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Abstract 

Fouling of heat exchangers is a severe problem in the industrialized world. The effects of 

fouling are reduced energy efficiency and increased greenhouse gas emissions. In fact, any 

heat transfer process has a risk of fouling on the heat transfer surface. The fouling can in 

some cases be cleaned physically, chemically or burned off; in other cases it may not be 

possible to clean the heat exchanger and a new one will be needed. For those heat 

exchangers that are cleaned there is normally only a certain number of times that they can 

be cleaned before new ones will be required. Although early fouling detection may not 

have a significant impact on the lifetime of heat exchangers it can help in preventing the 

situation where their efficiency becomes so low that it affects the process the heat 

exchanger is used in, resulting in reduced economy of operation. 

The aim of this Ph.D. project was to develop and implement fouling detection methods that 

only require flow and temperature measurements that can easily be obtained during normal 

operation of heat exchangers and without interrupting the process.  

In the scope of the project six different methods have been tested on either counter or cross 

flow heat exchangers. The measurements are either real measurements or simulated data 

series from accurate heat exchanger models where fouling can be simulated. Statistical 

methods are then applied on the data. 

The findings clearly show that methods developed in the project can be used to detect 

fouling well before a typical design limit is reached. 

Keywords: Heat exchanger; Fouling; On-line detection; Off-line detection 

 

 

 

 

 

 

  



 



 

Útdráttur 

Útfellingar í varmaskiptum valda oft vandamálum í nútíma iðnaði. Áhrif útfellinga eru 

minnkuð orkunýtni og aukinn útblástur óumhverfisvænna gastegunda. Í raun eru öll ferli 

sem snúast um varmaskipta viðkvæm fyrir útfellingum. Í sumum tilfellum er hægt að 

hreinsa útfellingar með beinum hætti, með efnanotkun eða með því að brenna þær í burtu, í 

öðrum tilfellum getur verið að ekki sé hægt að hreinsa varmaskipti og þarf þá að skipta 

honum út fyrir nýjan. Þó hægt sé að hreinsa varmaskipta eru takmörk á hversu oft það er 

hægt áður en þörf er á að skipta þeim út fyrir nýja. Þrátt fyrir að snemmbúin greining á 

útfellingum hafi ekki endilega mikil áhrif á líftíma varmaskiptisins getur greiningin komið 

í veg fyrir að nýtni hans verði svo lág að það skaði ferlið sem hann er hluti af. En ef nýtnin 

er orðin of lág getur sú framleiðsla sem varmaskiptirinn er hluti af skaðast, með tilheyrandi 

fjárhagstjóni. 

Markmið þessa doktorsverkefnis var að þróa og beita tölfræðilegum aðferðum við að 

greina útfellingar út frá mælingum af hita og streymi í varmaskiptum á meðan þeir eru í 

venjulegri notkun án þess að trufla það ferli sem þeir eru hluti af.  

Prófaðar voru sex mismunandi aðferðir á annars vegar mótstreymisvarmaskiptum og hins 

vegar „cross – flow“ varmaskiptum. Mælingarnar eru ýmist raunverulegar mælingar eða 

hermdar mæliraðir út frá nákvæmum hermilíkönum þar sem kostur gefst á að líkja eftir 

útfellingum sem síðan tölfræðilegu aðferðunum er beitt á. 

Niðurstöðurnar sýna greinilega að aðferðirnar sem þróaðar hafa verið í verkefninu geta 

greint útfellingar innan hefðbundinna hönnunar marka varmaskipta. 

Lykilorð: Varmaskiptar; Útfellingar; Rauntímagreining 
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1 Introduction 

1.1 Motivation and background 

From the start of industrialization, heat exchange from one medium to another has been an 

important part of many processes. This has been done either by direct heat transfer, where 

two media exchange heat between each other without any separation, or by indirect heat 

transfer where the hot medium transfers its heat through a material that separates it from 

the cold medium. The indirect heat transfer method is commonly known as heat transfer 

via heat exchange. For these purposes, heat exchangers are widely used in today’s industry 

and they exist in various forms and sizes to fit the wide range of their applications.  

One of the implications occurring with use of heat exchangers is the common natural side 

process known as fouling. A general definition of fouling can be formulated as the 

unwanted formation of thermally insulating materials or deposits from process fluids onto 

heat transfer surfaces (Taborek et al., 1972). 

The extent of fouling buildup depends on various factors, like separating material 

construction, surface temperatures and condition, fluid velocities, flow geometry and the 

composition of the fluids used. The fouling will add a resistance layer on the separating 

wall which reduces the effectiveness of the heat exchanger. The increased resistance to 

heat transfer can have many implications on the process that the heat exchanger is used in, 

for example environmental impact, economical and safety implications. A common 

approach to counteract the effects of fouling is to design the heat exchangers with a larger 

heat transfer area and/or operating at higher working temperatures (Pope et al., 1978; 

Hesselgreaves, 2002). Other ways that have been used are to design the shape of the heat 

exchanger such that it minimizes the risk of fouling (Bouris et al., 2001; Bouris et al., 

2005), by using a specific surface (Sugama and Gawlik, 2002; Müller-Steinhagen and 

Zhao, 1997; Sugama et al., 2002; Ramachandra et al., 2005; Nejim et al., 1998) or by 

changing the fluid properties (Cho and Lee, 2005), or even with electronic methods (Cho et 

al., 1997; Cho and Choi, 1999). 

Once the heat exchanger is put in operation there are numerous ways to estimate the effects 

of fouling on the heat exchanger. If fouling estimation methods are applied it matters 

whether the unit is operating under steady state conditions or dynamic conditions. If the 

steady state conditions can be met the detection has been proven to be relatively simple, 

since analytical and empirical relations can be derived for different heat exchanger types 

and used for all necessary calculations regarding time invariant conditions (Holman, 2002). 

In (Khan and Zubair, 2003) simple probabilistic methods and fouling growth models are 

used to estimate the fouling rate, whereas in (Afgan and Carvalho, 1996), (Jerónimo, et al., 

1997) and (Mai et al., 1999) the method of number of transfer units (NTU) is used. In 

(Bott, 2000) ultrasonic sounds are used to measure the fouling thickness, in (Withers, 

1996) an overview of the use of ultrasonic, acoustic and optical techniques to detect 

fouling on-line is presented, in (Chen et al., 2004) electrical resistance measurements are 
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used for fouling detection. Operating the heat exchanger in a steady state condition can, 

however, be impractical or even impossible for the process and hence methods that can 

detect fouling under dynamic conditions should be applied in such cases.  

In case of dynamic operation where changes are frequent it is necessary to use more 

complex methods and models. Such methods have not been widely researched when used 

in conjunction with fouling in heat exchangers, though different fault detection methods 

have been applied for various different cases. Neural networks (NN) based methods have 

shown good results for fault diagnostic cases (Simani and Fantuzzi, 2000) for fault 

diagnostic of a power plant, in (Simani and Fantuzzi, 2006) where NN are used to diagnose 

a gas turbine, and in (Lecoeuche et al., 2005) where NN are used for fouling detection in a 

tube heat exchanger. Fault diagnosis techniques that use a Kalman filter have also been 

developed, (Chang and Chen, 1995; Keller, 1999), where fault detection is performed in 

chemical processes and in (Isermann, 2005) where a general introduction to fault detection 

methods is given. 

Finally, it should be noted that research in fouling in heat exchangers is a challenge and 

conferences on the subject are regularly organized. 

1.2 Fouling detection 

Due to the impact fouling has on the operation of heat exchangers it is beneficial to use 

fouling detection methods that can detect the formation of fouling at its early stages 

without the need to stop the process. Whether the heat exchanger is operating under a 

relatively steady state or dynamic conditions a timely indication on formation of fouling 

can help to plan cleaning schedules or changing of the heat exchanger with a minimum 

impact on the process the unit is used in.  

As mentioned above, the success criteria for a fouling detection method to be considered 

useful are that the detection can be made in real time and at an early stage of the fouling. In 

general, a model based fouling detection can be made by monitoring for a drift in model 

parameters or discrepancies between model predictions and what is actually measured.  

The aim of this project was to develop and apply different types of methods to detect 

fouling in heat exchangers operating under dynamic conditions. For successful and useful 

fouling detection the methods should detect fouling prior to reaching a typical fouling 

design factor that is used in the industry. All the methods developed during the project 

detected fouling prior to the typical design fouling factor. 

1.3 International collaboration and 

dissemination 

This project was performed in close collaboration with researchers at the University of 

Valenciennes and the University of Poitiers in France with relation to the research project 

Détection et Surveillance de l'encrassement dans les échangeurs de chaleur isolés ou mis 

en réseau (DESURENEIR) (Eng.. Detection of fouling in heat exchangers and in heat 

exchanger networks) funded by the French Centre National de la Recherche Scientifique 

(CNRS) (Eng.. The French National Center for Scientific Research). 
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As part of the cooperation, the candidate stayed at the University of Valenciennes in 

France to conduct experiments using a heat exchanger test rig that was specially built for 

the purpose of gathering data for fouling detection. The measurement obtained from the 

test rig during the external stay has been valuable, not only for this part of the international 

project but also for other project participants. 

The findings and methods developed in this project have been presented at highly relevant 

and peer reviewed conferences with strong links to the subject. Additionally, papers have 

been submitted and accepted for publication at relevant ISI journals.  

The results of the project were disseminated at the following conferences: 

 The International Conference on Heat Exchanger Fouling and Cleaning, which is 

held every second year and attracts the major contributing research in the field of 

designing, fouling, monitoring and cleaning of heat exchangers. It goes without 

saying that this particular conference series was very important for dissemination of 

the project results. Papers P2, P5 and P6 were presented at this particular 

conference series. 

 The conference SIMS 50 – the 50th Conference on Simulation and Modelling 

focused on simulation and modelling and provided an opportunity to present and 

discuss the heat exchanger simulation model that was used for simulating the data 

used in the project. Paper P1 was presented at this conference. 

 The conference series International Symposium of District Heating and Cooling 

gave an opportunity to present methods that could be used for on-line fouling 

detection in domestic hot water heat exchangers in district heating systems. 

Participating in these conferences gave the opportunity to gather relevant inputs for 

adapting the methods for that particular application case. Paper P3 was presented at 

this conference. 

 The conference Identification Modeling Experiment (JIME2011) gave the 

opportunity to present the method based on identifying the heat exchanger using 

neural networks and get valuable feedback on the method. Paper P4 was presented 

at this conference. 

The results of the project have also been submitted to the following international journals: 

 Journal of Heat Transfer Engineering, which is a preferred journal for publishing 

results in the field of the project and is particularly recommended by the conference 

series Heat Exchanger Fouling and Cleaning. Paper P7 was submitted to this 

journal. 

 Journal of Heat and Mass Transfer, which focuses on fundamental studies on the 

physics of transfer processes where research on heat exchangers is one of the main 

topics. Paper P8 was submitted to this journal. 
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1.4 Overview of the dissertation 

Figure 1.1 gives a quick overview of the structure of the dissertation. During the Ph.D. 

project six fouling detection methods were designed, here called M1 to M6, and have been 

published in eight papers, here called P1 to P8.  

 

Figure 1.1. Overview of the dissertation. 
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2 Heat exchangers 

Heat exchangers are used in most modern industrial processes. Heat exchangers exist in 

many forms and sizes, depending on their usage. In this research fouling in two types of 

heat exchangers were studied, a cross flow plate heat exchanger and a counter flow plate 

heat exchanger (Holman, 2002). 

2.1 Heat exchanger theory and operation 

Heat is typically defined as energy that is transferred from one medium to another due to a 

difference in temperature, rather than by work. Heat can be transferred by convection in 

fluids, conduction through solids and fluids and radiation between two separated media at 

different temperatures. In heat exchangers convection and conduction are the major 

transfer mechanisms. Convection occurs through fluid movement on each side and 

conduction occurs through the separating wall between the two fluids. Radiation typically 

plays a minor role and can be neglected if the heat exchanger is operating at relatively low 

temperatures or is well insulated. Figure 2.1 shows the heat transfer in a perfectly insulated 

heat exchanger in a schematic way. The heat transfer follows the same rule in other flow 

arrangements. 

 

Figure 2.1. Simple view of fluid flow and heat transfer directions in a perfectly insulated counter flow heat 

exchanger. 

Due to the wide application of heat exchangers many types have been developed for 

different applications and can therefore be classified in multiple ways. A basic way is to 

classify heat exchangers according to their flow arrangement and design; see (Holman, 

2002) and (Shah and Sekulic, 2003) for both classifications: 

 Parallel flow: In a parallel flow the two fluids enter the heat exchanger at the 

same end and travel through the heat exchanger in parallel. This design is 
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commonly chosen if the aim is to bring the two fluids to nearly the same 

temperature. 

 Counter flow: In a counter flow the fluids enter the heat exchanger from 

opposite ends and travel in opposite directions. This flow arrangement allows 

the most efficient heat transfer. The high efficiency, defined in this dissertation 

as heat transfer per heat transfer area, is due to the high log mean temperature 

difference between the fluids in the heat exchanger. This design is commonly 

chosen to bring the fluid’s outlet temperature close to the inlet temperature of 

the other fluid. 

 Cross flow: In a cross flow the fluids enter the heat exchanger perpendicularly 

to each other. The efficiency of a cross flow heat exchanger lies in between 

those of the parallel and counter flow heat exchangers. Cross flow heat 

exchangers are typically used when limited space is available.  

 Mixed flow: A mixed flow arrangement can be achieved, for example, in multi- 

pass heat exchangers.  

Within these classifications there can be different heat exchangers designs, for example: 

 Shell and tube: In the shell and tube one fluid flows through a tube and the 

other fluid flows outside the tube but inside the shell. The benefit of the shell 

and tube heat exchanger design is that it can operate under very high pressures 

and temperatures. 

 Plate and frame: In the plate and frame the two fluids are separated by a plate. 

The benefit of the plate and frame heat exchanger design is that it has high heat 

transfer while limiting the pressure drop over the heat exchanger. The increased 

heat transfer is due to a greatly enhanced heat transfer area compared to the 

shell and tube design, which allows the heat exchangers to be very compact.  

 Plate and shell: The plate and shell is a combination of the shell and tube and 

the plate and frame design. In this design one fluid flows through tubes and the 

other fluid flows between plates which are stacked together. The benefit of this 

design is compactness while still being able to operate under a high pressure on 

the tube side. 

 Other designs: In addition to the above mentioned designs many process 

specific designs and variations exist.  

The above mentioned classifications are just two of many possible classifications. Further 

heat exchanger classifications can be seen in (Shah and Sekulic, 2003). 

In general it can be stated that the heat transfer in a heat exchanger is dependent on the 

temperature difference between the hot and the cold side. The higher the temperature 

difference, the larger the heat transfer rate will be. Other aspects that influence the heat 

transfer are the flow characteristics (laminar versus turbulent flow) which impact the rate 

of convective and conductive heat transfer.  

As the flow characteristics change from laminar to turbulent flow the convective heat 

transfer within the fluids increases, which results in a more uniform temperature in the 

fluid. This results in a more favorable condition for the overall heat transfer. 
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The flow characteristics can be determined by the Reynolds number: 

Re =
𝜌𝑣𝐷ℎ
𝜇

where 𝜌 is the fluid‘s mass density, 𝑣 is the fluid velocity, 𝐷ℎ is the hydraulic diameter and 

𝜇 is the dynamic viscosity of the fluid. The Reynolds number corresponding to turbulent 

flow depends on the shape of the heat exchanger, surface roughness and other factors. In 

plate and frame heat exchangers the separating plates are corrugated to enhance the heat 

transfer, by increasing both the area as well as turbulence (Murugesan and 

Balasubramanian, 2012). 

The ratio of convective to conductive heat transfer at the boundaries of the fluids and the 

heat transfer plates can be estimated by the Nusselt number: 

Nu =
ℎ𝐷ℎ
𝑘

where h is the convective heat transfer coefficient, 𝐷ℎ is the hydraulic diameter and k is the 

thermal conductivity of the fluid. A large Nusselt number corresponds to high convective 

heat transfer, meaning a high turbulence level. Due to the nature and application of heat 

exchangers this dissertation only considers turbulent flow.  

The heat transfer in a heat exchanger follows the thermodynamic laws which state that 

energy is conserved and heat is transferred from hot areas to cold areas (Çengel and 

Turner, 2005). An energy balance equation can be set up for a perfectly insulated heat 

exchanger operating in a steady state: 

�̇� = [�̇�cold𝑐cold(𝑇cold,out − 𝑇cold,in)] = −[�̇�hot𝑐hot(𝑇hot,out − 𝑇hot,in)]

where �̇� is the heat transfer, �̇� is the mass flow rate, 𝑐 is the specific heat and considered 

constant throughout the heat exchanger and 𝑇 are the temperatures. 

The thermodynamic laws imply that the hot fluid outlet temperature cannot be lower than 

the cold fluid inlet temperature. It is therefore possible to determine the maximum possible 

heat transfer for an infinity large heat exchanger. For determining the maximum possible 

heat transfer, �̇�max, the minimum heat capacity rate has to be determined, 𝐶min. The heat 

capacity rate is defined as the mass flow rate multiplied by the specific heat of the fluid: 

𝐶min = min[�̇�hot𝑐hot , �̇�cold𝑐cold]

The maximum heat transfer can then be found with: 

�̇�max  = 𝐶min(𝑇hot,in − 𝑇cold,𝑖𝑛)

By knowing the maximum possible heat transfer it is possible to determine the 

effectiveness of a given heat exchanger with: 
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𝜀 =
[�̇�𝑐(𝑇in − 𝑇out)]hot

𝑄max
=
[�̇�𝑐(𝑇out − 𝑇in)]cold

𝑄max

The effectiveness indicates how close the heat exchanger is to achieving the maximum 

possible heat transfer given the operating conditions. The effectiveness does not, however, 

indicate how efficient the heat transfer rate is in the heat exchanger. 

When heat exchangers are chosen for a specific process it is necessary to be able to predict 

their performance, typically by calculating the overall heat transfer coefficient. The heat 

transfer rate for a given heat exchanger is then defined as: 

�̇� = 𝑈𝐴Δ𝑇LMTD

where 𝑈 is the overall heat transfer coefficient, 𝐴 is the heat transfer area and Δ𝑇LMTD is 

the log mean temperature difference in the heat exchanger (LMTD), where the LMTD is 

defined as the temperature driving potential for heat transfer in the heat exchanger. 

The heat transfer characteristic equation above is equal to the thermal balance equations, as 

shown below: 

�̇� = 𝑈𝐴Δ𝑇LMTD = [�̇�𝑐(𝑇out − 𝑇in)]cold = −[�̇�𝑐(𝑇out − 𝑇in)]hot

After heat exchanger design is known the heat transfer area is also known, and the inlet 

temperatures are normally given. This leaves the outlet temperatures and the overall heat 

transfer coefficient unknown. However, since three equations are defined, the three 

unknown variables can be determined. 

For a simple heat exchanger the overall heat transfer coefficient can be further expressed 

by the equation: 

𝑈 =
1

1
ℎhot

+
𝑤wall
𝑘

+
1

ℎcold

where ℎ is the convection heat transfer coefficient for the two fluids, 𝑘 is the conductivity 

of the material in the separating wall and 𝑤wall is the separating wall thickness. 

Although a number of different heat exchanger designs exist, the main focus in this project 

was on plate and frame heat exchangers operating with counter flow and cross flow 

principles. In the following subsection, these two types are further explained.  

2.1.1 Plate and frame heat exchangers 

In plate and frame heat exchangers, plates are stacked together to maximize the heat 

transfer area for a given volume and ensure separation of the fluids. Figure 2.2 shows the 

flow principle in a plate and frame counter flow heat exchanger and how the plates are 

stacked to together in a simple manner. 
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Figure 2.2. Exploded view of a counter flow plate and frame heat exchanger, showing the direction of the 

fluid flows. 

The hot and cold fluids flow in different passages without mixing of the fluids. The cold 

fluid is surrounded by two hot fluid streams. Heat is then transferred through the plates. 

Typically the plates are stacked close to each other to ensure that a high portion of the 

fluids is in direct contact with the heat transfer plates while still maintaining sufficient 

contact points to prevent the plates from collapsing together.  

The plate and frame heat exchanger can either be sealed with gaskets or brazed. In the 

gasket heat exchanger each plate is sealed by rubber gaskets along the edges of the plates 

and the plates are then pressed together and fastened. In the brazed type the heat exchanger 

plates are pressed together in a furnace and brazed. Depending on the application the 

brazing material is typically copper or nickel. The brazed material will then seal each plate 

of the heat exchanger.  

The choice between gasket and brazed heat exchangers depends both on their size and the 

nature of the process. If fouling is expected a gasket type is generally preferred as it allows 

dismantling and cleaning, which is not possible with the brazed type. 
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2.1.2 Counter flow heat exchangers 

In a counter flow heat exchanger, flow directions of the fluids are opposite (Figure 2.3).  

 

Figure 2.3. Water flow and heat transfer directions in a counter flow heat exchanger. 

By examining the flow directions it can be seen that for an infinitely large counter flow 

heat exchanger either the cold side outlet temperature can reach the hot side inlet 

temperature or the hot side outlet temperature can reach the cold side inlet temperature, 

depending on which fluid is the minimum fluid. In practice this is, however, neither 

possible nor feasible. None the less this flow setup allows the maximum possible cold side 

outlet temperature and minimum hot outlet temperature of all heat exchanger designs. 

The high efficiency in counter flow compared to parallel flow heat exchangers is achieved 

by high LMTD for a given temperature set, which defines the heat transfer driving 

potential. An additional benefit is that due to a similar temperature difference along the 

heat exchanger, thermal stresses are minimized. Figure 2.4 shows a typical temperature 

profile in a counter flow heat exchanger.  
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Figure 2.4. Typical temperature profile in a counter flow heat exchanger (Çengel and Turner, 2005). 

2.1.3 Cross flow heat exchanger 

In a cross flow heat exchanger the flow directions of the fluids are perpendicular to each 

other (Figure 2.5). With this flow arrangement the effectiveness is between those achieved 

by counter flow and parallel heat exchangers. 

 

Figure 2.5. Flow directions in a cross flow heat exchanger. 

In the figure W is the width, H is the height, d is the channel height and �̇� is the mass flow 

of the fluids. 

The temperature profile of cross flow heat exchangers depends on the design but in general 

it is related to the temperature profile of counter flow heat exchangers by a correction 

factor, F, where the correction factor is equal to or less than 1. In (Çengel and Turner, 

2005) further information about the correction factor can be found. 



12 

 

 

2.1.4 Heat exchanger modeling 

There are many different possibilities for modeling a heat exchanger and the type of model 

should be chosen according to the requirement of each task. In the present dissertation a 

physical model based on energy balance equations has been used.  

In general terms heat transfer in a heat exchanger can be explained by the following energy 

balance equation between the fluids:  

𝑀𝑐
𝑑𝑇(𝑡)

𝑑𝑡⏟      
𝑖

= �̇�(𝑡)𝑐[𝑇in(𝑡) − 𝑇out(𝑡)]⏟              
𝑖𝑖

± 𝐴𝑈(𝑡)Δ𝑇LMTD(𝑡)⏟          
𝑖𝑖𝑖

where: 

 i) is the energy change in a section at a given time t. 

 ii) is the convective energy flow in the fluid in the section. 

 iii) is the energy that is transferred to or from the section by conduction through the 

separating material. A positive sign is used for the cold side and a negative for the 

hot side of the heat exchanger. 

If required, additional terms can be added to the energy balance equation above; for 

example a term for heat loss to the environment could be represented by adding the energy 

transfer term, 𝐴hl𝑈hl(𝑡)Δ𝑇hl(𝑡), to the equation. 

A common approach when modeling a heat exchanger is to use a lumped capacity 

modeling technique. In this approach the heat exchanger is divided into sections and 

energy balance equations are defined for each section. Below, a lumped capacity counter 

flow heat exchanger model based on Figure 2.3 is given. 

Hot side 

𝑀hot𝑐hot
𝑑𝑇1𝑗(𝑡)

𝑑𝑡⏟          
𝑖

= �̇�hot(𝑡)𝑐hot[𝑇1𝑗−1(𝑡) − 𝑇1j(𝑡)]⏟                    
𝑖𝑖

− 𝐴hot,𝑗𝑈1𝑗(𝑡)Δ𝑇1𝑗(𝑡)⏟            
𝑖𝑖𝑖

where: 

 i) is the energy change in section 1j at a given time t 

 ii) is the convective energy flow in the fluid in section 1j.  

 iii) is the energy that is transferred by conduction from section 1j through the 

separating material.  

- 𝛥𝑇1𝑗(𝑡) =
[𝑇1𝑗−1(𝑡) + 𝑇1𝑗(𝑡)]

2
− [𝑇wall,𝑗]

The index j indicates the location in the heat exchanger (Figure 2.3). This also applies to 

the following equations. 
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Separating wall 

𝑀wall𝑐wall
𝑑𝑇wall,𝑗(𝑡)

𝑑𝑡⏟              
𝑖

= 𝐴hot,𝑗𝑈1𝑗(𝑡)Δ𝑇1𝑗(𝑡)⏟            
𝑖𝑖

− 𝐴cold,𝑁+1−𝑗𝑈2𝑁+1−𝑗(𝑡)Δ𝑇2𝑁+1−𝑗(𝑡)⏟                      
𝑖𝑖𝑖

where: 

 i) is the energy change in the separating wall at section j at a given time t 

 ii) is the energy flow from the hot side in section 2j.  

 iii) is the energy flow to the cold side in section 2N+1-j.  

- 𝛥𝑇1𝑗(𝑡) =
[𝑇1𝑗−1(𝑡) + 𝑇1𝑗(𝑡)]

2
− [𝑇wall,𝑗]

- 𝛥𝑇2𝑁+1−𝑗(𝑡) = [𝑇wall,𝑗] −
[𝑇2𝑁−𝑗(𝑡) + 𝑇2𝑁+1−𝑗(𝑡)]

2

Cold side 

𝑀cold𝑐cold
𝑑𝑇2𝑗(𝑡)

𝑑𝑡⏟            
𝑖

= �̇�cold(𝑡)𝑐cold[𝑇2𝑗(𝑡) − 𝑇2𝑗+1(𝑡)]⏟                    
𝑖𝑖

+ 𝐴cold,𝑗𝑈2𝑗(𝑡)Δ𝑇2𝑗(𝑡)⏟            
𝑖𝑖𝑖

where: 

 i) is the energy change in section 2j at a given time t 

 ii) is the convective energy flow in the fluid in section 2j.  

 iii) is the energy that is transferred by conduction to section 2j through the 

separating material.  

- 𝛥𝑇2𝑗(𝑡) = [𝑇wall,𝑁+1−𝑗] −
[𝑇2𝑗(𝑡) + 𝑇2𝑗+1(𝑡)]

2

Model simplification and parameterization 

In (Jonsson et al., 1992) it was shown that including the effects of the separating wall in 

the model of a water to water plate and frame heat exchangers did not add significantly to 

the accuracy of the model compared to having the effects of the wall included in the 

estimated parameters. As the heat exchangers and operating conditions considered in this 

project are similar to their cases the wall was not modeled specifically but included in the 

parameter estimations in the proposed models. 

By introducing new model parameters it is possible to rewrite the energy balance 

equations: 

𝛼(𝑡) =
𝐴hot𝑈1𝑗(𝑡)

�̇�hot(𝑡)𝑐hot
, 𝛽(𝑡) =

𝐴cold𝑈2𝑗(𝑡)

�̇�cold(𝑡)𝑐cold
, 𝜏hot(𝑡) =

𝑀hot

�̇�hot(𝑡)
 and 𝜏cold(𝑡) =

𝑀cold

�̇�cold(𝑡)
 

After rearranging and inserting the model parameters, the energy balancing equations 

become: 
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Hot side 

𝑑𝑇1𝑗(𝑡)

𝑑𝑡
= (1 −

𝛼

2
)
1

𝜏hot
𝑇1𝑗−1 − (1 +

𝛼

2
)
1

𝜏hot
𝑇1𝑗 +

𝛼

2𝜏hot
𝑇2𝑁−𝑗 +

𝛼

2𝜏hot
𝑇2𝑁+1−𝑗

Cold side 

𝑑𝑇2𝑗(𝑡)

𝑑𝑡
= (1 −

𝛽

2
)
1

𝜏cold
𝑇2𝑗 − (1 +

𝛽

2
)
1

𝜏cold
𝑇2𝑗+1 +

𝛽

2𝜏cold
𝑇1𝑁−𝑗 +

𝛽

2𝜏cold
𝑇1𝑁+1−𝑗

The model can further be expressed in a state space form as: 

𝑑

𝑑𝑡
𝑇 = (�̇�, 𝜃)𝑇 + (�̇�, 𝜃)𝑇in = 𝑓(�̇�, 𝜃, 𝑇, 𝑇in)

where �̇�, is a vector containing the mass flow rates, 𝑇 is a vector containing the 

temperatures in each model section, 𝑇in is a vector containing the inlet temperatures (cold 

and hot) and 𝜃 is a vector containing the model parameters. 

Cross flow heat exchanger modeling 

When deriving a model for a cross flow heat exchanger, similar energy balance equations 

are used as are given for the counter flow case. Additionally, Δ𝑇LMTD is multiplied by a 

correction factor, F, due to the change in the flow directions from the counter flow setup. 

Due to the inherent differences between the flow directions in the cross flow and counter 

flow heat exchangers it is necessary to set up new model equations based on Figure 2.6, 

which shows a cross flow heat exchanger divided into 4 sections. 

 

Figure 2.6. Model of a cross flow heat exchanger. 
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2.1.5 Mass flow and temperature dependency of the heat 
transfer coefficient 

This section is to large extent based on (Holman, 2002). 

The heat transfer coefficient can be represented by the Nusselt number, thermal 

conductivity and the hydraulic diameter: 

ℎ =
Nu𝑘

𝐷ℎ

The Nusselt number can further on be represented by the Prandtl and Reynolds number as: 

Nu = 𝐶′Pr𝑥 R𝑒𝑦

where 𝐶′, x and y are constants that depend on the fluid flow situation and chosen 

according to experimental data.  

The Prandtl number is given as:  

Pr =
𝑐𝜇

𝑘

where 𝑐 is the specific heat capacity, 𝜇 is the dynamic viscosity, k is the thermal 

conductivity of the fluid. The equation for the Reynolds number can be seen in Eq. (1). By 

inserting the equations for the Prandtl and the Reynolds numbers the Nu becomes: 

Nu = 𝐶′ (
𝑐𝜇

𝑘
)
𝑥

(
𝜌𝑣𝐷ℎ
𝜇
 )
𝑦

After inserting the Nu to the equation for the heat transfer coefficient it becomes: 

ℎ = 𝐶′
(
𝑐𝜇
𝑘
)
𝑥

(
𝜌𝑣𝐷ℎ
𝜇  )

𝑦

𝑘

𝐷ℎ

By assuming that the 𝑐, 𝜌 and 𝐷ℎ are constant they can be included in the constant 𝐶′, 
which becomes 𝐶′′, the equation can be written as: 

ℎ = 𝐶′′𝜇(𝑥−𝑦)𝑘(1−𝑥)𝑣𝑦

From Eq. (22) it can be seen that the heat transfer coefficient is dependent on the flow 

velocity and the temperature as both the dynamic viscosity and the thermal conductivity 

are temperature dependent. The overall heat transfer coefficient can be described for a 

simple heat exchanger as: 
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𝑈 =
1

1
ℎhot

+
Δ𝑤
𝑘
+

1
ℎcold

where Δ𝑤 indicates the separating wall thickness. 

For the operating ranges that are considered in this dissertation the changes in the thermal 

conductivity are limited (Ramires et al., 1994; Peet et al., 2011; Powell et al., 1966) for 

thermal conductivity of water and metals at various temperatures. The dynamic viscosity 

of water varies however greatly with temperature (Kestin et al., 1978). However the impact 

of the changes in the viscosity has the opposite impact on the Prandtl number compared to 

the Reynolds number, which limits the total impact on the heat transfer coefficients.  

By assuming that the properties of the separating wall are constant, which is typically the 

case in water to water applications, the properties can be added to the constant, which then 

becomes 𝐶′′′ and the overall heat transfer coefficient can be written as: 

𝑈 = 𝐶′′′
ℎhotℎcold
ℎhot + ℎcold

If the aim is to observe how the overall heat transfer coefficient is evolving over time it 

becomes important to filter out the mass flow and temperatures dependency, especially if 

the changes in the inlets are large. For this purpose, the empirical relation given in Eq. (22) 

has been proposed by (Jonsson and Palsson, 1991). 

In (Jonsson and Palsson, 1991) it is shown that for temperature levels typically experienced 

in a water to water heat exchanger the temperature dependency of the heat transfer is 

limited. By assuming that both the effects of the dynamic viscosity and the thermal 

conductivity on the heat transfer are negligible they can be included in the constant, which 

then becomes 𝐶′′′′. The effect of the flow velocity on the overall heat transfer coefficient 

can then be written as: 

𝑈 =
𝐶′′′′(�̇�hot�̇�cold)

𝑦

�̇�hot
𝑦
+ �̇�cold

𝑦

From the equation above it can be seen that changes in the flow at low flow rates have a 

relatively high impact on the overall heat transfer rate coefficient, while changes in the 

flow at high flow rates have less impact. As the velocity is directly related to the mass flow 

rate the velocity can be exchanged for the mass flow rate. Figure 2.7 shows the changes in 

the overall heat transfer coefficient in a simulated heat exchanger used in this project if all 

inlet variables are kept constant, with the exception that one of the mass flow rates is 

suddenly continuously increased from a low value. 
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Figure 2.7. Relation between heat transfer and the mass flow rates as one of the mass flow rates is kept 

constant and another is continuously increased. 

When monitoring the condition of a heat exchanger it is important to see how it relates to 

the design conditions. This can be difficult, however, as the overall heat transfer coefficient 

varies during operation as it depends both on the flow rate and the operating temperatures. 

This can be seen in the estimation of Uest in Figure 2.8, which shows direct calculations of 

the overall heat transfer coefficient. By filtering out these dependencies the overall heat 

transfer coefficient can be related to the design condition. In the figure the red time series 

shows the estimation when mass flow dependency is taken into account and the green time 

series shows the estimation when both the mass flow and the temperatures are taken into 

account. From the figure it is clear that applying empirical relations to filter out mass flow 

dependencies improves the estimation of stability (standard deviation of 118) but including 

empirical relations for the temperature dependencies (standard deviation of 143) does not 

give further benefits, as already shown by (Jonsson and Palsson, 1991). 
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Figure 2.8. The figure shows a) temperatures; b) mass flow rates; c) direct estimation of U (blue), filtered U 

by taking mass flow and temperature dependencies into account (green), filtered U by taking mass flow 

dependency into account (red) and black line which indicates the design U; and d) the errors between the 

filter U and the designed U. 

For the purpose of detecting fouling, where the aim is to indicate when the condition of the 

heat exchanger has deviated from the design condition, these empirical relations are of 

high importance.  

2.2 Fouling 

2.2.1 Definition of fouling 

A general definition of fouling in a heat exchanger can be stated as the unwanted formation 

of thermally insulating materials or deposits from process fluids onto heat transfer surfaces 

(Taborek et al., 1972). 

During heat transfer in a heat exchanger it is well known that there are several mechanisms 

that have negative effects on the separating material which will affect the heat transfer 

effectiveness. The most common mechanisms are (Bott, 1995; Müller-Steinhagen and 

Zettler, 2011): 

 Precipitation fouling, which is also known as scaling, involves crystallization of 

solid salts, oxides and hydroxides in the fluids. Depending on the solubility of the 

salts, the fouling can occur on the hot side or the cold side. Due to the nature of the 
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precipitation process fouling will continue as long as the heating/cooling surface is 

below/above the process saturation temperatures. This type of fouling can occur on 

both sides of the heat exchanger.  

 Particulate/sediment fouling can occur in a heat exchanger operating with fluids 

that contain suspended solids. If the conditions are right the solids in the fluid will 

set on the heat transfer surface and reduce the heat transfer. The main influencing 

parameter for particulate fouling is the velocity of the fluids. This type of fouling 

primarily occurs on the hot side of the heat exchanger. 

 Chemical reaction fouling primarily involves physical changes in the fluid itself. 

The chemical reactions are normally very sensitive to temperature and will 

therefore occur close to the heat transfer area where the chemical reactions produce 

solid particles at or near the heat transfer surface, which can then stick to the heat 

transfer area. This type of fouling primarily occurs on the cold side of the heat 

exchanger. 

 Corrosion fouling occurs if the fluids corrode the material of the separating wall. 

The corrosion products may form a layer on the heat transfer plates which protect 

the separating wall from corroding further. The increased surface roughness due to 

corrosion may promote other fouling types. This type of fouling can occur on both 

sides of the heat exchanger. 

 Biological fouling occurs if the fluids include organisms. The organisms can settle 

on the heat transfer area and create a biological film which reduces heat transfer. 

This type of fouling can occur on both sides of the heat exchanger. 

 Composite fouling is very common and is a combination of the above mentioned 

fouling mechanisms. In some cases one particular fouling mechanism can provide 

favorable conditions for another kind of fouling. As an example, biological fouling 

can induce corrosion fouling. 

It is important to note that not all fouling groups are relevant for all processes. In water to 

water application and in the oil industry precipitation fouling is a common fouling process. 

In lake or sea water based cooling processes biological fouling is common. In waste 

incinerations and biomass gasifiers particulate fouling is the commonly experienced type. 

Both particulate and corrosion fouling can occur if a part of the separating material starts to 

corrode or other parts of the systems are giving off corrosion products that are transferred 

by the stream and stick on the heat transfer plate and then start an electrochemical 

corrosion process. 

Due to the wide range of heat exchanger applications it can be hard to indicate that one 

type of fouling is more important than another. The importance may depend on the heat 

exchanger operation. However, all of the different fouling processes have the same result: 

they decrease the efficiency of the heat exchanger. 

2.2.2 Development of fouling 

The development of fouling depends on many parameters. The major parameter groups 

are: 

 Composition of the working fluids. 
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 Operating conditions of the heat exchanger. 

 Type and characteristics of the heat exchanger. 

 Location of the fouling. 

 Presence of micro-organisms. 

According to (Bansal and Chen, 2005; Fahiminia et al., 2005; Rizzo et al., 2005) a certain 

induction time passes before a sufficient amount of fouling layer has formed to have a 

noticeable influence on the overall heat transfer coefficient. Furthermore research shows 

that fouling may actually enhance the heat transfer in its early formation stages (Fahiminia 

et al., 2005; Rizzo et al., 2005). The explanation for this behavior is assumed to be due to 

slightly increased roughness on the heat transfer surface which increases the heat transfer 

area and to some minor extent the turbulence in the flow. Further information on fouling 

growth can be found in (Bott, 1995) where the fouling induction period and formation are 

investigated. 

In (Bohnet, 2005) precipitation of a calcium compound was investigated. In their study 

they found that after the induction period the fouling will typically grow at an exponential 

rate during the fouling period. Furthermore, their result shows that the growth will 

continue as long as the heat transfer area has a higher temperature than the saturation 

temperature of the calcium compound in the fluid. 

In general, the fouling process might be explained by the following phases: 

 Induction 
This phase of the fouling process occurs only on a clean heat transfer area, and it is 

the basic start of the fouling process. In this particular phase it can take the fouling 

a considerable time to form. It has also been shown, as mentioned above, that once 

the first fouling has started to form there may be a slight increase in the heat 

transfer of the heat exchanger. This, however, has only a minor impact. 

 Fouling growth 
The growth period can vary depending on type of fouling, the operation of the heat 

exchanger and other parameters. In general the growth can be linear or exponential. 

 Fouling growth limit 
In all cases there is a limit to how much fouling can accumulate. This can be, for 

example, because the temperature is within that required for the solubility of salts 

in the fluid which halts the fouling process, equilibrium between fouling and the 

fouling removal rate or at the extreme or clogging of the heat exchanger. 

 Fouling removal 
In some cases fouling can be automatically removed due to the nature of the 

process. This can occur in processes that are periodically stopped and resumed or 

have significant flow increases for periods of time. In these processes the 

accumulated fouling can be flushed out to a large extent when the process is 

restarted or the flow rate is increased, given that the increase in the shear stress is 

more than the adherence of the attached fouling. Once the process goes back to 

normal operation the fouling will start to reform with the above mentioned phases. 
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2.2.3 Effects of fouling on heat transfer 

The most important effect of fouling is the added resistance to heat transfer, which can 

result in operational faults. Another effect of fouling is increased pressure drop or reduced 

mass flow through the heat exchanger, due to the reduced cross sectional area which will 

require higher pressure to maintain a given flow. 

The effect of fouling on heat transfer is represented by a fouling factor, 𝑅f, which is a 

measure of the thermal resistance introduced by fouling. The effects of fouling can be 

incorporated in the equation of the overall heat transfer coefficient as 

𝑈 =
1

1
ℎhot

+ 𝑅f,hot +
𝑤wall
𝑘

+
1

ℎcold
+ 𝑅f,cold

From the equation it can be seen that buildup of resistance due to fouling will have a 

negative impact on the overall heat transfer coefficient. 

As the fouling resistance is equal to zero in a clean heat exchanger it can easily be 

calculated in a steady state condition once fouling has begun. The fouling resistance can be 

determined from a test according to the formula 

𝑅f =
1

𝑈f
−

1

𝑈clean

where 𝑈f is the overall heat transfer coefficient of a fouled heat exchanger and 𝑈clean is the 

overall heat transfer coefficient of a clean one. 

According to (Bansal and Chen, 2005) and (Çengel and Turner, 2005) the common ways to 

reduce the fouling and its implications are: 

 To maintain a high level of turbulence in the flow. The turbulence will keep 

sediments from settling on the heat transfer surface and clean off existing fouling 

with weak bonds to the heat transfer surface. 

 To maintain uniformly high velocities in the heat exchanger. The high velocities 

will keep sediments from settling. 

 Fluid treatment such as purification and addition of chemicals. 

 Heat exchanger design which allows easy cleaning. 

 To use an oversized heat exchanger that can withstand slight fouling. The amount 

of thermal resistance due to fouling that the heat exchanger is designed to withstand 

depends on the intended use and the fluids used. 

Typical fouling factor values are given in (Holman, 2002) and are in the range of [9, 

90]*10
-5

 [m
2
°C/W]. 

2.2.4 Process implications of fouling 

The increased resistance to heat transfer can have many implications on the process that 

the heat exchanger is used for, and furthermore the implications for particular processes 



22 

 

 

can vary. In general terms the implications can be divided into three groups, namely 

environmental impact, economically related issues and safety related issues. 

Given the implications that fouling in a heat exchanger has and the increasing focus on 

efficient use of energy, tools to analyze system processes and give an early warning when 

the process efficiency changes become very important. 

Environmental effects of fouling 

The environmental effects of fouling are twofold. On the one hand there is a direct 

environmental impact and on the other hand the results are closely related to economic 

aspects. This can be viewed in light of the fact that all energy loss affects the environment 

through poor utilization of energy and a consequent need for more resources to meet 

energy requirements. 

As an example of an environmental fouling impact the results from a case analyses imply 

that fouling in crude oil refineries around the world results in 88 million tons of increased 

CO2 emissions per year compared to fouling free operations (Müller-Steinhagenet al., 

2009). In (Casanueva-Robles and Bott, 2005) it was shown that in a 550 MW coal-fired 

power plant, a fouling biofilm of 300 µm on the cooling side of the condenser resulted in a 

0.23% increase in CO2 production from the plant, or about 23 tons of CO2 per day. These 

case studies give a clear indication of the impact that fouling has on the environment 

through added energy requirements. In addition to the direct environmental impact from 

the increased energy usage there will also be environmental impact from detergents used 

for cleaning the heat exchangers (Bott, 1995).  

Economic cost of fouling 

Studies have shown that the total cost of fouling in heat exchangers in industrialized 

countries is between 0.12 – 0.35% of gross national production (Müller-Steinhagen and 

Zettler, 2011). In (Muller-Steinhagen, 1993) the economic cost due to fouling is split into 

four groups: 

 Capital expenditures are the extra costs due to fouling in the design stage. This 

includes the cost of oversizing the heat exchanger, cost of increased space 

requirements, increased transportation costs due to larger sizes and installation 

costs. Furthermore this group would include costs of antifouling equipment that 

might be used during the lifetime of the heat exchanger.  

 Fuel costs are the costs of the extra fuel needed to fulfill requirements. A study 

from 2012 shows that the cost of fouling for a 550 MW power plant can reach up to 

2.1% of the revenue from the plant (Walker et al., 2012).  

 Maintenance costs are costs occurred during cleaning. These can be divided 

between labor costs and chemical costs. Additionally, operational costs of 

antifouling equipment fall into this group. Fouled heat exchangers can be either 

physically cleaned or cleaned by detergents. Physical cleaning usually requires that 

the heat exchanger is taken apart to clean the heat transfer surfaces. Cleaning with 

detergents can either be done by letting the detergent run through the whole heat 

exchanger or by taking the heat exchanger apart and bathing the heat transfer 
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surfaces in the detergent. The third option is to combine detergent and physical 

cleaning. 

 Production losses are typically considered to be the main costs associated with 

fouling (Müller-Steinhagen and Zettler, 2011). However the cost of production 

losses is case dependent and can be very difficult to estimate. However, the cost of 

production losses can be put in context with the fact that in an economical process 

the value of the end product is higher than the energy used for its production. This 

indicates that any cost of fouling has multiplicative effects later in the process. In 

(Bohnef, 1986) it is suggested that the upper limit of production loss costs can be 

taken as the cost of redundant heat exchangers. 

Fouling in the oil industry can be quite severe and in (Macchietto et al., 2011) it is claimed 

that energy losses due to fouling in oil refining processes account for 0.25% of world-wide 

oil production.  

With increasing energy prices and expected future carbon emission taxes, the cost of 

fouling will most likely increase in the future. 

Safety issues of fouling 

In certain processes fouling can cause safety issues. The safety issue is especially 

important in the food industry as it is known that the presence of fouling can be a starting 

point for development of hazardous pathogens, resulting in health risks. In (Haeghebaert et 

al., 2003) it is stated that incorrect temperature levels are responsible for nearly 40% of the 

foodborne disease cases that occurred in France in 1999 and 2000. It can therefore be 

concluded that good fouling detection methods can improve food safety during processing. 

Furthermore it has been shown that heat exchangers in HVAC systems can provide 

optimum growth conditions for bacteria (Siegel et al., 2002). In industrial processes 

fouling in heat exchangers can lead to faulty components that can affect the safety of the 

end product. 

2.3 Fouling detection methods 

Classical methods for detecting fouling are listed in (Jonsson et al., 2007) as: a) 

examination of the heat transfer coefficient, b) simultaneous observations of pressure and 

mass flow rates, c) temperature measurements, d) ultrasonic or electrical measurements 

and e) weighing of the heat exchanger plates. 

These methods have their limitations. For example, methods based on a-c) require the 

process to be under steady state behavior for some period of time. For methods falling 

under b) it has further been shown in P6 that pressure loss can be totally different from one 

heat exchanger to another for the same inlet conditions and a similar fouling level. 

Furthermore, the result shown in P6 indicates that there is no direct link between the extent 

of pressure loss and the fouling level, which makes monitoring of the pressure loss 

ineffective for fouling detection. Methods based on d) either mimic fouling using a heated 

probe or are localized in a zone where fouling is expected to occur; this localized approach 

may have limited usefulness if the fouling occurs at different places than where 

measurements are being performed. Method e) requires the process to be stopped so that 

the heat exchanger plates can be weighed. 
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Due to the economic and environmental impact of fouling it is clear that there is a need for 

detection methods that can be applied to heat exchangers that are operating under dynamic 

conditions and are independent of the heat exchanger type. The methods proposed in this 

dissertation are based on online monitoring of the heat exchanger while operating under 

dynamic conditions. The methods identify a model of a heat exchanger using 

measurements at the start of its operation. Once the heat exchanger model has been 

identified, fouling detection is performed by looking for discrepancies between the heat 

exchanger outlet temperatures and temperature predictions from the model and/or change 

in the model parameters that can be linked to the formation of fouling.  

The value of online detection can be enormous as it can give a clear real time indication on 

the condition of the heat exchanger. Knowing the condition can be valuable in a number of 

ways. An obvious advantage is to be able to plan either cleaning of the unit or a change of 

the unit. Other benefits can include an indication of future fuel consumption, 

environmental impact and how moderate fouling affects the production process. 

In the research project called DESURENEIR (French: DEtection et SURveillance 

del'ENcrassement dans les Echangeurs de chaleur Isolés ou en Réseau / English: Detection 

and monitoring of Isolated fouling in heat exchangers or Network), different methods for 

fouling detection have been investigated: 

- Kalman filters, see: (Jonsson et al., 2007), (Lalot et al., 2007), P1, P2 and P7. 

- Fuzzy observers P7, P8, (Delmotte et al., 2008). 

- Linear Parameter-Varying (LPV) systems, see: (Mercère et al., 2009), (Mercere et 

al., 2011) and (Chouaba et al., 2012). 

- Subspace-based identification technics, see: (Lalot and Mercère, 2008). 

- Neural networks and nonlinear regressors, see: P4, (Lalot et al., 2007) and (Lalot 

and Pálsson, 2010). 

- Number of transfer units, see: P3, P5, P6 and P7. 

- Signal injection: (Andrjesdottir et al., 2011). 

- Simultaneous pressure drop: P6 

- State space models: P6 

Most of these methods are based on "gray box" models, i.e. the structure and/or model 

parameters are motivated by prior knowledge about the physical behavior of the heat 

exchanger. This feature is an essential advantage as far as fouling detection is concerned. 

Whatever the considered approach, fouling detection can be performed by analyzing the 

variation of the model parameters or by subtracting the estimated outputs from the actual 

outputs (analysis of the residuals). This can be done using a classifier such as the one 

presented in (Lalot, 2006a) and (Lalot, 2006b) for on-line analysis of varying parameters. 

2.3.1 Statistical methods used for detection 

When it comes to fouling detection it is important to use statistical methods that are 

sensitive to changes in the model parameters while still not making false detection. To 

detect a drift in parameters, the Cumulative sum control chart (CuSum) can be used. The 

CuSum test is known to be efficient in detecting small drifts in the mean values of a 
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process and it allows for adjusting the detection parameters to prevent false detections 

(NIST/SEMATECH e-Handbook of Statistical Methods, 2014).  

In a process with noise in the parameter estimation, it is beneficial to analyze the average 

values of the parameters over a time window of a specific length, which is chosen in 

accordance with the process being studied. The CuSum chart is then used to monitor the 

moving average value of the parameters and detect a drift from their reference values. The 

reference values can be chosen, for example, from an early part of the measurements. If the 

process is under control, the cumulative sum should fluctuate around zero, but if there is a 

drift in the value of the parameters the cumulative sum should drift either up- or 

downwards. The CuSum chart is a two-sided test, i.e. it can be used to monitor for changes 

in means of parameters, both increasing and decreasing. Depending on the process either 

the increasing or decreasing CuSum chart can be used. Detection is made if the cumulative 

sum is larger than a predefined threshold. The test is defined as follows: 

a) Compute the cumulative sum: 

CuSumdecreasing(𝑖) = max[0, 𝜇 − 𝑥𝑖 − 𝐾 + CuSumdecreasing(𝑖 − 1)]

CuSumincreasing(𝑖) = max[0, 𝑥𝑖 − 𝜇 − 𝐾 + CuSumincreasing(𝑖 − 1)]

b) If CuSum(𝑖) > 𝐻 then a drift is detected. 

The moving average value, 𝑥, of the process is calculated over a window of a specific 

length. The 𝜇 is an estimation of the mean value of the parameter under normal operation. 

The parameters K and H are used to assess if the process is deviating from design 

condition. Where the K parameter is used to indicate the interval the process is considered 

stable in. If the process drifts out of the interval the CuSum parameter will cumulate the 

deviation out of the interval, whereas if the process goes back within the interval the 

CuSum value will start to decrease towards zero. If, on the other hand, the process 

continues to drift outside the interval the H parameter is used to detect the drift; the value 

of the H parameter can be decided such that the minor temporary drifts can be discarded. 

Figure 2.9 shows a case where a low K value is chosen, making the detection too sensitive 

for drifts and resulting in the CuSum value going twice over the detection threshold and 

back to zero before the third and final detection is made where the CuSum value grows 

continuously.  
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Figure 2.9. Example of a CuSum chart for fault detection where premature detection is made. 

By correctly choosing the CuSum parameters K and H it is possible to adjust the CuSum 

test so that false detections are improbable. However, this can delay the time until an 

indication of fouling is given. A common way to choose the CuSum parameters is to relate 

them to the standard deviation of the parameter being monitored during the reference 

period. 

2.4 Data 

Due to the fact that fouling formation in heat exchangers typically takes a long time it was 

necessary to rely on simulated data in this dissertation. The simulation was based on 

solving unsteady heat transfer differential equations, representing a passage through a heat 

exchanger. The model was originally developed for parallel plate and frame cross flow 

heat exchangers, see (Lalot and Pálsson, 2010) and (Mercere et al., 2011) for description 

and validation, but has also been modified and validated in order to simulate a counter flow 

oil to water plate and frame heat exchanger (Andrjesdottir et al., 2011). Furthermore, the 

counter flow version of the model was validated for water to water applications in P7. The 

model can accurately take into account temperature changes when thermal fronts travel 

through a heat exchanger and also includes parameter variations which are dependent on 

flow velocity (Reynolds number) and temperature. 

The cross flow plate and frame heat exchanger version of the simulation model is identical 

to the parallel and counter flow heat exchanger, except that the flow directions have been 

changed to be perpendicular to each other. In all other aspects the models are identical. 

Due to lack of access to measurements from a cross flow heat exchanger, that version of 

the model has not been validated with data from a real heat exchanger. However it is 

assumed that with the extensive validation of the other versions of the model, parallel and 

counter flow versions, the simulation model is sufficiently accurate.  

It is well known that fouling increases resistance to heat transfer and thus it can be 

simulated in a model by varying convection heat transfer coefficients according to: 

0 0.2 0.4 0.6 0.8 1
0

50

100

150

200

Dimensionless time

C
u

S
u

m
 v

a
lu

e
s

F
ir

s
t 
s
h

if
t 
d

e
te

c
te

d

S
e

c
o

n
d

 s
h

if
t 
d

e
te

c
te

d

T
h

ir
d

 a
n

d
 f
in

a
l 
d

e
te

c
ti
o

n

CuSum chart

Detection 

threshold



27 

 

 

1

ℎf
=
1

ℎ
+ 𝑅f

where 𝑅f represents the added resistance due to fouling. All of the model versions offer the 

possibility to simulate the process of fouling by varying the convection heat transfer 

coefficients. 

2.4.1 Benefits of using simulated data 

The benefits of simulations are especially valuable in cases where either the manipulation 

of the real system is expensive or the process in the system occurs over long time periods. 

By using simulations in these cases, expenses can be kept at a minimum and the behavior 

of the system can be analyzed quickly without the need to disrupt the process or wait for 

the actual process to run its course. Further benefits of using simulated data are that 

measurement errors are avoided. 

Since fouling in a heat exchanger takes from months to years it was decided to rely on heat 

exchanger models and validate them by comparing the model outputs to measured data. 

Once the models had been validated, fouling was implemented by changing the heat 

transfer coefficients in the model. 

Additional benefits of using simulated data in this dissertation were that it was possible to 

simulate multiple data sets with different operating conditions, with and without fouling. 

Furthermore, it was possible to have full control of the fouling process, which gave the 

benefit of a simple comparison between different methods and a simple assessment of the 

stability of the different methods. 
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3 Summary of fouling detection 
methods 

During the course of the project 6 different fouling detection methods were developed and 

tested. The results of studying the fouling detection methods have been published in 

conference papers and journals. Figure 3.1 and Table 3.1 show which detection methods 

have been applied to counter and cross flow heat exchangers, respectively, and in which 

papers the methods are presented. 

 

 

Figure 3.1. Schematic view of the connection between the fouling detection methods and the heat exchanger 

types they have been tested on. 
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Table 3.1. Overview of fouling detection methods that have been tested for counter and cross flow heat 

exchangers. 

Method Counter flow Cross flow 

NTU-method P6 P7 P3 and P5 

Standard Kalman filter P6 and P7 P2 

Extended Kalman filter P7 P1 

Fuzzy observers P7 and P8  

Neural Networks P4  

NLARX method  P5 

 

Additionally, as the heat exchanger in P6 was being operated in close to steady state 

conditions, direct calculation of the overall heat transfer coefficient through NTU relations 

and measurements of the pressure drop were used for fouling detection purposes. 

The developed methods were based on physical and black box modeling of the heat 

exchanger. There is a fundamental difference between these two approaches. A physical 

model is based on known physical relations to calculate the expected output of the process, 

whereas a black box model is constructed by statistically analyzing the relations between 

the input variables and the output variables. The choice of model depends on the process at 

hand. 

 

Although a heat exchanger is a well-known and understood device, the complexity of a 

physical model can be high in the case of advanced types of heat exchangers, for example 

multi-pass heat exchangers or heat exchangers with complicated flow arrangements. When 

the complexity of the model increases, black box models may provide the only reasonable 

way of simulating the heat exchanger. The most important difference between physical and 

black box models is experienced if the process goes beyond the operating range initially 

assumed. While a good physical model can give accurate predictions, the black box model 

can easily give significant prediction errors. The reason for the unreliability of the black 

box model is due to the fact that in these conditions there are no known statistical relations 

between the input variables and the output variables, which means that extrapolation takes 

place in the black box model from its original input-output relations. From this it can be 

concluded that if the black box model is applied it is important to train the model on data 

that covers the whole operating range of the heat exchanger. 

 

In the following sections a description is given of each of the developed fouling detection 

methods. 

3.1 Kalman filters 

The Kalman filter is a well-known statistical method for estimating un-measurable states in 

a model (Brown and Hwang, 1997; Madsen, 2006; Welch and Bishop, 2006). 

In 1960 R. E. Kalman published his first paper about the Kalman filter, and since then it 

has been the subject of extensive research and applications. The filter is a multiple-input 

and multiple-output recursive filter that can be used to estimate states of a model following 
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a noisy process by use of mathematical equations. For state estimation the Kalman filter 

assumes that the measurement error is a Gaussian white noise. This assumption is used to 

filter the noisy measurements and provide estimation of the states in the model which are 

not measured. The estimates from the Kalman filter are statistically optimal in the sense 

that they minimize the mean-square estimation error. 

In the lumped capacity methods proposed in this dissertation it is impossible to measure 

the temperatures, hereafter called states, in each section. To get an estimation of the states 

in each section of the heat exchanger the Kalman filter can be used. 

There are many variations of the Kalman filter available but in the work for this 

dissertation the Standard Kalman filter and the Extended Kalman filter were used. 

Following is a short explanation of these two variations and how they were used. 

3.1.1 Standard Kalman filter 

The Standard Kalman filter (SKF) is a simple version of the Kalman Filter and can be used 

to estimate states in a discrete model. A discrete model assumes that the variables, mass 

flow rates and temperatures in the case of a heat exchanger model are constant between 

time instances. As heat transfer in a heat exchanger is a continuous process the nonlinear 

physical models are discretized by a Taylor series expansion before applying the SKF. The 

SKF estimates the model states by going through the iterative process shown in Figure 3.2. 

 

Figure 3.2. Illustration of the Standard Kalman filter's iterative process (Welch and Bishop, 2006). 

However the accuracy of the model depends on the model parameters. The model 

parameters can be found by applying a minimization routine which adjusts the model 

parameters until the best fit to the available data is found.  

When applying the SKF method for fouling detection there are two possible cases to 

achieve fouling detection: 1) by continuously estimating the model parameters and 2) by 

using one step ahead predictions. 

In P2 continuous estimations of the model parameters were performed for a cross flow heat 

exchanger. The results indicated that although this approach can be used for fouling 

detection there was a high likelihood of false detection and late detection through either 

one or both of the model parameters. It can therefore be concluded that continuous 
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estimation of the model parameters with the SKF method is not advisable. Additionally, 

due to insufficient performance, the estimations of the model parameters are a computer 

intensive process and can hence pose difficulties for on-line fouling detection. 

In P6 the one step ahead prediction method was performed on a counter flow heat 

exchanger operating in a relatively steady state condition. The results showed that the 

method is more universal than direct calculation of the overall heat transfer coefficient and 

monitoring for changes in the pressure drop. Furthermore, the paper confirmed that fouling 

can be detected using input and output data only. 

In P7 the one step ahead prediction method was used for counter flow heat exchanger with 

good success for detection of fouling in a domestic hot water heat exchanger. The benefit 

of the one step ahead method is that once the model parameters have been estimated the 

next step prediction is simple and fast and therefore applicable for online fouling detection. 

3.1.2 Extended Kalman filter 

As mentioned, the SKF cannot be used to estimate the model parameters directly for 

fouling detection. However, as the model parameters are based on the overall heat transfer 

coefficient, they give indirect information about the condition of the heat exchanger, which 

would be beneficial when it comes to scheduling cleaning or a renewal. 

The benefit of the Extended Kalman filter (EKF) over the SKF is that the EKF adds the 

possibility of defining model parameters as states in the model, which allows tracing how 

they evolve over time. The tracing is achieved by changing the Kalman gain relating to the 

model parameters according to the model residuals, using first order partial derivatives of 

the model. Hence the model parameters are adjusted so that they follow the process and 

become best estimates. 

The EKF iterative process is similar to the iterative process of the Standard Kalman Filter 

shown in Figure 3.2. The differences are that the SKF linearizes around the current mean 

and covariance. In the EKF, the model is linearized around the estimate of the parameter 

under consideration using the partial derivatives of the model and measurement functions. 

In P1 the EKF was applied on a cross flow heat exchanger where it was shown that the 

model parameters can be effectively and consistently estimated in real time along with the 

model states. This method of estimating the model parameters seems to be independent of 

the initial parameter values and further the parameters can be estimated even with a large 

time step between measurements. These results show that the model can be used to detect 

fouling by monitoring the changes in the model parameters that include the overall heat 

transfer coefficient.  

In P7 the EKF was applied to a counter flow heat exchanger and it was shown that the 

EKF method is very robust and consistent. Furthermore, the results of the paper indicate 

that it is the best method of the ones compared, given the underlying data. 
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3.2 Fuzzy observers 

Similar to the Kalman Filter methods the Fuzzy observer method is based on the lumped 

capacity model explained in section 2.1.4. The benefits of the Fuzzy observers are that they 

do not need precise nor noise free inputs to operate. The drawback is that the parameter 

estimations may not be optimal. 

Examples of the use of Fuzzy observers can be found in (Hametner and Jakubek, 2013; 

Shaocheng et al., 2009) where fuzzy observers are used for back stepping control for 

MIMO nonlinear systems and estimation of the state of charge in lithium ion cells, 

respectively. 

Unlike the Kalman filter methods, the model parameters were not estimated by minimizing 

a score function but by going iteratively through decision rules to narrow an interval that is 

presumed to contain the model parameters. The iterations continue until the parameter 

estimations are within a predefined value of the previous parameter estimations. 

As with the SKF, fouling detection can be made either by estimating the model parameters 

iteratively and monitoring a drift in the estimations or by monitoring a drift in prediction 

errors.  

In P7 the Fuzzy observer method was applied on data simulating fouling in a domestic hot 

water counter flow heat exchanger. The model parameter estimation was based on the 

method proposed in P8. The results of the paper indicated that due to non-optimal model 

parameter estimations the capability of the method to detect fouling was insufficient. As 

with the SKF model parameter estimation method, the Fuzzy observer method was not 

useful for fouling detection for the case considered. 

In P8 it was shown that the Fuzzy observer method can be used to identify parameters of 

counter flow heat exchanger models, which can then be used for fouling detection. The 

results showed that the approach used in the paper was equally stable in detecting the 

model parameters for both dynamic and steady state condition. Further it was shown that a 

+/-1.5% variation of the actual value of the overall heat transfer coefficient corresponded 

to a +/-0.5% variation of the estimated overall heat transfer coefficient. This indicates that 

variations above +/-1.5% of the overall heat transfer coefficient could be detected by 

continuous parameter estimations based on Fuzzy observers. Additionally, it was shown 

that using a model with 80 sections was appropriate for the heat exchanger studied. 

3.3 NTU method 

The NTU method is based on a number of transfer units (NTU), also known as the 

effectiveness method. The NTU is a parameter that is commonly used to simplify 

calculations when solving common heat exchanger problems. A description of the NTU 

method can be found in (Lalot, 2011). For a steady state operation the NTU is known to be 

a robust tool for heat exchanger calculations and in these cases the NTU can be directly 

used for fouling detection. However, if the heat exchanger is operating in a dynamic 

condition it becomes harder to use the NTU tool directly (Figure 2.8). It is therefore 
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proposed to use empirical relations, as described above, to take into account the 

dependency of the heat transfer on the mass flow rates. 

The method was applied on cross flow heat exchangers in papers P3 and P5. In P3 it was 

shown that for dynamic operation direct calculation using the well-known NTU method 

was not useful for fouling detection for heat exchanger operating with a dynamic load. To 

make the application of the NTU method valid over a wide load range empirical relations 

were presented to relate different load situations to the design situation. It was shown by 

taking the mass flow dependencies of the heat transfer into account the NTU method could 

be used for fouling detection under dynamic load conditions. In P5 the NTU method was 

compared to the NLARX method and the results showed that the NTU method with 

empirical relations gave comparable results to the NLARX method. 

In P6 the NTU method was used to calculate the overall heat transfer coefficient for a 

counter flow heat exchanger operating under a relatively steady state condition. The results 

showed that as long as the heat exchanger had only small variations in its inlets direct 

application of the NTU method, without applying empirical relations, could be applied for 

detection of fouling. 

The NTU method was applied for fouling detection in counter flow heat exchangers 

operating under a dynamic condition in P7. The results showed that the NTU method, with 

empirical relations, could give good results, namely that the method detected fouling prior 

to the typical fouling factor used during the heat exchanger design and was the second best 

method considered in the paper. 

3.4 Neural networks 

Neural Networks (NN) is a method that is supposed to imitate the behavior of neural 

networks in biology; for a description of NN see (Haykin, 1999). As such NN are supposed 

to learn from data at hand and create a relational model of the relevant process. The basic 

idea behind Neural Network is adaptive learning. For an NN network to learn from the 

process it needs to be introduced to representative data and a cost function that should be 

minimized, for example mean-squared estimation errors. In general it can be said that the 

more data that is presented to the NN the better it should be to predict the future state of 

the process. 

As NN is a black box model, i.e. it does not depend on physical equations to describe the 

process, it is important to train the network on data that represent the whole operating 

spectrum of the heat exchanger. Furthermore, for a good model it is also important to have 

a significant dynamic stimulation in the training data. This is due to the fact that the NN 

builds a relation between the inputs to estimate the outputs. 

When designing an NN it is important to avoid over-specifying the system or using more 

neural connections than are actually required to explain the process. In case the system is 

over-specified the issue of over-training can arise, that is, the NN is modeling the noise in 

the training data. An over-trained NN will have poor prediction capabilities as it will 

exaggerate natural fluctuations in the data. To avoid over-training the training data can be 

split into two parts, where the first part is used to train the NN and the second part is used 
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to test its predictive capabilities. Over-training will be noticed when the mean squared 

estimation error, for the test part of the data, starts to increase as the number of neural 

connections are increased. 

For detecting fouling the NN is used to estimate the outlet temperatures which are then 

monitored for drift in the mean, which would indicate that fouling is occurring. 

In P4 it was concluded that 3 past values of each input were sufficient as inputs to the 

model of a counter flow heat exchanger, and having more past values did not give better 

results. Additionally it was concluded that an NN with 1 linear and 0 to 1 nonlinear neuron 

of a hyperbolic tangent type was sufficient to represent the heat exchanger. Furthermore, 

on it was concluded that for the heat exchanger considered, counter flow oil to water heat 

exchanger, the NN provides an efficient way to detect fouling. 

3.5 NLARX method 

The second black box method proposed is to use a multi-input single output nonlinear auto 

regression exogenous model (NLARX) of the heat exchanger. 

The idea with the NLARX model is to relate the changes in the output variable to its 

regressors, past values of the output variable, as well as to both current and past values of 

the external variables that influence the output variable. The nonlinear aspect of the model 

is to take into account that the regressors may not have a direct linear influence on the 

output variable. The choice of the nonlinear function depends on the process being 

considered and as such there are no restrictions on the type of the nonlinear function 

applied. In case of a linear influence of a regressor on the output variable, a linear function 

can be applied instead of a nonlinear function. Figure 3.3 shows the NLARX model in a 

block format. 

 

Figure 3.3. Block diagram of nonlinear auto regressive model. 

Once the model parameters have been estimated the NLARX model can be used to predict 

the output variable. Information about nonlinear time series models can be found in (Tong, 

1993). 

The NLARX model was developed for cross flow heat exchangers and during the model 

development different model structures were fitted to the data. In P5 it was shown that for 

a cross flow heat exchanger it was sufficient to use 3 past plus the current values of the 

inlets, two past values of the outlets and 5 nonlinear sigmoid blocks to get a reasonably 

good fit to the training data. It was further investigated if it was sufficient to include only 

the mass flows in the nonlinear blocks, as it is was known that for the media and 

operational range considered the mass flow dependencies of the heat transfer coefficients 
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would dominate over the temperature dependencies, or if it would be required to include 

both the mass flows and the temperature inputs in the nonlinear block. The results showed 

that even though the model fit was just slightly worse when only the mass flow rates were 

kept in the nonlinear box the fouling detection was significantly worse compared to the 

case when all inputs were used in the nonlinear block. 

In P5 it was further shown that the NLARX models could be used to detect fouling in cross 

flow heat exchanger experiencing significant variations in the inlets.  
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4 Discussion and conclusion 

4.1 General remarks 

Fouling is a natural process in any heat transfer process and heat exchangers are not 

excluded there. In fact, fouling in heat exchangers accounts for 0.12 – 0.35% of gross 

national production (Müller-Steinhagen and Zettler, 2011). Due to the large cost of fouling 

in heat exchangers there is a huge economical potential of applying methods that can detect 

fouling early in the process. The savings of early fouling detection can be divided between 

energy savings and also savings due to optimal timing of heat exchanger cleaning or 

replacement, which could minimize unexpected process stops and process faults. The 

benefits are not only in relation to economy; detecting fouling early will also prevent large 

amounts of unnecessary and environmentally unfriendly emissions to be released. 

There are many possible ways to detect fouling in heat exchangers. The classical methods 

for fouling detection are listed in (Jonsson et al., 2007) as: a) examination of the heat 

transfer coefficient, b) simultaneous observations of pressure drop and mass flow rates, c) 

temperature measurements, d) ultrasonic or electrical measurements and e) weighing of the 

heat exchanger plates. All of these classical methods have their benefits and limitations as 

discussed in section 2.3. The methods proposed in this dissertation are fundamentally 

different than these methods in that they only require measurements that can easily be 

obtained under normal operation and without disturbing the operation of the heat 

exchanger.  

The results from P7 can be used to create an overview of the effectiveness of the proposed 

detection methods for counter flow heat exchangers. In P7 the methods were applied to a 

specific problem, scaling in domestic hot water heat exchangers (Table 4.1). 

Table 4.1. Comparison of fouling detection methods for counter flow heat exchangers. 

Method Parameter 

monitored 

95% detection interval 

of the fouling resistance 

[10
-5

 m
2
K/kW] 

NTU method Model parameter [1.25, 2.55] 

Standard Kalman filter Prediction errors [1.25, 2.71] 

Extended Kalman filter Model parameter [0.55, 1.20] 

Fuzzy method Prediction errors [2.45, 5.60] 

 

These results can be viewed in the light of the fact that the commonly used fouling factor 

for domestic hot water heat exchangers is 3.3 * 10
-5

 m
2
°C/W. For the datasets considered 

for the counter flow heat exchangers in this dissertation it was clear that the Extended 

Kalman filter method gave the best results, the NTU and Standard Kalman filter methods 
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gave similar results, while the Fuzzy method was not able to detect the fouling before the 

anticipated design fouling factor. However, these results should be validated over a wider 

range of operating conditions. 

For the cross flow fouling detection methods a comparison can be made as in all cases an 

identical fouling evolution profile was applied, independent of the length of the time series 

and load profile applied (Table 4.2.)  

Table 4.2. Comparison of fouling detection methods for cross-flow heat exchangers. 

Method Parameter 

monitored 

95% detection interval 

of the fouling resistance 

[10
-5

 m
2
K/kW] 

NTU method Model parameter [1.5, 4.6] 

Standard Kalman filter Model parameter [14] (average) 

Extended Kalman filter Model parameter [10, 33] 

NLARX method Prediction errors [1.1, 3.1] 

 

For the Standard Kalman filter where the fouling was detected through the model 

parameter the detection stability was unreliable in the sense that false and late detections 

were common in one or both of the monitored model parameters. An alternative method is 

to estimate the model parameters with the Standard Kalman filter and detect fouling by 

monitoring for a shift in the prediction errors. 

For the datasets considered for the cross flow heat exchangers in this dissertation it was 

clear that the NTU and the NLARX methods gave the best fouling detections. However, 

these results should be validated over a wider range of operating conditions. 

4.2 Methods proposed in this dissertation 

At the start of the Ph.D. project it was hypothesized that methods could be developed to 

detect fouling in heat exchangers operating in dynamic conditions using easily obtainable 

measurements under normal operation of the heat exchanger. To prove the hypothesis 

different methods were developed and applied on process data from both simulated and 

real heat exchangers. The main conclusions were that this could be achieved. It was also 

shown that both physical and black box methods can be applied with good success; 

however for the processes considered in this Ph.D. project it was clear that some methods 

gave better results than others. 

The methods proposed can be split into two groups: 

Group A includes methods that estimate the overall heat transfer coefficient. The results 

showed that direct estimation of the overall heat transfer coefficient during dynamic 

operation cannot give accurate or early detection. However, by applying empirical 

relations it is possible to relate the condition of the heat exchanger to the design condition 

and achieve stable and accurate early fouling detection. 
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Group B includes methods that simulate the heat exchanger and give a one step ahead 

estimation of the outlets. The limitation of these methods are that they require a data 

sample from the heat exchanger to estimate the model parameters. Once the model 

parameters have been estimated the methods are used to give a one step ahead prediction 

that are compared to the actually measured outlets from the heat exchanger; if the 

measurements start to deviate from the model preditions this indicates that fouling may be 

occurring. 

The results showed that methods in both groups could be used for the detection of fouling. 

However, methods in group A have the advantage that they give a clear and easily 

interpretable indication of the condition of the heat exchanger. Unlike methods in group A, 

methods in group B give indirect information about the condition through deviation of the 

outlet temperature from what would be expected if the heat exchanger were operating 

under the design conditions. 

The main advantages of the proposed detection methods when compared to the classical 

methods is that they can be applied both in a steady state as well as in transient operational 

conditions of the heat exchanger and they are independent of the location of the fouling 

within the heat exchanger, i.e. they monitor the global fouling development within the heat 

exchanger. The fact that the methods can cope with a transient condition implies that they 

can be applied without the need to interrupt the process, which can be a very important 

requirement in complex and high valued processes. 

The main benefit of the online fouling detection methods is that the process operator can 

have up-to-date information about the condition of the heat exchanger. This information 

can then be used to schedule cleaning or replacement of the heat exchanger at times that 

best fit the process and requirements of economy. 
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4.3 Main conclusions 

The main conclusions can be summarized as follows: 

1. Fouling detection can be achieved prior to the typically applied fouling factor 

which is decided during heat exchanger design. 

2. The developed methods can be used for fouling detection in heat exchangers using 

measurements that can be easily obtained under normal operation. 

3. The proposed methods give global fouling detection and are indifferent to the 

location of the fouling within the heat exchanger. 

4. The methods can be used for fouling detection in heat exchangers operating under a 

dynamic load, without the need to stop the process or run it under steady state 

conditions during measurements.  

5. This Ph.D. project has shown and confirmed that it is possible to detect fouling 

using input and output data only.  

The methods applied and developed in this Ph.D. project have proven robust and efficient 

for the cases considered. 
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5 Future work 

Future studies could address: 

 The study of alternative heat exchanger configurations to see if some methods are 

more successful than others for different configurations. 

 Application to other similar problems related to heating and cooling with heat 

exchangers (automotive engine temperature, reaction to preheating). 

 Comparison of results with other fouling detection methods that have been 

developed. 
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