations for the 

quantification of the fouling resistance. 

 

4.1.2 Experiment 2 

Figure 16 shows the results of the measured data from Experiment 2. 

 

 
Figure 16: Water temperature development over time in Experiment 2 with uncertainty of 

measurement marked in black. 

The initial temperatures for the pipes were about 20.5 °C and the final temperatures were 

about 6.5 °C and 7 °C after 10 hours and 20 minutes for the test and control pipe respectively. 

The water temperature in the test pipe decreased faster than the water temperature in the 

control pipe.  
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At the most, it was just under 1 K difference between the two pipes, measured at about 5 

hours. In this experiment, only the measured values of the two highest placed thermocouples 

in the pipes were assessed and shown in the graph. This was because the lowest sensor in the 

control pipe was considered to be placed too close to the rod, and therefore not measuring the 

temperature of the water but the temperature of the rod.   

4.1.3 Experiment 3 

Figure 17 shows the decreasing temperature of the water in the test and control pipe in 

Experiment 3. 

 

 
Figure 17: Water temperature development over time in Experiment 3 with uncertainty of 

measurement marked in black. 

According to the graph, the initial temperature in both pipes was about 20 °C and the end 

temperature was measured after about 7 hours as about 6.7 °C and 7.4 °C for the test and 

control pipe respectively. Similar to Experiment 2, the temperature of the water in the test 

pipe decreased faster than the water temperature in the control pipe. Already from when the 

water was poured into the pipes, it can be seen that the water in the test pipe had a slightly 

lower temperature than the water in the control pipe. The maximum difference in temperature 

was about 1 K measured at 5 hours. 

4.1.4 Experiment 4 

Experiment 4 was made for giving an interpretation about how the test pipe behaved, and if 

the assumption that the test and control pipe are identical apart from the fouling was valid. 

The result from this experiment could also give validity of the result the thermocouples have 

shown in the previous experiments in 4.1.1 – 4.1.3. 
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Before this experiment, the test pipe was cleaned as stated in section 3.4. After that, the 

experiment was conducted in the same way as for the above experiments. The results from the 

measurements are presented in Figure 18. 

 

 
Figure 18: Water temperature development over time in Experiment 4 with uncertainty of 

measurement marked in black. 

The temperature of the water in the cleaned test pipe cools down significantly faster than the 

water in the control pipe. The largest difference in temperature was as much as 3 K. 

 

Furthermore, the behaviour of heat transfer in the test pipe in Experiment 4 differs from the 

behaviour of the control pipe. This indicates that the corrosion affects the thermal resistance 

of the test pipe, as the heat transfer rate is significantly greater than in the beginning of the 

experiment. The water in the test pipe then reaches a lower temperature than in the control 

pipe before it flattens out. 

 

Experiment 4 was running for 5 hours and 30 minutes, after which the control pipe reached a 

temperature of 7.8 °C, meanwhile the test pipe reached a temperature of about 5.9 °C. 
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4.1.5 Experiment 5 

Just as in 4.1.4, Experiment 5 was conducted to produce information about the thermal 

resistance of the test pipe without the effect of the fouling resistance. The set-up of 

thermocouples in this experiment was changed to the prior experiment, to decrease the 

influence of differences between thermocouples. The result can be seen in Figure 19 below. 

 

 
Figure 19: Water temperature development over time in Experiment 5 with uncertainty of 

measurement marked in black 

The behaviour of the test pipe is similar to Experiment 4, stating that the cleaned test pipe has 

a significantly higher total heat transfer than the control pipe. 

 

Experiment 5 was running for 7 hours and 40 minutes, after which the control pipe reached a 

temperature of 6.8 °C, meanwhile the test pipe reached a temperature of 5.4 °C. 

4.2 Thermal resistance 

The thermal resistances have been calculated according to 3.5 and are presented in this 

section. 

4.2.1 Fouling resistance from comparison between test and control pipe  

The results of the curve-fitting using the measured data and the Lumped Capacitance Method 

are presented in Table 6 as additional information. However, the calculated fouling resistance 

is faulty, because Experiments 4 and 5 showed that the assumption of identical properties of 

the cleaned test pipe and the control pipe was wrong. 
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Table 6: Thermal resistances for the test and control pipe in Experiment 1-3, calculated faulty fouling 

resistance and respective percentage of thermal resistance due to fouling. 

Experiment Rtot,control 

[K/W] 

Rtot,test 

[K/W] 

Faulty fouling 

resistance 

[K/W] 

Faulty fouling 

resistance/Rtot,control 

[%] 

1 0.492 0.539 0.047 10 

2 0.562 0.502 -0.060 -11 

3 0.454 0.380 -0.074 -16 

Average 2 & 3 0.508 0.441 -0.067 -13.5 

 

Experiment 1 shows an increase of 10 % in thermal resistance due to fouling compared to the 

control pipe, meanwhile Experiments 2 and 3 show a decrease in thermal resistance of 11 % 

and 16 % respectively. Here, only the result from Experiment 1 supports the hypothesis that 

fouling would cause an increase in thermal resistance in the test pipe. The results from 

Experiments 2 and 3 led to the conclusion that something else must have affected the test 

pipe, which supported the decision to clean the test pipe and conduct further experiments 

without fouling.  

4.2.2 Corrosion 

The cleaned pipe showed signs of corrosion, see Figure 20. The dark areas are aged fouling 

areas, which could not be removed with the available cleaning methods. Furthermore, the 

inner surface is not as smooth as in the control pipe, due to pits of different depth, also visible 

in Figure 20. Changes like these have been seen in water pipes and are due to corrosion 

(Callister & Rethwisch, 2010; Amtec Consultants, 2015). These similarities led us to believe 

that the changes in the test pipe are caused by corrosion. The corrosion led to a loss of 

material in the pipe and the resulting pits increased its surface on the inside. This could be a 

reason for the faster decrease of water temperatures in the fouled pipe.  

4.2.2.1 Impact and result of corrosion 

To quantify the impact of blackwater on the thermal resistance of the pipe, curve fitting with 

the formula derived from the Lumped Capacitance Method was used, see 3.5. Table 7 shows 

the thermal resistances of the cleaned test pipe and the control pipe gained from measurement 

data of Experiment 4 and 5. 

 

Table 7: Thermal resistances of the cleaned test pipe and the control pipe, difference in thermal 

resistance and difference in relation to thermal resistance of control pipe 

Experiment 
Rtot,control 

[K/W] 

Rtot,cleanedtest 

[K/W] 

Difference: 

Rtot,control -  

Rtot,cleanedtest 

[K/W] 

Difference/Rtot,control 

[%] 

4 0.419 0.237 0.182 43 

5 0.416 0.228 0.188 45 

Average 0.4175 0.2325 0.185 44 



30 

 

Results from Experiments 4 and 5 show that the cleaned test pipe has a significantly lower 

thermal resistance than the control pipe. This is in line with the assumptions made about the 

effects of corrosion. The corrosion has caused a decrease of 44 % compared to the thermal 

resistance of the control pipe during the three years the test pipe has been installed in the 

sewage system. Furthermore, the aged fouling contributes to an increased resistance in the 

pipe. Therefore, the difference in thermal resistance is assumed to be larger if the test pipe 

was cleaned from all the aged fouling. 

 

 
Figure 20: Cleaned test pipe with aged fouling and pits assumed to be caused by corrosion. 

4.2.2.2 Updated results from weight measurements  

Furthermore, the measured weight of the cleaned test pipe was 3910 g. The difference from 

the measured weight of the control pipe in Table 3 of 4093 g gives a loss of material of 183 g 

that is caused by corrosion. This also gives the result that the mass of fouling is 196 g, 

corresponding to the measured fouling thickness of 0.81 mm, by comparing the weights of the 

test pipe and the cleaned test pipe. 

4.2.3 Fouling resistance 

As the control pipe did not show the same thermal resistance as the cleaned test pipe, it was 

decided to compare the average thermal resistances of the cleaned test pipe in Experiments 4 

and 5 with the test pipe in Experiment 1 to 3. To account for changing external influences 

from experiment to experiment, the difference in thermal resistance between the control pipes 

in the two compared experiments was calculated.  
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The fouling resistance was calculated by: 

 

   ,test , , ,f tot X tot cleanedtest tot controlX tot cleanedtestR R R R R    ,    (12) 

 

where X is the examined experiment, ranging from 1 to 3, and ,cleanedtesttotR  is the average 

thermal resistance of the cleaned test pipe.  

 

Table 8 shows the average thermal resistance for the cleaned test pipe, and the thermal 

resistance for the test pipe in Experiment 1 to 3, as well as the fouling resistance calculated 

according to Equation 12, and the respective percentage of thermal resistance due to fouling. 

Table 9 shows the same results as Table 8 with the unit m
2
K/W for comparison with other 

studies. All results can be converted to this unit by multiplication with the inner surface of the 

pipe, 0.26 m
2
.   

 

Table 8: Thermal resistances in K/W for the cleaned test pipe from Experiment 4 and 5 and for the test 

pipe in Experiment 1 to 3, calculated fouling resistance and respective percentage of thermal 

resistance due to fouling. 

Rtot,cleanedtest 

[K/W] 
Experiment 

Rtot,test 

 [K/W] 

Fouling 

resistance 

[K/W] 

Fouling 

resistance/Rtot,cleanedtest 

[%] 

0.2325 

1 0.539 0.232 100 

2 0.502 0.125 54 

3 0.380 0.111 48 

Average 2 & 3 0.441 0.118 51 

 

Table 8 shows that the fouling resistance obtained from Experiment 1 is 0.232 K/W, 

increasing the total thermal resistance of the cleaned pipe by 100 %. Experiments 2 and 3 

deliver fouling resistances of 0.125 and 0.111 K/W respectively. These values are equal to an 

increase in thermal resistance of 54 % and 48 % respectively.  

 

Because of the incident described in 4.1.1, Experiment 1 is assumed to be the least reliable 

data source and is therefore neglected in further discussion. The mentioned incident led to a 

loosening of the top insulation and to a loss of water. It was assumed that the experiment 

could be considered restarted after the initial set-up was re-erected. However, the pipes were 

at surrounding temperature in the beginning of all other experiments. In Experiment 1, they 

were already heated by the water until the re-start. Also, the toppling could have influenced 

the equipment. For example, one or several thermocouples could have been pulled too close 

to the rod. These two factors represent a difference between Experiment 1 and the following 

experiments. It is therefore assumed that they are not comparable.  
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Table 9: Thermal resistances in m
2
K/W for the cleaned test pipe from Experiment 4 and 5 and for the 

test pipe in Experiment 2 and 3, calculated fouling resistance and respective percentage of thermal 

resistance due to fouling. 

Rcleanedtest 

[m
2
K/W] 

Experiment 
Rtest  

[m
2
K/W] 

Rf 

 [m
2
K/W] 

Rf / Rcleanedtest  

 [%] 

0.06045 

2 0.13052 0.03250 54 

3 0.09880 0.02886 48 

Average  0.11466 0.03068 51 

 

The average thermal resistance of the cleaned test pipe was 51 % lower than the average 

thermal resistance of the test pipe before the cleaning. This was calculated from the difference 

between the average thermal resistance of the test pipe from Experiments 2 and 3 and the 

average thermal resistance of the cleaned test pipe from Experiments 4 and 5. These results 

show that fouling causes a significantly increased resistance in the test pipe. The results in 

Figures 15-17 did not indicate so, because the control pipe had different properties than the 

cleaned test pipe. 

4.2.4 Calculated uncertainty 

The uncertainty for the thermal resistances was obtained by varying factors for the curve-

fitting. This method was chosen, because it takes into account uncertainties for every factor as 

well as the uncertainty from the curve-fitting. Two worst-case scenarios were calculated: To 

obtain the lower limit of uncertainty, ,mintotR , the values for iT , T  and V  were increased 

by their respective measurement uncertainties and the value of every measured temperature 

was decreased by its measurement uncertainty. For the upper limit of uncertainty, ,maxtotR , the 

opposite was done. Experiment 1 was excluded from the uncertainty quantification, as its 

results were considered unreliable. The results for ,mintotR  and ,maxtotR  as well as the deviation 

from the original value, ,bestguesstotR , are shown in Table 10. 
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Table 10: Lower and upper limits of uncertainty for calculated thermal resistances and deviation from 

best-guess value in percent 

Experiment, 

pipe 

Rtot, min 

[K/W] 

(Rtot, min -  

Rtot, best guess) /  

Rtot, best guess 

[%] 

Rtot, max 

[K/W] 

(Rtot, max -  

Rtot, best guess) /  

Rtot, best guess 

[%] 

2, test 0.443 -12 0.564 12 

2, control 0.499 -11 0.626 11 

3, test 0.335 -12 0.426 12 

3, control 0.405 -11 0.506 11 

4, test 0.207 -13 0.270 14 

4, control 0.375 -11 0.466 11 

5, test 0.198 -13 0.260 14 

5, control 0.372 -11 0.462 11 

 

,mintotR  is 11 to 13 % lower than ,bestguesstotR  and  ,maxtotR  is 11 to 14 % higher than the original 

value. These deviations are considerable, but it is not expected that the measured values 

deviate from reality in a way close to one of the worst-case scenarios. Even in such a scenario, 

the main findings are valid. 

 

To visualize the influence of the deviation between curve-fitting values and measured 

temperature values, graphs were made. These graphs can be found in Appendix D. The main 

findings were that curve-fitting values were always lower than the measured temperature in 

the beginning and higher in the end of the experiment. In Experiments 3 to 5, the deviation 

between the values never exceeded 5 % of the measured temperature. In the control pipe 

measurements from Experiment 1 and both measurements from Experiment 2, the deviation 

was greater than 5 % of the measured temperature in the end of the experiment. An 

explanation for the relatively high deviation in the end of each experiment can be that the air 

temperature measurements had an uncertainty of 0.5 K. Close to air temperature, the water 

temperature changes very slowly and this uncertainty gets more important than in the 

beginning. Therefore, the measured and theoretical values differ more than before.  

4.3 Further discussion 

In this chapter, the results from the experiments will be discussed along with external and 

internal factors affecting the results of the study and experiments.  

4.3.1 Improvement of the experimental set-up 

To improve the experimental set-up, several changes have been made throughout the study. 

Two initial experiments were set up in the laboratory hall on Brinellvägen 66, and conducted 

at air temperature. Complications with the seal caused the test pipe to leak in both 

experiments which gave false results. Furthermore, in one of the experiments, the air 

temperature decreased significantly during the night. This contributed to a large uncertainty of 

the heat transfer through the material.  Moreover, the results of these experiments were not 
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only a positive fouling resistance, see Appendix E, but also showed the importance of a 

correct seal construction and constant air temperature. Therefore, to ensure that the 

surrounding temperature was kept constant, the experimental set-up was moved to the climate 

chamber. Further, to avoid the leakage of the test pipe, two measures were taken. The first 

was that the edges of the bottom of the pipe were grinded to create a smoother and more even 

surface. The second was that two extra layers of rubber were added to the seal and the rod was 

fastened harder, see Figure 10.  

4.3.2 Loss of fouling 

In each turn of experiments, some of the fouling was lost from the test pipe. As water was 

poured in and out of the pipe, solid particles from the fouling were released and discharged 

from the pipe. Also, some fouling was lost during the leakage from the initial experiments. It 

was tried to quantify the mass of lost fouling after each experiment by measuring the mass of 

the empty test pipe and by comparing it to its mass measured after the last experiment. After 

the first experiment however, it was shown that the uncertainty of the scale was too big to be 

used to measure the mass of lost fouling. Other available scales could not be used due to the 

mass of the pipe. 

 

Another reason of loss of fouling was that as the fouling dried, it started to separate from the 

pipe. Therefore, the test pipe was not dried and the mass of water left in the pipe possibly 

could not be assumed to be the same after every experiment. For these reasons and to be able 

to do calculations, it was assumed that the thickness of fouling was constant throughout the 

experiments. 

 

However, the loss of fouling is in itself a good result. This means that a pipe exposed to 

blackwater can be partly cleaned by disintegration processes or by disassembling the pipe and 

rinsing it. This would reduce both cost and the time needed to remove the DWHR system, 

decreasing the energy loss due to not using the device and additional costs for removing the 

pipe. 

4.3.3 Different seal solutions 

Two different solutions to seal the pipes were used in the experiments. The control pipe was 

sealed at its end by welding, whereas the test pipe was sealed with an aluminium plate and 

rubber seals. The welding caused half of the control pipe to reach a temperature of up to 

1000 °C, according to the technician working in the lab. This could be seen as a heat 

treatment of the material, which could in fact change the thermal resistance of the pipe 

(Callister & Rethwisch, 2010). Heat treatment is used for structuring the bonds in the material 

and makes the material stronger. Since the pipes have been cut, some of the bonds might be 

different in the control and test pipe after the heat treatment. Although, it would have been 

impossible to use the same method for the test pipe, since the heat would have influenced the 

fouling. However, welding was considered the safer solution for the control pipe. Therefore, 

two different sealing solutions were used. 
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4.3.4 Different thermal resistances 

External factors that could have influenced the heat transfer and the thermal resistance of the 

system are discussed in this section.  

4.3.4.1 Different surface areas for heat transfer  

The surface areas of the pipes vary from the assumed value due to pits and fouling. Firstly, the 

cleaned test pipe showed an uneven surface with pits of different depth, assumed to be caused 

by corrosion. This uneven surface is assumed to have contributed to the fouling on the inside 

wall of the pipe, since it easily binds solids and slime in the blackwater. 

 

Secondly, the fouling increased the inside area of the pipe in contact with the water due to its 

uneven structure. This provides an enlarged surface area for heat transfer. Similar solutions 

have been used to increase the heat transfer in heat exchangers by coating the pipes with 

material with low thermal resistance. This coating created peaks in the pipes, enlarging the 

heat transfer area (Kukulka & Leising, 2010).  

 

Altogether, the assumption of equal surface area in all pipes is necessary for the comparison 

of thermal resistance values and is not assumed to result in significant errors. 

4.3.4.2 Air movement 

Another external factor that has to be considered is the air movement in the climate chamber 

caused by the cooling fans. In this study it is assumed that the two pipes do not affect each 

other. If there is movement of the air, however, heated air could be transported from one pipe 

to the other, influencing the result of the heat transfer. If the air movement transported heated 

air from one pipe to the other, it could no longer be assumed that the pipes do not influence 

each other. However, the flow direction from the fans was assumed to only transport the 

heated air away from both pipes, as the pipes were not standing behind each other in the 

direction of airflow from the fans. 

4.3.4.3 Heat transfer over top and bottom of the pipes 

Heat transfer over the top and bottom area of the pipes is assumed to be zero due to insulation. 

The top insulation was made from two parts of styrofoam that were put together, see 

Figure 14. This solution could still have allowed some heated air to escape the set-up, which 

would be a weakness of the model. However, since the insulation was made in the same way 

for the two pipes, it was assumed that the differences between the two set-ups were negligible. 

In this case, heat transfer over the top area of the pipe would not have an influence on the 

fouling resistance, as the analysis is comparative. Moreover, the bottom insulation was not 

made in the same way, as one pipe was welded and one was sealed with an aluminium plate 

and rubber seals. The influence of this difference was reduced by making styrofoam stands of 

the same dimensions.  

 

Furthermore, only 6.5 litres of water was poured into the pipes for practical reasons. 

Therefore, the water column was shorter than the pipe, allowing some of the heat to be 
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transferred to the air inside the pipe. However, the two set-ups were considered identical, 

allowing this factor to be ignored.  

4.3.4.4 Different amount of material in the set-ups 

Another difference in the set-ups of the test and control pipe was the length of the rod. In the 

test pipe, the rod reached through the whole pipe, whereas the rod in the control pipe only 

reached to 80 cm from the top. This means that there was less metal in the control pipe than in 

the test pipe that needed to be heated. On the other hand, in the test pipe, there was rubber that 

needed to be heated in addition to the aluminium plate at the bottom. The effect of this 

difference could not be quantified but was assumed to be insignificant.  

4.3.5 Implications for cleaning strategies 

The findings in 4.2.2 lead to the discussion about if and when to clean an installed pipe. 

Removing fouling will, according to the findings in 4.1.4 and 4.1.5, lead to an increased heat 

transfer rate. However, the fouling acts as a protective coating, which could also protect the 

aluminium from further corrosion (Callister & Rethwisch), since the layer of fouling will be 

exposed to the turbulent flow of water rather than the aluminium surface. Therefore, these 

processes will occur faster after the pipe was cleaned until new fouling has allocated onto the 

surface. Also, the results in Experiment 2 and 3 indicate, that a fouled pipe still has a smaller 

thermal resistance than the same pipe at the time of installation.  

  

On the other hand, the thermal resistance could be reduced much more by cleaning the pipe. 

Also, the loss of the fouling that could be seen during the experiments and the tested cleaning 

procedure show that the type of fouling formed by blackwater is easy to remove by flushing 

the pipe at high water pressure. This indicates that the maintenance of the examined system is 

straightforward and low-cost, as the cleaning method is simple and the heat exchanger would 

not be offline for a long time. 

 

In conclusion, the recommendation for the examined system is to clean the pipe, as long as 

the risk of leakage due to corrosion is controllable. 

4.4 Model boundaries 

Since the experiments conducted are only a model, there are some limitations in the study.  

4.4.1 Lumped Capacitance Method 

The validity of the assumption that the Lumped Capacitance Method could be used in this 

study is supported by a study that has examined how well the method is applicable to larger 

Biot numbers than 0.1 (Xu et al., 2012). This study states that the Lumped Capacitance 

method can be used for Biot numbers up to 1 in thermal storage applications. This is 

applicable for our case since stagnant water was examined. From the calculations presented in 

Appendix C, we obtained a Biot number of 0.8, which is within the span of Biot numbers for 

which it is a reasonable assumption to use the Lumped Capacitance Method.  
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Moreover, the curve-fitting performed in Excel showed that using the equations obtained from 

the Lumped Capacitance Method was giving a curve that fitted the measured data with 

relatively small differences.  

 

Furthermore, the assumption that the water column was at uniform temperature was validated 

by measuring the temperature close to the inside wall of the pipe, that is the outside of the 

water column, and compare it to the temperature measured in the central line. The logged 

measurements supports that the water column could be considered as at uniform temperature, 

with only 0.1 K difference between the central line temperature and the inside wall 

temperature.  

 

However, there were differences in temperature between the three sensors within the water 

column, which indicated that the temperature was not uniform. These differences were greater 

than the differences measured during the calibration of the thermocouples. Throughout the 

experiments, the thermocouple at the lowest position showed the lowest temperature. One 

reason for this phenomenon could be that the water poured into the pipes first was cooled 

down faster than the rest of the water, since the pipes had cooled down in the climate chamber 

before the experiments started. The colder water is assumed to have stayed at the bottom of 

the pipe due to thermal stratification. The maximal measured difference between the sensors 

was 2.4 K. Although the water column did not have a completely uniform temperature, the 

assumption of uniform temperature was made for simplification and is considered close to 

reality.  

 

Furthermore, to increase the accuracy of the results, free convection at the inside walls of the 

pipe has to be taken into account. However, in order to do this type of calculations, more 

accurate values for the water temperature need to be obtained, as well as more correct values 

for the inner heat transfer coefficient and for other coefficients. Furthermore, the simplified 

model does not take into account that there is heat transfer through the seals at the bottom of 

the control and test pipe. In reality, there is also some heat transfer to the trapped air in the top 

of the pipes. This means that the transient heat transfer would need to be examined, and for 

more accurate measurements, the water temperatures would need to be examined not only as a 

function of time but also of radius and length (Cengel, 2011). 

4.4.2 Experimental set-up 

Due to the model used in the study, there are several differences between the experimental 

set-up and the real installation. The largest differences are discussed here. 

4.4.2.1 Falling film 

In the real installation, the drain water causes a falling film in the inside wall of the pipe. The 

falling film causes the transition between laminar and turbulent flow to occur at lower Re 

numbers, which more easily causes turbulent flow in the pipe. Turbulence is appreciated since 

it causes a higher rate of heat transfer, and this could not be examined in the conducted 

experiments. In the experimental set-up, only the heat transfer due to conduction was 

examined, as the water columns are considered to be stationary. In the falling film however, a 
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large part of the heat transfer is also due to convection, depending on the movement of the 

film downwards, but also that the flow itself is turbulent.  

  

Furthermore, fouling can cause more turbulent flow which enhances the heat transfer 

(Warhaft, 1997). This is due to increased friction in the pipe because of the lumps and uneven 

surface of the fouling. Therefore, if there was a difference in heat transfer for falling film and 

stationary water, the fouling could enhance this heat transfer. However, no other studies have 

shown that fouling has an overall positive impact on heat transfer. 

4.4.2.2 Similarities to real installation 

Similarities between the real installation and the experimental set-up are that the test pipe was 

installed vertically in the facility, and the experiments were conducted with vertical placed 

pipes. Another similarity between the experimental set-up and the real installation is that the 

drain water will be in contact with the inner wall of the pipe. Most importantly, the test 

section was taken from a real blackwater collection pipe, providing a realistic example of 

fouling and possible impacts on the pipe material. 

4.4.3 Water Temperatures 

In the experiments, a water temperature of 20 °C was chosen. The main reason for choosing 

this temperature was that findings from the literature study showed that the usual temperature 

of drain water in households and residential buildings ranged from 20 °C to 40 °C 

(McNabola & Shields, 2012) or from 23 °C to 26 °C (Seybold & Brunk, 2013). Another 

reason for using relatively low temperatures in the experiment was that the biofouling is 

assumed to consist of fats along with bacteria, fungi and other bio-solids coming from the 

blackwater. Hot water could change the physical properties in the fats and also start to 

dissolve biofilms and solids in the test pipe, causing loss of fouling for each experiment 

(Callister & Rethwisch, 2010). Furthermore, the temperature of the water was not assumed to 

affect the results, as long as the temperature gradient between water and surrounding air was 

sufficient to measure temperature differences. 
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5 Conclusions 

The main findings were firstly that fouling significantly increases the thermal resistance of 

aluminium pipes. Secondly, corrosion causes a significant decrease in the pipes’ thermal 

resistance.  

 

The combination of these effects led to a decrease of 14 % in thermal resistance in the 

examined system after three years compared to the time of installation. The decrease in 

thermal resistance due to corrosion in the test pipe was 44 % compared to the time of 

installation. Furthermore, the thermal resistance of the test pipe decreased by 51 % when it 

was cleaned from the fouling. The fouling resistance of the 0.81 mm fouling layer was found 

to be 0.03068 m
2
K/W. Moreover, the loss of material due to corrosion was measured to 183 g, 

4.5 % of the assumed initial mass of the test pipe. 

 

This study is based on a simplified system, which provides information of the influence of 

fouling resistance on heat transfer in stagnant water. It should therefore be taken into account 

that the results only give an indication of the behavior of a real DWHR system, and further 

studies should be conducted to obtain more realistic results.  

 

Furthermore, the loss of the fouling that could be seen during the experiments and the tested 

cleaning procedure show that the type of fouling formed by blackwater is easy to remove by 

flushing the pipe at high water pressure. This indicates that the maintenance of the examined 

system is straightforward and low-cost, as the cleaning method is simple and the heat 

exchanger would not be offline for a long time. Due to this and the decreased thermal 

resistance of a cleaned system, the recommendation for the examined system is to clean the 

pipe, as long as the risk of leakage due to corrosion is controllable. 
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6 Suggestions for future work  

The model used in this project examined stagnant water, whereas in the real system a falling 

film applies. Also, there would be water on the outside of the pipe instead of air. Therefore, a 

future study should be conducted to examine a test rig that is closer to reality. This test rig 

should use circulating water to create a falling film on the inside wall of the pipes.  

 

Secondly, since the installed pipe with its 90 cm is relatively short, there will only be small 

changes in temperature over the length of the pipe and it could be difficult to conduct 

experiments with circulating water. Therefore, a longer pipe with otherwise same dimensions 

could be examined using the results obtained from this report.  

 

Thirdly, a test rig similar to the one used in J. Wallin's study in 2014 on heat transfer in coiled 

heat exchangers could be built. If the copper pipe would be replaced by an aluminium pipe 

with fouling on the inside wall, the effect of fouling and the heat transfer rate using a cleaned 

aluminium pipe could be examined. By doing so, the length of the pipe does not have to be 

increased, as the colder incoming water in the coils will enhance the heat transfer rate.  

 

The test section used in the experiments had been installed for 3 years, and to obtain a similar 

test pipe would take another 3 years. However, another test section of the same aluminium 

pipe has been installed in a multifamily house close to Brinellvägen 64B. This test section has 

been exposed to greywater and could be examined and compared to the present study. The 

results would show the different impacts of greywater and blackwater on the same type of 

pipe concerning fouling and corrosion. 

 

Moreover, if a similar experiment was conducted, it would be interesting to examine how 

much fouling is lost after each experiment, and how this affects the thermal resistance. It 

would also be interesting to compare the thickness of fouling with the thermal resistance, and 

to examine if there is a correlation between loss of fouling and change in thermal resistance. 

Such a correlation could be used to predict the fouling resistance for different thicknesses of 

fouling.    

 

Finally, the SAPA profile could be tested by modelling the heat transfer in a computer 

program. If the company could provide a prototype, this model could be verified with 

experiments.  
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Appendix A 

The results of the calibrations in ice water are shown in Figures A.1 to A.3. The results of the 

calibrations of the thermocouples, ranging from 25 ºC to 5 ºC, in steps of 5 degrees is seen in 

Figures A.4 to A.8. The tables show the measurements of the thermocouples, and allow us to 

see that there is a continuous difference between the thermocouples. Throughout the Figures it 

is seen that thermocouple 7 and 2 with the continuous highest measured data and 8 and 6 with 

the lowest. In all the calibrations it is seen that thermocouple 5 and 4 behave similar, and the 

same with number 3 and 1. 

 
Figure A. 1: Calibration of thermocouples in 0 ºC, after Experiment 2 

3.  

Figure A. 2: Calibration of thermocouples in 0 ºC, after Experiment 3 
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4.  

Figure A. 3: Calibration of thermocouples in 0 ºC, before Experiment 4 

 

5.  

Figure A. 4: Calibration of thermocouples in 25 ºC 

 

-0,1

-0,05

0

0,05

0,1

0,15

0,2

0,25

0,3

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61

1

2

3

4

5

6

7

8

24,3

24,4

24,5

24,6

24,7

24,8

24,9

25

25,1

25,2

25,3

1 6 11 16 2
1

2
6 3
1

3
6 4
1

4
6 5
1

5
6 6
1

6
6 7
1

7
6 8
1

8
6 9
1

9
6

10
1

10
6

11
1

11
6

12
1

12
6

13
1

13
6

T
e

m
p

e
r

a
tu

r
e

 [
ºC

] 

Time [s] 

1

2

3

4

5

6

7

8



47 

 

 
Figure A. 5: Calibration of thermocouples in 20 ºC 

 

 
Figure A. 6: Calibration of thermocouples in 15 ºC 
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Figure A. 7: Calibration of thermocouples in 10 ºC 

 

 
Figure A. 8: Calibration of thermocouples in 5 ºC 
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Appendix B 

6. The settings for the climate chamber used in the experiments are shown in Figure B.1 

below. 

 
Figure B. 1: Settings fo the climate chamber showing the maximum fan power set to 40 % of the total 

power and the local temperature in the chamber of 5 °C. 
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Appendix C 

Biot number Calculations 

The calculations are made for a water temperature of 20 °C. 

Definitions of the variables 

rout = 0.055            % [m] outside radius 

rin = 0.05              % [m] inside radius 

L = 0.81487;            % [m] height of water column 

Ain = L*2*pi*rin        % [m^2] inside area of pipe 

Aout = L*2*pi*rout      % [m^2] outside area of pipe 

kw = 0.6;  %[W/m*K] thermal conductivity of water at 20 C  

% (www.engineerintoolbox.com) 

kal = 237; %[W/m*K] thermal conductivity of aluminium at 300 K (NIST) 

 

Volumebody = pi*rout^2*L    % [m^3] water volume 

Asurface = 2*pi*rout*L     % [m^2] surface where heat transfer is occuring 

Lc = Volumebody/Ainsurface % [m] characteristic length 

 

Rtot=0.508; % [K/W] total thermal resistance of control pipe, average from 

% experiments 1 and 2 

hout = 1/((Rtot-(log(rout/rin)/(2*pi*L*kal))-((rin/kw)*1/Ain)))*Aout) % [W/(m^2*K)] 

heat transfer coefficient of water 

Results 

Ain =    0.2560 

Aout =    0.2816 

Volumewater =    0.0077 

Asurface =    0.2816 

Lc =    0.0250 

hout =    19.4691 

Biot number 

Biot = (hout*Lc)/kw 

Results 

Biot = 0.8112 

 

 

Appendix D 
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The temperature deviation for the measurements in the test and control pipe for Experiment 1 

to 5. together with curves representing the values for ± 5 % deviation are shown in Figure C.1 

to C.10. 

 

 
Figure C. 1: Experiment 1 – test pipe: Temperature deviation of curve fitting data compared to 

measurements. 

 

 
Figure C. 2: Experiment 1 – control pipe: Temperature deviation of curve fitting data compared to 

measurements. 
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Figure C. 3: Experiment 2 – test pipe: Temperature deviation of curve fitting data compared to 

measurements 

 

 
Figure C. 4: Experiment 2 – control pipe: Temperature deviation of curve fitting data compared to 

measurements. 
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Figure C. 5: Experiment 3 – test pipe: Temperature deviation of curve fitting data compared to 

measurements 

 

 
Figure C. 6: Experiment 3 – control pipe: Temperature deviation of curve fitting data compared to 

measurements. 
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Figure C. 7: Experiment 4 – test pipe: Temperature deviation of curve fitting data compared to 

measurements. 

 

 
Figure C. 8: Experiment 4 – control pipe: Temperature deviation of curve fitting data compared to 

measurements. 
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Figure C. 9: Experiment 5 – test pipe: Temperature deviation of curve fitting data compared to 

measurements. 

 

 
Figure C. 10: Experiment 5 – control pipe: Temperature deviation of curve fitting data compared to 

measurements. 
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Appendix E  

The results from the initial two experiments are shown in Figures C.1 and C.2. These results 

have been removed from the report since the results did not contribute to the final results due 

to leakage and to high uncertainties in the surrounding temperature and air movement.  

1.  Initial Experiment 2 

The change in water temperature over time in Initial Experiment 1 is presented in Figure C.1. 

The filling of the pipes took about 3 minutes and 30 seconds. Only measured values after that 

time are considered reliable, as the variation between the measured values of each sensor is 

decreased significantly. 

 

 
Figure D. 1: Water temperature development over time in Experiment 1 with uncertainty of 

measurement marked in black. 

The water temperature in the test pipe is lower than the water temperature in the control pipe 

from right after the start of the experiment. The faster cooling of the water in the test pipe 

would indicate that fouling has a positive impact on the heat transfer rate. This positive 

impact does not correspond with the hypothesis nor any literature that has been examined for 

this project. 

 

One possible reason for this result is leakage from the fouled pipe, whereas the control pipe 

did not lose any water. To quantify this leakage, the water mass left in the fouled pipe at the 

end of the experiment was measured to be 3167.55 liters. Assuming a density of 1 kg/dm
3
, the 

volume is around 3.17 liters. Consequently, from the initial 6.5 liters, around 3.33 liters of 

water had leaked from the fouled pipe during the experiment. The leakage was neglectable 
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during the first eight hours but intensified after that, possibly due to shrinking of the rubber 

seal as the water cooled down. Therefore, all data obtained later than eight hours after the start 

of the experiment  has been excluded from the curve fitting analysis. 

 

2. Initial Experiment 2 

As shown in Figure C.2, the water temperature in the test pipe was lower than the water 

temperature in the control pipe from shortly after the beginning of measurements. As in Initial 

Experiment 1, the filling of the pipes took about 3 minutes and 30 seconds. 

 

 
Figure D. 2: Water temperature development over time in Experiment 2 with uncertainty of 

measurement marked in black. 

A possible explanation for the lower temperature is leakage from the test pipe. A volume 

measurement was conducted 22 hours and 50 minutes after the start of the experiment. It 

showed that 2.45 liters leaked, even though the sealing on the bottom of the test pipe was 

screwed tighter together.   

 

There was no significant leakage during the first ten hours of the experiment. As in Initial 

Experiment 1, the leakage intensified after this time. Therefore, only data obtained in the first 

ten hours was used in the curve fitting analysis. 

 

Furthermore, the change of air temperature was significant. It was falling to around 17 °C 

during the night, but stayed at the same level during the day. Therefore, only the first 12 hours 

and 32 minutes of measurements are displayed in figure. 


