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[bookmark: _Toc188196639]Definition and Purpose
A shell-and-tube heat exchanger is a device used in industry which efficiently transfers heat from one fluid to another without them mixing (particularly for cooling a hot fluid or vice versa), using a large cylindrical shaped vessel that has tube bundles within its interior for fluid to flow through, such as water or air (Firdaus, 2023). These devices are used in industrial processes, for example, air conditioning, refrigeration networks and other engineering plants which require the use of heat transfer within their processes (Firdaus, 2023). The purpose of this report is to investigate the history, applications, designs and design improvements of shell-and-tube heat exchangers in industrial systems in relation to fouling. The mechanisms of fouling and maintenance required for servicing these heat exchangers will also be discussed. 

[bookmark: _Toc188196640]History of Shell-and-Tube Heat Exchangers
The development of the heat exchanger has been taking place for approximately 150 years. The first heat exchanger was patented in the last quarter of the nineteenth century, but the present shell and tube design, which is still used today, did not appear until several decades later. One of the first forms of heat exchangers was invented by Albrecht Dracke of Germany, who received the earliest known patent for a plate heat exchanger in 1878 (Metz, 2022). However, an innovative type of heat exchanger was developed in the shape of a shell and tube arrangement, which later formed the shell-and-tube heat exchanger known currently. The initial concepts were created in the 1920s for growing applications in the oil industry (Metz, 2022). Additionally, this category of heat exchanger obtained significant advancements on its design during the 1940s, as engineers started understanding the impacts of pressure drops within the shell side (Metz, 2022). Finally, in 1955 Babcock and Wilcox Co. and inventor Johannes H Ammon applied for a patent for the shell-and-tube heat exchanger (Metz, 2022).

[bookmark: _Toc188196641]Typical Applications and Design 
Shell-and-tube heat exchangers are typically used in industrial applications such as natural gas processing, condensing within petroleum refineries, petrochemical plants, power plants, air conditioning, refrigeration in food processing and space heating (Sabharwall and Kim, 2011). Overall, heat exchangers provide a critical role for maintaining control over thermal activities throughout industrial applications (Firdaus, 2023). This is due to their simple design, robust characteristics and that they have a reasonably low initial purchase cost and a fairly low maintenance cost, especially with models that contain non-welded tube plates and floating tube bundles (Firdaus, 2023). There are many components of a heat exchanger, as shown in figure 1, that allows them to carry out their function by a method of cross flow heat exchange. The shell is the outer section which houses the tube bundling and is usually constructed from steel (Firdaus, 2023). The tube bundle shown in the mid-section are a bundle of multiples tubes that run parallel to each other, these will contain one of the fluids for heat transfer and are usually comprised of metals such as stainless steel, titanium or copper depending on the heat exchanger’s use (Firdaus, 2023). The tube sheets are ridged sheets that perform as a barrier between the shell and the tube bundle and are commonly made from steel. The segmented baffles in the exchanger are plates placed within the shell, either aligned transversely or longitudinally, to control the movement of the transfer fluid through the shell inlet to the shell outlet around the tube bundle to enhance the heat exchange taking place (Firdaus, 2023). The inlet and outlet nozzles provide a point of entry and exit for heat exchanger fluids, these are placed at opposite ends of the shell as shown in figure 1 and are connected to the shell via flanges (Firdaus, 2023). Finally, the heat exchanger also contains expansion joints which are flexible connectors to support the tubes thermal contraction and expansion and other support structures to hold the asset in place to prevent unwanted movement to give a stable foundation (Firdaus, 2023).

[image: What is a Tube Heat Exchanger and How Does it Work? - BrandFuge]
[bookmark: _Toc188196366][bookmark: _Toc188196702]Figure 1- Heat Exchanger diagram (Howard, 2019)



[bookmark: _Toc188196642]Heat Exchanger Fouling 
Although the segmented baffles within the shell-and-tube heat exchanger enhance its function of heat transfer by controlling the movement of the transfer fluid around the tube bundle, they also encourage and intensify shell-side fouling. Shell-side fouling (shown in figures 2 and 3) is the deposition of undesired elements on the inside surfaces of a heat exchanger, which includes scale, suspended solids and insoluble salts (Klaren Technology, 2021). The consequences of this are a decreased efficiency as the shell-and-tube heat exchanger will struggle to reach the optimal temperature difference, higher pressure drops due to a restricted fluid flow within the system and potential equipment failure in the event of a complete blockage occurring (Baker, 2024).

[image: ][image: Failure Analysis & Preventive Maintenance For Heat Exchangers][bookmark: _Toc188196703]Figure 3- Image Showing Heat Exchanger Fouling (Klaren, 2021)

[bookmark: _Toc188196704]Figure 2- Image Showing Heat Exchanger Fouling (Glacier Energy, n.d)



[bookmark: _Toc188196643]Fouling Mechanisms 
 There are several mechanisms which contribute to heat exchanger fouling. The first is the velocity of flow of the fluid, as a decrease in flow velocity leads to a lower erosion rate compared to the rate of deposition, resulting in an increase in the fouling growth rate. However, during the operation of a shell-and-tube heat exchanger, higher flow velocity also leads to increased energy consumption (GJESRM, 2017). Therefore, optimising flow velocity is important, as highly increasing velocity is not always beneficial. Both energy consumption and fouling mitigation must be considered to achieve efficient operation (GJESRM, 2017). Another mechanism of fouling is salt crystallisation fouling due to the temperature of the heat transfer surface. When the temperature increases, the chemical reaction rate and speed of crystallisation increases which influences the fouling deposition, resulting in a larger fouling growth rate (GJESRM, 2017). The material choice used in fabricating a shell and tube heat exchanger can also impact the fouling rate as corrosion products can significantly influence fouling in materials such as carbon steel and stainless steel (GJESRM, 2017). However, non-metallic materials such as ceramics and graphite, known to resist corrosion, are far less susceptible to scaling. Additionally, the roughness of a material’s surface impacts the fouling rate as smoother surfaces discourage fouling, while rougher surfaces facilitate its accumulation and deposition (GJESRM, 2017). 
The main types of fouling that stem from these mechanisms are incrustation, scaling, biological growth and sedimentation (Fryer, 2021). Incrustation is caused by the buildup of a crust or layer on heat exchanger surfaces, often resulting from processed fluids, minerals, or cleaning agents. A specific type of incrustation, known as scaling, occurs due to deposits of substances such as calcium carbonate, calcium sulphate, and silicates (Fryer, 2021). Sediment originates from materials such as corrosion byproducts, metal oxides, silt, alumina, as well as diatomic organisms (for example, microalgae) and their waste. Finally, biological fouling, or biofouling, is caused by the growth of microorganisms such as, bacteria, nematodes, and protozoa, on heat exchanger components (Fryer, 2021). 

[bookmark: _Toc188196644]Cleaning and Maintenance 
Efficiency of a shell-and-tube heat exchanger is strongly impacted negatively by the effects of fouling by increasing the heat resistance for transfer and increasing the pressure drop in the system (GJESRM, 2017). To ensure this is mitigated, cleaning and maintenance of the heat exchanger is required periodically. One method of cleaning is to use mechanical cleaning such as high pressure water jet cleaning, which is a much more suitable method compared to standard water jet cleaning as the water’s properties and cleaning effect can be utilised more sufficiently (GJESRM, 2017). The pressure and flow rate is set depending on the components to be cleaned and the fouling type. However, the main disadvantage for this cleaning type is that a great amount of noise pollution is generated caused by the vibrations made by the high pressure water jet (GJESRM, 2017). Another method of mechanical cleaning that can be employed is a brush. This can be used to scrape off the accumulated material on the heat exchanger, which is an appropriate method as mechanical cleaning is the better option when the fouling levels are high (Fluorotherm, 2023).
For minor amounts of fouling, chemical cleaning will be adequate. This procedure simply applies chemicals to break down and drain out the fouled material (Fluorotherm, 2023). Chemical cleaning for fouling requires acids or alkalis to weaken the adhesive bond between the fouling and the surface, to assist in removal. The choice of cleaning agents and corrosion inhibitors must align with the material of the heat exchanger, and the type of fouling determines the appropriate cleaning chemicals (GJESRM, 2017). The disadvantage of chemical cleaning is that a circulation system is needed for the cleaning fluid, it is not suitable for severely blocked equipment, waste from the cleaning process requires proper treatment before disposal and the overall cost of this method is relatively high (GJESRM, 2017).
Furthermore, carrying out maintenance is vital on a shell-and-tube heat exchanger, to ensure they can continue optimal performance (Fluorotherm, 2023). The first process for maintaining a heat exchanger is to inspect the exterior of the heat exchanger for any visible signs of damage, such as cracks, leaks, wear and tear, or corrosion, while also ensuring it is properly secured (Fluorotherm, 2023). Another procedure is to examine the tube bundle for corrosion or fouling, which will reduce heat exchanger efficiency and to check the fluid flow to confirm the proper pressure and temperature and look for any signs of contamination or leaks. If corrosion or fouling is present, the tubes must be cleaned using appropriate methods, such as chemical or mechanical cleaning, depending on the severity of fouling (Fluorotherm, 2023). After cleaning, the heat exchanger needs to be reassembled so all components are securely reconnected. The shell-and-tube heat exchanger then must be tested for leaks, temperature, and pressure, making any necessary adjustments to ensure optimal performance is reached (Fluorotherm, 2023).

[bookmark: _Toc188196645]Task B
[bookmark: _Toc188196646]Heat Exchanger Redesign to Helical Baffles
To improve the design of shell-and-tube heat exchangers, the traditional segmented baffles are replaced with helical baffles (shown in figures 4 and 5). Using helical baffles assist in mitigating fouling and improve the thermal energy efficiency of the heat exchanger. Segmented baffles in shell-and-tube heat exchangers can cause fouling due to the flow patterns they form. These baffles cause the shell-side fluid to follow a zigzag path, which can result in areas of low flow velocity, known as dead zones, between surrounding baffles (Gowthaman, 2010). Suspended particles may settle in these zones, and temperature gradients can cause dissolved compounds to precipitate, both of which contribute to fouling. Furthermore, the abrupt changes in flow direction produced by segmented baffles may escalate pressure drop and cause vibration, further increasing fouling problems (Gowthaman, 2010). 
However, using helical baffles in a shell-and-tube heat exchanger will guide the fluid in a continuous helical course, allowing a reduction in dead zones and develops an increased uniform flow distribution. This design minimises areas where fouling is likely to occur and can enhance heat transfer efficiency (Gowthaman, 2010). Therefore, the use of helical baffles have led to a redesign of the shell-and-tube heat exchanger as they provide an improved performance by mitigating the issues that segmented baffles cause, which develop conditions that promote fouling.
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[bookmark: _Toc188196705]Figure 4- Image Showing Helical Baffles in a Shell and Tube Heat Exchanger (Circle H Manufacturing LLC, 2025)
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[bookmark: _Toc188196706]Figure 5- Diagram of Helical Baffles in a Shell and Tube Heat Exchanger (De, Pal and Bandyopadhyay, 2017)

[bookmark: _Toc188196647]Applications and Waste Reduction by Helical Baffle Usage
Helical baffles in shell-and-tube heat exchangers offer various technological advantages over typical segmental baffles, which improve overall efficiency, performance and reduction in fouling. Additionally, to a change in the flow patterns helical baffles cause, important justifications for helical baffle applications includes increased heat transfer efficiency. The design leads to an increase in the heat transfer coefficient to improve thermal performance, as the helical configuration results in a continuous, tangential flow pattern, which improves fluid mixing and reduces stagnant zones (Cheng et al., 2024). The study shown by Cheng et al., is that decreasing the helical angle from 28.42° to 10.81° can increase the overall heat transfer coefficient by approximately 20%. Furthermore, the ratio of heat to increased cross flow area caused by helical baffles, results in a lower mass flux through the shell which increases the thermal efficiency of the system (Gowthaman, 2010). This is due to a lower mass flux through the shell allows the fluid to have an increased amount of time in contact with the heat transfer surface, assuming the flow remains turbulent enough to enhance mixing and avoid fouling. 
The use of helical baffles reduces the pressure drop within the shell-and-tube heat exchanger. Helical baffles give a smoother flow route compared to segmental baffles, which generate abrupt changes in flow direction and higher pressure losses (De, Pal and Bandyopadhyay, 2017). This leads to a reduced pressure drop with the increases of helix angle for the same heat transfer rate, hence increasing energy efficiency. This indicates that helical baffles' shell-side flow arrangement converts pressure drop to heat transfer with a high efficiency (De, Pal and Bandyopadhyay, 2017). 
Furthermore, the helical baffles assist in mitigating the vibrations induced by fluid flow. The continuous flow channel in helical baffles reduces flow-induced vibrations, lowering mechanical stress on tubes and increasing the heat exchanger's operating life (Gowthaman, 2010). This design is especially applicable to vibration-prone environments, providing a more durable solution than segmental baffles (Gowthaman, 2010). Additionally, the uniform flow path improves the fouling resistance. The consistent flow distribution and reduction of dead zones in helical baffle designs reduce the possibility of fouling (Gowthaman, 2010). This results in longer operational periods between maintenance shutdowns while maintaining heat exchanger efficiency over time. The helical flow has properties that limit flow dispersion and create near plug flow conditions, which are advantageous in minimising fouling (Gowthaman, 2010). 
Consequently, the application of helical baffles in a shell-and tube heat exchanger improves heat transfer efficiency, reduces fouling, and lowers pressure drops, all of which contribute to less waste and higher energy efficiency. The material waste is reduced, resulting from decreased fouling. This is due to removed fouling deposits, cleaning chemicals and contaminated fluids in the cleaning process contribute to waste materials which require proper disposal which can lead to economic costs and environmental concerns. Additionally, resource waste is decreased, resulting from decreased fouling as fouling reduces the service life of heat exchangers and their components by increasing corrosion, incrustation, or mechanical stress (Fryer, 2021). This causes more frequent replacements of parts, wasting materials and resources. Finally, improved operational energy consumption is achieved resulting from using helical baffles, as the heat exchanger obtains an increased transfer coefficient and an improved thermal performance while simultaneously having a small pressure loss (Cheng et al., 2024). This allows for a lower operational cost and lower energy waste due to less energy being required to carry out the same heat transfer rate. As well as this, a lower fouling rate contributes to a decrease in deposits which will cause an insulating layer within the shell, causing a reduced heat transfer efficiency. This layer would require an increased energy input to continue the desired thermal performance, leading to higher operational costs and energy waste (HeatX Global, n.d.).
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