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Abstract 

In recent decades, there has been a heightened focus on sustainability in product and process 

design, aiming to balance resource use with improving human society's quality of life. A key 

aspect of sustainable design in processing plants is minimizing energy consumption, leading to 

reduced environmental impacts and costs. Heat recovery systems, including heat exchangers, are 

vital in achieving this goal by facilitating efficient thermal energy exchange between different 

mediums. 

        The study emphasizes the crucial role of minimizing energy consumption in processing 

plants' sustainable design and operation. Industrial heat recovery, achieved through specialized 

systems like heat exchangers, is essential for meeting thermal demands and optimizing thermal 

energy exchange. Pillow-plate heat exchangers (PPHEs), known for their superior compactness, 

find wide application across diverse industries. They are commonly used as reboilers, 

condensers, and thermal storage units, and play a vital role in HVAC systems. In the food 

industry, they are particularly favored for processing dairy products, chocolate, and wine. These 

exchangers are also integral to operations in the pulp and paper sector. The design involves laser-

welded stainless-steel sheets with a custom circle weld pattern, ensuring a pressure-tight 

structure. The reliability and functionality of PPHEs make them a preferred choice in diverse 

industrial settings. 

       Computational Fluid Dynamics (CFD) analysis, conducted using ANSYS Fluent software, 

investigated the performance of PPHEs, which are known for their compact design, flexibility, 

and cost-effectiveness.  The study delves into the geometric parameters of PPHEs, optimizing 

the PPHE design and exploring heat transfer enhancement techniques. Over 60 plate patterns for 

PPHEs have been developed globally, emphasizing their significant role in heat exchanger 

performance. Geometrical configuration emerges as a critical factor in enhancing PPHEs' overall 

efficiency, with research focusing on experimental and numerical studies to optimize these 

parameters. 

       The literature review reveals the potential of these techniques in improving thermal-

hydraulic performance, offering benefits such as reduced equipment size, increased capacity, and 

lower temperature differences. The comprehensive overview combines two critical aspects: 

optimization of geometrical parameters and heat transfer enhancement techniques in PPHEs. 
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While numerous review papers exist, this study bridges the gap by considering a more 

comprehensive range of relevant studies in both aspects. The review emphasizes the need for a 

holistic understanding of the interaction between the pillow-plate surface and other enhancement 

techniques. 

      The study was predominantly focused on developing a detailed numerical model for 

predicting the performance of PPHE, and using this model, the geometric parameters of the 

pillow-plate heat exchanger were optimized through entropy and exergy minimization 

techniques. It investigated the uniform velocity distribution within the pillow-plate structure 

channels.  

       The work explores the inverse relationship between Reynolds number (Re) variation and 

overall entropy generation (EG) fluctuation. Low Re (<2000) primarily affects EG through heat 

transfer. Increased Re improves heat transmission while decreasing irreversibility and 

lowering EG. Evaluating exergy efficiency (ηex%) is vital for analyzing the effectiveness of 

transforming energy into work. Higher ηex% indicates improved energy quality and 

sustainability, affected by reduced heat dissipation and increased heat transfer rates. In addition, 

exergy efficiency (ηex%) variation total length of Pillow-plate channel (L(A,1-E,25)) with decreasing 

streamwise pitch (XL) and rising Re. Staggered Circular Welding Spot Patterns (SCWSPs) induce 

periodic profile formations and 'elliptical vortices,' which benefit exergy efficiency, especially at 

shorter streamwise lengths and channel diameters (dcws = 9mm, 10mm). 

        Moreover, the study also examined the effects of Staggered Circular Welding Spot Pattern-

Vortex Generators (SCWSP-VGs), where Staggered Circular Welding Spot Pattern (SCWSP) 

acts as a vortex generator, on enhancing the thermal performance of the heat exchanger. The 

numerical results showed that at lower Reynolds numbers (Re = 1,000 and 2,000), flow velocity 

profiles remain low until encountering central SCWSP-VGs. Their presence causes flow 

intensity to increase, redirecting flow inward and outward inducing convergent and divergent 

behavior. This leads to periodic velocity profiles and enhances turbulent mixing, boosting 

convective heat transfer. Comparison at Re = 2,000 shows significant wake regions and opposing 

recirculation flow behind SCWSP-VGs. SCWSP-VGs induce secondary flow, which is crucial 

for improving flow characteristics and heat transfer. High-speed (Opposite Elliptical 

Recirculation Vortex/vortices) 'OERV' growth reduces backflow, enhancing mixing and 

turbulence, fostering improved heat transfer efficiency across all Reynolds numbers. 
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        These comprehensive analyses aimed to uncover strategies for improving the efficiency and 

effectiveness of the pillow-plate heat exchanger, thereby contributing to advancements in heat 

transfer technology and sustainable design practices in processing plants. 
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Chapter -1: Introduction 

 

This chapter introduces pillow-plate heat exchangers (PPHE), including their research 

motivation, historical background, classification, and potential applications. In this 

chapter, we discuss solution methodologies encompassing numerical and experimental 

approaches, outline the objectives and scope of the CFD study, and present the 

methodology and significance of the research. Finally, it delineates the organization of the 

thesis. 

 Introduction  

The pillow-plate heat exchanger is a versatile and efficient solution in thermal 

management, offering a distinct design tailored to optimize heat transfer across various 

industries. Comprising two thin sheets welded together to form interconnected channels, 

its unique construction allows for enhanced heat exchange between two fluids for cooling, 

heating, or thermal storage. This introduction sets the stage to delve deeper into its 

mechanics, applications, and advantages, highlighting its pivotal role in modern 

engineering and industrial processes as shown in Fig. 1.1. With its versatility and efficacy, 

the pillow-plate heat exchanger has become indispensable in industries ranging from food 

and beverage processing to pharmaceuticals, refrigeration, and beyond. 

      At the heart of the pillow-plate heat exchanger lies its unique construction. Thin plates, 

typically made of stainless steel, are welded together at regular intervals, forming a pattern 

of interconnected channels referring to Fig. 1.1 (a). This pillow-like structure enhances the 

surface area for heat transfer and ensures uniform fluid flow distribution, maximizing 

thermal efficiency. The design flexibility allows customization according to specific 

requirements, whether varying plate thicknesses, shapes, or sizes, catering to various 

applications. 

      One of the key advantages of the pillow-plate heat exchanger is its exceptional heat 

transfer capabilities. The convoluted surface created by the interconnected channels 

promotes turbulent flow, significantly enhancing heat exchange rates compared to 

conventional heat exchangers. This efficiency translates into reduced energy consumption, 

lower operating costs, and enhanced process control, making it an attractive choice for 

industries striving for optimal performance and sustainability.  
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The compactness of a heat exchanger is specified by its surface area density, which is the 

ratio of the heat transfer surface area to the volume of the heat exchanger. For Pillow-Plate 

Heat Exchangers (PPHE), the surface area density is typically in the range of 50-200 

m²/m³ [1] (square meters of surface area per cubic meter of volume) [2]. This high surface 

area density means PPHEs offer a large surface area for heat transfer relative to their size, 

making them compact compared to traditional shell-and-tube or plate heat exchangers.  

     PPHEs are typically constructed using materials that offer excellent corrosion 

resistance, mechanical strength, and durability, and such robust construction reduces the 

frequency of failures, leaks, or material degradation, making them relatively low 

maintenance. The common cleaning methods include chemical cleaning, which is 

generally inexpensive and easy to implement and can be conducted without disassembling 

the unit. However, if mechanical issues such as leakage occur between the welded pillow 

plates, the maintenance costs can be higher because specialized welding or replacement 

may be required. 

       In the food and beverage industry, where precise temperature control is paramount, 

pillow-plate heat exchangers play a crucial role in pasteurization, fermentation, and 

chilling [3]. Whether it's heating milk for dairy products, cooling wort in beer brewing, or 

maintaining the ideal temperature for chocolate couching, these heat exchangers ensure 

product quality and safety while maximizing production throughput (refer to Fig. 1.1 (b) 

ad (c)). 

      Moreover, pillow-plate heat exchangers offer hygienic and reliable thermal solutions 

in pharmaceutical and chemical processing, where stringent regulations govern product 

integrity and purity. Their smooth, crevice-free surfaces minimize the risk of 

contamination and facilitate thorough cleaning and sterilization, meeting the strict 

standards of good manufacturing practices (GMP) and ensuring product integrity 

throughout the manufacturing process. 
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Fig. 1.1 The pillow plate heat exchanger channel's geometry and shape [4]. 

Note: Circular Welding Spot (dsp), Streamwise length (2SL), Spanwise length (ST), Outer 

channel height (ho), inner channel height (hi) 

 

           In refrigeration and HVAC systems, pillow-plate heat exchangers find application 

in evaporators, condensers, and heat recovery units. Their compact design, high thermal 

efficiency, and resistance to fouling make them ideal for demanding cooling and heating 

applications, ranging from commercial refrigeration to industrial air conditioning systems. 

Furthermore, the versatility of pillow-plate heat exchangers extends to renewable energy 

applications, including solar thermal systems and heat pumps. By harnessing the sun's 

energy or utilizing waste heat from industrial processes, these heat exchangers contribute 

to energy conservation and carbon footprint reduction, aligning with global efforts towards 

sustainable development. 

       The pillow-plate heat exchanger is a testament to ingenuity and innovation in thermal 

engineering. Its unique design, exceptional heat transfer performance, and broad 

applicability make it a cornerstone of modern industrial processes across various sectors. 

As industries prioritize efficiency, sustainability, and product quality, the pillow-plate heat 

exchanger remains indispensable for achieving these objectives while driving 

technological advancement. 

 

(b) 

(a) 

(c) 
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 Motivation for research 

The motivation behind research on pillow-plate heat exchangers lies in the quest for 

continuous improvement and innovation in thermal engineering, specifically optimizing 

design parameters and enhancing heat transfer performance across diverse practical 

applications. This drive stems from the pressing need to address evolving industrial 

requirements, improve energy efficiency, and meet stringent regulatory standards while 

ensuring cost-effectiveness and sustainability. 

       One of the primary motivations for researching the optimization of design parameters 

is to maximize the thermal efficiency and operational performance of pillow-plate heat 

exchangers. By systematically studying and fine-tuning key design variables such as plate 

thickness, channel geometry, welding techniques, and fluid flow patterns, researchers aim 

to identify optimal configurations that minimize pressure drop, reduce fouling tendencies, 

and maximize heat transfer rates. Researchers seek to uncover the intricate interplay 

between these parameters and their impact on overall heat exchanger performance through 

computational modeling, experimental validation, and advanced optimization algorithms. 

       Furthermore, the drive to enhance heat transfer in pillow-plate heat exchangers is 

fueled by the growing demand for increased energy efficiency and reduced environmental 

impact across various industries. By developing innovative heat transfer enhancement 

techniques such as surface texturing, passive augmentation structures, and advanced heat 

transfer fluids, researchers strive to elevate the thermal performance of these heat 

exchangers to new heights. The goal is to achieve higher heat transfer coefficients, lower 

overall thermal resistance, and improved thermal homogeneity, enabling more efficient 

heat exchange processes while minimizing energy consumption and greenhouse gas 

emissions. 

      Practical applications across diverse industries serve as compelling drivers for research 

in this field. In the food and beverage industry, for instance, optimizing heat exchanger 

design parameters arises from meeting stringent food safety regulations, enhancing 

product quality, and improving production efficiency. By tailoring pillow-plate heat 

exchangers to specific food processing applications such as pasteurization, sterilization, 

and chilling, researchers aim to ensure optimal thermal performance while preserving food 

products' sensory attributes and nutritional integrity. 

      Similarly, in the pharmaceutical and chemical sectors, the optimization of pillow-plate 

heat exchangers is driven by the imperative to maintain product purity, consistency, and 
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efficacy. Researchers focus on refining design parameters to minimize the risk of 

contamination, mitigate fouling and scaling issues, and enhance heat transfer uniformity, 

thereby safeguarding the integrity of sensitive pharmaceutical formulations and chemical 

processes. 

      Moreover, the quest for optimized pillow-plate heat exchanger designs extends to 

renewable energy applications such as solar thermal systems and waste heat recovery. By 

harnessing advanced optimization techniques and innovative heat transfer enhancement 

strategies, researchers aim to maximize the efficiency of these systems, increase their 

overall energy yield, and accelerate the transition to sustainable energy sources. 

       In conclusion, research on the optimization of design parameters and heat transfer 

enhancement in pillow-plate heat exchangers is driven by the imperative to meet evolving 

industrial demands, enhance energy efficiency, and promote sustainability across various 

practical applications. By leveraging advanced computational tools, experimental 

techniques, and interdisciplinary collaborations, researchers strive to unlock new frontiers 

in thermal engineering, paving the way for more efficient, reliable, and environmentally 

friendly heat exchange solutions. 

      Research efforts have explored multi-layer and multi-channel configurations with 

different flowing fluids mini-layers, and micro-channels to enhance PPHE performance. 

Surface improvements, including wavy patterns, have been investigated to increase 

turbulence, provide self-cleaning mechanisms, and reduce fouling propensity. 

     Traditional plate heat exchangers are recognized for their excellent thermal efficiency. 

The novel Pillow-plate heat exchanger has been studied mathematically and 

experimentally, considering geometric parameters' impact on thermal performance. 

Advances in PPHE design and fabrication have occurred, but ongoing research focuses on 

optimizing geometries and surfaces for improved thermal performance. 

       The current proposal explores the applicability of pillow plates or heat exchangers for 

typical low and medium-temperature applications. PPHEs offer advantages like fully 

welded construction, high leak tightness, lightweight design, wide operating ranges, 

adaptability, and high overall heat transfer coefficients. Despite their potential applications 

in various industries, comprehensive design principles and uncertainties in dimensioning 

hinder the commercial penetration of PPHEs. 

       The current research aims to provide more efficient solutions with lower pressure drop 

and production costs, leading to innovative designs such as Pillow-plate Heat Exchangers 

(PPHEs). With pillow-like surfaces and fully welded constructions, these structures 
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achieve comparable heat transfer performance to existing systems while using less 

material and occupying smaller volumes. For example, pillow plates' compactness makes 

them excellent for applications like condensers in distillation processes, contributing to 

energy savings and reduced environmental impact compared to other heat exchangers. 

 History of Pillow-plate heat exchanger 

The pillow-plate heat exchanger's (PPHE) evolution can be traced back to the mid-20th 

century when advancements in welding technology, particularly laser and resistance 

welding, laid the foundation for its development. In the 1950s and 1960s, engineers 

harnessed these improved welding techniques to create flat, double-walled plates with 

dimples, designating channels for the flow of one fluid and allowing space between 

dimples for the flow of another. 

      The concept of the Pillow-plate heat exchanger emerged in the early 1970s, [3,5,6] 

marked by the overlay of two identically thick metallic sheets, often made of stainless 

steel. After seam-welding along specific edges, the assembled structure undergoes 

hydroforming within a pressure vessel equipped with strategically positioned fixtures. The 

hydraulic inflation during hydroforming imparts a uniform geometry to the plates, 

followed by spot-welding at fixture points to complete the construction as shown in Fig. 

1.1 (c). Behrend's 1993 [1] overview explored various types and applications of PPHE, 

with Mitrovic and Peterson [7] presenting preliminary experimental findings and Mitrovic 

and Maletic [8] utilizing Computational Fluid Dynamics (CFD) for detailed flow analysis. 

In recent years, extensive experimental and numerical studies have been conducted on 

PPHE, covering single-phase, condensing, and evaporating media. Research has extended 

to film flow over wavy plates, and methodologies for determining key geometrical 

parameters have been established. 

          An alternative to the traditional plate heat exchanger is the wavy pillow-plate heat 

exchanger, where a stack of wavy plates is welded together to induce fluid flow 

passageways, promoting turbulence and wall shear stress for enhanced thermal 

performance. Notably, the construction characteristics of pillow-plate heat exchanger 

enable higher working temperatures and pressures, making it suitable for multi-stream 

applications. Research on pillow-plate heat exchangers also emphasizes its superior 

overall thermal performance in reducing fouling, positioning it as a compelling choice for 
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heavy-duty applications. Critical considerations in design include the number of passes 

and the specific type of wavy enhanced surface. 

       Pillow-plate heat exchangers are integral to various sectors such as dairy, brewing, 

pharmaceuticals, and chemicals due to their efficiency, flexibility, and maintenance. 

Ongoing advancements in materials and manufacturing processes suggest a promising 

future for the continued evolution and application of pillow-plate heat exchangers. 

 Construction and material of PPHE 

The versatility of pillow-plate design extends beyond traditional heat exchanger 

applications, as showcased in Fig. 1.2, where they serve as heating or cooling jackets for 

various industrial equipment. This adaptability underscores their potential across different 

industrial settings, signaling a shift in heat exchange technology paradigms. 

     According to Arsenyeva et al. [9,10], a pillow plate comprises two metal sheets, 

typically stainless steel, spot-welded in a specific pattern. Hydroforming expands the 

sheets internally using water or a similar medium, creating the characteristic pillow 

structure. This process, facilitated by inlet and outlet nozzles, can yield "double-

embossed" pillow plates with symmetrical waves, which is ideal for PPHEs. 

      

 

Fig. 1.2 Fabricated or constructed Pillow-plate channel [11]. 

        

        The turbulent flow generated by the pillow-like structure enhances heat transfer 

efficiency, self-cleaning properties, and resistance to fouling. Fully welded construction 
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ensures hermetic sealing, contributing to operational reliability and enabling lightweight 

construction without additional support structures.      

      Materials like stainless steel variants 1.4541 (X6 CrNiTi 18-10, AISI/SAE321) and 

1.4571 (X6 CrNiMoTi 17-12-2, AISI/SAE 316Ti) are commonly used [9,10], with 

welding technologies such as laser or resistance welding ensuring precise assembly. 

Hydroforming, a critical step, pressurizes the plates to surpass design operating pressures, 

creating hermetic channels without external gaskets. 

     While double-embossed plates are standard, single-embossed plates can be achieved 

using one thin and one thick sheet. As Djakow et al. [12] suggested surface modifications 

can further enhance performance. In addition, the construction of pillow-plates integrates 

advanced materials and welding technologies with meticulous hydroforming processes, 

ensuring airtight integrity and meeting stringent design specifications. This innovative 

approach enhances reliability and underscores the transformative potential of pillow-plate 

technology in heat exchange systems. 

    Three main welding methods are employed for joining metal sheets: laser welding, 

resistance welding, and tungsten inert gas (TIG) welding without filler metal [13–16]. Of 

these, laser welding is the most economical and allows for manufacturing various shapes, 

including precise pillow-plate channels (PPCs) and dimple-plate channels (DPCs) [16]. 

The type of welding commonly used to develop a spot between two thin sheets in Pillow-

Plate Heat Exchangers (PPHE) is typically resistance spot welding or laser welding [17]. 

1. Resistance Spot Welding (RSW): - In resistance spot welding, an electrical 

current is passed through the two thin metal sheets while two copper electrodes 

apply pressure. The electrical resistance at the contact points between the sheets 

generates heat, causing the metal to melt and form a weld nugget. Once the current 

is stopped, the molten material solidifies, creating a strong spot weld [17,18]. 

Advantages: 

• Suitable for thin materials (like the sheets used in PPHE). 

• Provides strong mechanical joints that can withstand pressure. 

• Efficient and widely used in industrial applications. 

Typical Application: Commonly used in PPHE manufacturing due to its high-

speed, low-cost, and reliable joining method for metals like stainless steel, which is 

often used in PPHEs. 
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2. Laser Welding: - In laser welding, a highly focused laser beam is used to melt the 

material at the spot where the two sheets are joined. The heat generated by the 

laser forms a small molten pool, and upon cooling, the sheets are fused together 

[14], Fig. 1.5. 

Advantages: 

• Provides precise control over the weld size and shape. 

• Minimal heat-affected zone (HAZ), which reduces thermal distortion, making 

it ideal for thin materials. 

• It can be automated for high-precision manufacturing. 

Typical Application: Used when higher precision is required or when smaller 

weld spots and minimal material deformation are necessary for specific designs; 

refer to Fig. 1.3. 

 

 

Fig. 1.3 Manufacturing of Pillow-plate heat exchanger by Laser welding operation 

[18]  

 

 Classification of Pillow-plate heat exchanger (PPHE) 

Two fundamental types of heat exchangers (HEs) delineate their working principles: 1) 

Direct heat exchangers, facilitating direct contact between exchanging mediums, 

exemplified by cooling towers, and 2) Indirect heat exchangers, employing thin 

conducting walls to prevent mixing between mediums. Diverse technical solutions, such as 

shell-and-tube, plate (gasketed, welded), and micro heat exchangers, have emerged to 
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cater to varied applications [17]. Recently, a notable shift towards sustainability has fueled 

advancements, seeking a harmonious equilibrium between resource utilization and the 

enhancement of human society's quality of life. This evolving landscape in heat exchanger 

technology reflects a conscientious effort to address environmental concerns while 

optimizing efficiency and functionality. 

        Pillow plate heat exchangers represent a fascinating engineering advancement 

achieved through an inflation process. In this innovative method, using laser or resistance 

techniques, two thin metal sheets undergo seamless welding across the entire surface 

[3,14]. The sealed plates, leaving only connecting ports, are then pressurized with 

hydraulic fluid (water and air) [14,16], forming the distinctive wavy surface characteristic 

of PPHEs. This process not only exemplifies the capabilities of modern technology but 

also highlights the ingenuity of engineering minds. As industries increasingly prioritize 

maximum efficiency, the popularity of PPHEs has surged. These heat exchangers boast 

innovative "pillow" seam welding, providing targeted flow guidance in their channels. 

This welding is an ideal solution in scenarios where fluid velocity or distribution is a 

concern. Recent developments introducing flow guidance by cushions between adjacent 

pillow plates have the potential to further enhance heat exchanger performance, enabling 

industries to operate more efficiently and cost-effectively. 

      Within the field of pillow plate heat exchangers, two main types are noteworthy: 

single-embossed and double-embossed. Single-embossed PPHEs, with a thicker base plate 

and a thinner top plate, are commonly used as the double walls of jacketed vessels. This 

design allows the top plate to deform while the base plate remains unaffected, providing 

versatility in manufacturing specialized PPHEs [19]. 

        The design of a pillow plate is always customized to order, particularly in 

applications involving sanitary products that employ single-embossed heat exchangers. 

With its flat product side, the single-embossed design ensures no heat tint after welding 

due to precise welding procedures. Due to their flat interior surface, single-embossed 

pillow plates are commonly integrated into cooling tables, conveyor structures, bulk or 

pressure vessels, and process tanks [1,14]. 

        On the other hand, double-embossed pillow plates consist of two sheets of material 

with comparable thicknesses, represented in Fig. 1.4. The absence of a flat side in this 

design allows the product to flex on both sides following inflation. Double-embossed 

PPHEs find applications in refrigeration, heat recovery banks, immersion, and clamp-on 

equipment, among other process applications. These plates are processed in immersion 
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chillers, ice banks, falling film chillers, and ice machines, showcasing their versatility in 

various industrial [3] settings illustrated in Fig. 1.5. 

 

 

Fig. 1.4 Different types of pillow-plates (Behrend 1993) [1] 

 
 

Fig. 1.5 Pillow-plates as heating jacket for tanks (left, © www.buco-

international.com) and piping lines (right, © www.lob-gmbh.de) [1] 

 

 

 

http://www.lob-gmbh.de/
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 Advantages and disadvantages of PPHE 

 

       Pillow plate heat exchangers (PPHEs), also known as laser-welded heat exchangers 

[14], offer a range of advantages that make them a compelling choice in various industries. 

These advantages stem from their unique design and manufacturing process. However, it's 

essential to consider the potential drawbacks associated with PPHEs. An overview of both 

the advantages and disadvantages: 

1.6.1 Advantages of PPHEs 

1. Pillow Plate Heat Exchangers seamlessly blends the robust temperature and 

pressure resistance inherent in shell-and-tube heat exchangers (STHE) with the 

cost-effectiveness and compact nature of plate heat exchangers (PHE). 

2. With an emphasis on ease of maintenance, the inner channels of pillow plates can 

undergo chemical cleaning or be efficiently cleaned using a return flow method. 

This contrasts the more cumbersome and costly mechanical cleaning procedures 

for other heat exchangers like STHE. 

3. Enhanced welding reliability is a standout feature of PPHEs. The small diameter of 

welding points contributes to mechanical stability, optimizes heat transfer, 

diminishes pressure loss, and excels in thermal performance, particularly at 

elevated Reynolds numbers. 

4. With their wavy configuration, the plates' ingenious design actively promotes 

turbulent movement within the heat exchanger. This allows for a versatile design 

strategy with varying cross-sectional areas for both the cold and hot sides. 

5. PPHEs boast a high heat exchange coefficient thanks to the continuous redirection 

of the medium within the pillow plates. This results in thin boundary layers, 

outstanding heat transfer efficiency, and a reduced need for surface area, 

translating to lower investment costs. 

6. Eliminating gaskets in PPHEs permits operation at high temperatures and pressures 

and reduces production costs. Additionally, concerns about gasket material 

compatibility become obsolete. 

7. The adaptable design of pillow plates makes them suitable for many applications, 

serving as heating or cooling jackets for reactors, vessels, and tubing in storage 

tanks, among other uses. 



13 
 

8. Simplicity in the manufacturing process is a hallmark of PPHEs, requiring less 

physical space, minimizing transportation and installation costs, and utilizing fewer 

materials compared to the more complex manufacturing process of STHEs. 

1.6.2 Disadvantages of PPHEs 

2. Limited Applications: Not suitable for all applications, primarily used in industries 

like food processing, pharmaceuticals, and HVAC, but may not be the best choice 

for high-pressure or corrosive environments. 

3. Complex Manufacturing Process: The manufacturing process, especially laser 

welding, can be complex and may require specialized equipment, leading to 

potentially higher production costs compared to traditional heat exchangers. 

4. Limited Thermal Performance: In some cases, traditional heat exchangers may 

offer better thermal performance due to limitations in the design and geometry of 

pillow plates. 

5. Cleaning Challenges: The design may pose challenges for thorough cleaning, 

especially in the presence of deposits or fouling, crucial for maintaining optimal 

heat transfer efficiency. 

6. High Initial Cost: While long-term operational costs may be lower, initial 

purchasing and installation costs can be higher than other heat exchangers. 

7. Sensitivity to Pressure and Temperature: PPHEs may have operating pressure and 

temperature limitations, requiring careful consideration of design and material 

selection. 

8. Material Compatibility: Material selection for pillow plates must be carefully 

chosen to ensure compatibility with processed substances, particularly in industries 

dealing with aggressive or corrosive materials. 

9. Size Limitations: Depending on manufacturing capabilities and application 

requirements, there may be size limitations, potentially necessitating multiple units 

or alternative heat exchanger designs for large-scale applications. 

 Solution methodology 

Solution methodology for pillow-plate heat exchangers involves analytical, numerical, and 

experimental approaches: 

1. Analytical Approach 
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• Analytical methods use mathematical formulations to understand fundamental heat 

transfer principles and predict overall performance. 

• Equations governing heat conduction, fluid flow, and energy conservation are 

utilized to develop analytical models. 

• These models provide quick insights into heat transfer behavior and can aid in 

preliminary design and feasibility studies. 

2. Numerical Simulation 

• Numerical simulations offer detailed insights into pillow-plate heat exchangers' 

complex fluid dynamics and heat transfer phenomena. 

• Model development involves discretizing governing equations using finite 

difference, finite volume, or finite element methods. 

• Heat transfer enhancement techniques, such as adding fins or modifying flow 

paths, are incorporated into the numerical model to optimize heat transfer 

efficiency. 

• Optimization algorithms, such as genetic or gradient-based methods, are employed 

to optimize design parameters such as plate geometry, fluid flow rates, and 

operating conditions. 

• Computational Fluid Dynamics simulations allow for the visualization of flow 

patterns, temperature distributions, and pressure gradients, aiding in the design 

optimization. 

3. Experimental Studies 

• Experimental investigations validate numerical simulations and provide real-world 

performance data. 

• Prototype pillow-plate heat exchangers are constructed and tested under controlled 

laboratory conditions or in actual operating environments. 

• Performance metrics such as heat transfer coefficients, pressure drops, and 

temperature distributions are measured and compared with numerical predictions. 

• Heat transfer enhancement techniques are validated experimentally to assess their 

effectiveness in improving heat exchanger performance. 

• Insights gained from experimental studies help refine numerical models and 

optimize the design of pillow-plate heat exchangers for specific applications. 
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1.7.1 CFD as solution methodology 

Computational Fluid Dynamics stands at the forefront of cutting-edge analysis, employing 

computer-based simulations to unravel the intricacies of fluid flow, heat transfer, and 

associated phenomena, including chemical reactions. This powerful technique finds 

applications across a diverse spectrum of industrial and non-industrial domains, 

showcasing its versatility [20,21]: 

1. Aerodynamics of aircraft and vehicles: Unraveling lift and drag dynamics [22]. 

2. Hydrodynamics of ships: Understanding water-based fluid behaviors. 

3. Power plants: Analyzing combustion processes in internal combustion engines and 

gas turbines [23]. 

4. Turbomachinery: Examining flow within rotating passages and diffusers. 

5. Electrical and electronics engineering: Evaluating cooling mechanisms for 

equipment, including microcircuits. 

6. Chemical process engineering: Assessing loads on offshore structures [23]. 

7. Environmental considerations: Investigating mixing, separation, and polymer 

molding 

8. Building design: Exploring wind loading and heating/ventilation aspects [24]. 

9. Marine engineering: Understanding loads on offshore structures. 

10. Environmental engineering: Studying the distribution of pollutants and effluents. 

11. Hydrology and oceanography: Analyzing flows in rivers, estuaries, and oceans. 

12. Meteorology: Enhancing weather prediction capabilities. 

13. Biomedical engineering: Simulating blood flows through arteries and veins. 

Since the 1960s, the aerospace industry has seamlessly integrated CFD techniques into 

aircraft and jet engine design, research and development, and manufacturing. Recent 

applications extend to internal combustion engines, gas turbine combustion chambers, and 

even predicting drag forces and airflow under the bonnet in the automotive industry. This 

powerful tool has become integral in designing various industrial products and processes. 

     The evolving landscape of CFD aims to synergize with other Computer-Aided 

Engineering (CAE) tools like stress analysis codes. Despite historical challenges due to 

fluid flow behavior complexity, recent decades have seen a surge of interest. Affordable 

high-performance computing hardware and user-friendly interfaces have propelled CFD 

into mainstream industrial applications since the 1990s, marking a transformative era in 

the understanding and optimizing fluid dynamics. 
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     The evolution of affordable high-performance computing hardware, coupled with user-

friendly interfaces, has catalyzed the advancement of commercial Computational Fluid 

Dynamics packages. In the past, custom code creation for CFD analyses was the norm, 

leading to many programs for distinct problems and often questionable reliability of 

results due to inadequate testing. However, the landscape has transformed with well-tested 

commercial CFD packages, making CFD analysis a routine design tool in the industry. 

These packages streamline the process and empower research engineers to focus more 

effectively on the physical system. A typical formal CFD software encompasses three 

crucial elements: a pre-processor, the main solver, and a post-processor, fostering an 

integrated approach that enhances efficiency and reliability across diverse applications. 

     The pre-processing stage in Computational Fluid Dynamics involves transforming 

user-input flow problem data into a format suitable for the solver. Key activities 

encompass defining the geometry of the computational domain, generating a grid (mesh), 

selecting physical and chemical phenomena for modeling, defining fluid properties, and 

specifying boundary conditions. Grid generation, a significant pre-processing task, 

consumes a substantial amount of time, with optimization efforts focusing on developing 

CFD codes with adaptive meshing capabilities. 

      At the core of CFD software, the solver undertakes tasks such as selecting appropriate 

physical models, defining material properties, prescribing boundary conditions, providing 

initial solutions, setting up solver controls, establishing convergence criteria, solving the 

equation set, and saving results. Real-time monitoring of intermediate results, displayed in 

residuals indicating the satisfaction level of governing equations, adds to the solver's 

capabilities. Current research emphasizes the development of adaptive meshing 

capabilities to enhance computation time and solution accuracy. 

       The post-processor, the final component of CFD software, facilitates the examination 

and extraction of useful data from results. Visualization options include vector plots, 

contour plots, streamlines, and animations. Global parameters like drag coefficient, lift 

coefficient, Nusselt number, and friction factor can be computed. Post-processor data can 

be exported to visualization software for enhanced display, contributing to a 

comprehensive analysis of simulation outcomes. 

       Several general-purpose CFD packages cater to diverse applications, including 

PHOENICS, FLUENT, STAT-CD, CFX, CFD-ACE, ANSWER, CFD++, FLOW-3D, and 

COMPACT. Specialized packages address specific industry needs, like FLOTHERM and 

ICEPAK for electronics cooling or CFX-TASCFLOW and FINE/TURBO for 
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turbomachinery. Complementing these packages are visualization software tools such as 

RECPLOT and FIELDVIEW. 

1.7.2 Overview of ANSYS Fluent Package 

ANSYS Fluent is a state-of-the-art CFD program that models fluid flow and heat transfer 

in complex geometries. Its complete mesh flexibility, supporting unstructured meshes for 

intricate geometries, sets it apart. Mesh types include 2D triangular/quadrilateral and 3D 

structures, and users can refine or coarsen grids based on flow solutions. FLUENT, written 

in the C computer language, employs dynamic memory allocation, efficient data 

structures, and flexible solver control. Its client/server architecture allows simultaneous 

processes on client workstations and powerful servers. The interactive, menu-driven 

interface, written in Scheme, offers customization options through menu macros and 

functions, making FLUENT a versatile and powerful tool in CFD. 

1.7.3 Problem-solving steps 

• Problem Identification: Determine the critical features of the problem at hand. 

• Model Geometry and Grid Creation: Develop the geometric representation of 

the model. Generate a grid (mesh) subdividing the domain into smaller, non-

overlapping sub-domains. 

• Solver Initialization: Launch the appropriate solver based on the problem's 

dimensionality (2D or 3D). 

• Grid Integration: Import the generated grid into the solver. 

• Grid Validation: Perform checks on the grid to ensure its integrity and suitability 

for the simulation 

• Solver Formulation: Select the appropriate solver formulation based on the nature 

of the problem. 

• Equation Specification: Choose the fundamental equations to be solved, 

considering aspects like laminar or turbulent flow, chemical reactions, and heat 

transfer models. Identify and incorporate additional models for components such as 

fans, heat exchangers, and porous media. 

• Material Properties Definition: Specify material properties essential for accurate 

simulation. 
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• Boundary Condition Specification: Define boundary conditions to establish the 

environmental constraints for the simulation. 

• Solution Control Parameters Adjustment: Fine-tune solution control parameters 

to optimize convergence and accuracy. 

• Flow Field Initialization: Set initial conditions for the flow field. 

• Solution Calculation: Execute the solver to compute the flow field and associated 

phenomena. 

• Results Examination: Analyze and interpret the simulation results for insights 

into the system's behavior. 

• Results Preservation: Save the obtained results for future reference or further 

analysis. 

• Interphase Coupling (if applicable): Incorporate interphase coupling by updating 

source terms in continuous phase equations through discrete phase trajectory 

calculations. 

• Convergence Check: Verify the convergence of the equation set, ensuring that the 

simulation has reached a stable solution. 

1.7.4 Flow of numerical simulation methodology  

The flow chart Fig. 1.5 for the geometrical design of a pillow-plate heat exchanger and its 

numerical simulation begins with the preliminary study, where fundamental factors such 

as heat transfer requirements and geometric constraints are analyzed. Next, appropriate 

methods or models for simulation are selected based on the complexity of the pillow-plate 

heat exchanger design and the desired accuracy of results. Following this, the geometry is 

parameterized, allowing for variations in dimensions and configurations to be easily 

explored. Once the geometry is parameterized, the meshing process begins, where the 

computational domain is discretized into more minor elements to facilitate numerical 

analysis. Subsequently, a computational fluid dynamics model is developed, incorporating 

the meshed geometry and appropriate boundary conditions. The numerical model is then 

validated against previous articles by comparing Nusselt numbers and pressure drop per 

streamwise length, ensuring its accuracy and reliability. Finally, the design process 

concludes upon achieving satisfactory results, and the optimized pillow-plate heat 

exchanger design is ready for further development and implementation. 
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Fig. 1.6 Flow chart of numerical methodology.  

 

 Significance of study, thesis structure and organization  

The study of pillow-plate heat exchangers holds significant importance, particularly 

concerning the development of models, numerical investigation of heat transfer 

enhancement, and optimization techniques. These aspects collectively contribute to 

advancing the understanding and performance of pillow-plate heat exchangers across 

various industries, improving efficiency, cost-effectiveness, and sustainability. 

Firstly, developing accurate and comprehensive models for pillow-plate heat exchangers 

enables researchers and engineers to gain insights into the underlying physics governing 

heat transfer within these devices. By capturing complex fluid flow patterns, heat 
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conduction mechanisms, and thermal boundary conditions, these models serve as valuable 

tools for predicting and analyzing the performance of pillow-plate heat exchangers under 

different operating conditions. They facilitate the exploration of various design parameters 

and their impact on heat transfer characteristics, aiding in optimizing these devices for 

specific applications. 

        Numerical investigation is crucial in enhancing our understanding of heat transfer 

processes within pillow-plate heat exchangers. Researchers can visualize and quantify heat 

transfer phenomena with high spatial and temporal resolution through computational fluid 

dynamics (CFD) simulations and finite element analysis (FEA). This allows for 

identifying heat transfer enhancement opportunities, such as optimizing channel 

geometries, enhancing fluid mixing, or implementing passive augmentation techniques. 

By iteratively refining numerical models and validating them against experimental data, 

researchers can develop robust predictive tools for optimizing pillow-plate heat exchanger 

performance across various operating conditions. 

       Furthermore, optimizing pillow-plate heat exchanger models represents a key area of 

research aimed at maximizing thermal efficiency, minimizing pressure drop, and reducing 

overall system costs. Optimization techniques, including genetic algorithms, gradient-

based methods, and machine learning approaches, enable researchers to systematically 

explore the design space and identify optimal configurations that meet specific 

performance objectives. By leveraging advanced optimization algorithms in conjunction 

with numerical simulations and experimental validation, researchers can develop 

innovative pillow-plate heat exchanger designs tailored to the needs of various industries, 

resulting in enhanced energy efficiency, reduced environmental impact, and improved 

competitiveness in the marketplace. 

       The study of pillow-plate heat exchangers, focusing on model development, numerical 

investigation of heat transfer enhancement, and optimization techniques, holds immense 

significance in advancing the state-of-the-art in thermal engineering. By elucidating the 

underlying physics, optimizing design parameters, and developing predictive tools, 

researchers can drive innovation and optimize the performance of pillow-plate heat 

exchangers across a wide range of practical applications, ultimately leading to more 

efficient, sustainable, and cost-effective thermal management solutions for industries 

worldwide. 
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The following is the thesis structure and organization.  

• Chapter 1 works as an introduction to pillow-plate heat exchangers, covering research 

motivation, historical background, classification, and potential applications. In this 

chapter we discussed solution methodologies, including numerical and experimental 

approaches, outlining the objectives and scope of the CFD study. The chapter also 

highlights the research's methodology and significance and outlines the thesis's 

organization. Additionally, it categorizes PPHEs, discussing their various types and 

examining the advantages and disadvantages of their application. Furthermore, the 

chapter provides a concise overview of simulation and numerical methodology, 

focusing on computational fluid dynamics (CFD) and using Ansys Fluent. Finally, it 

offers a clear organizational roadmap for subsequent chapters, setting the stage for a 

detailed examination of PPHE modeling. 

• The literature review chapter 2 on pillow-plate heat exchangers encompasses 

numerical and experimental studies, examining both laminar and turbulent models 

and various variable studies to evaluate performance. It covers different pillow-type 

channels and their applications with diverse working fluids. Optimization techniques 

like genetic algorithms, artificial neural networks (ANN), and particle swarm 

optimization algorithms (PSOA) have been utilized to improve efficiency. 

Additionally, research explores heat transfer enhancement techniques. Key objectives 

are synthesizing existing knowledge, identifying gaps, and guiding future research 

directions. Understanding advancements and limitations in heat exchangers and 

optimization methods is pivotal for enhancing their design, performance, and 

industrial relevance. 

• Modeling and verification chapter 3 has presented a detailed exploration of the 

numerical modeling of pillow-plate heat exchangers, employing the transition SST k-

𝜔 (omega) turbulence model. The chapter began by outlining the motivation behind 

utilizing computational fluid dynamics (CFD) simulations for PPHE analysis, 

emphasizing the significance of accurate modeling in optimizing heat exchanger 

performance. The transition SST k-𝜔 turbulence model was chosen for its ability to 

effectively capture both laminar and turbulent flow regimes, making it suitable for 

simulating the complex flow phenomena within PPHEs. Through a comprehensive 

methodology section, the chapter detailed the setup and implementation of the CFD 

simulations using ANSYS Fluent. Key parameters such as mesh generation, boundary 
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conditions, and solver settings were carefully defined to ensure accurate and reliable 

results. Additionally, the chapter discussed the validation process, where simulation 

results were compared against experimental data to assess the model's predictive 

capability. This validation step is crucial for establishing confidence in the numerical 

simulations and verifying their accuracy in representing real-world phenomena. 

Furthermore, the transition SST k-𝜔 turbulence model demonstrated its effectiveness 

in capturing the flow behavior within PPHEs, providing insights into flow patterns, 

heat transfer rates, and pressure losses. By validating the simulation results against 

experimental data, the chapter confirmed the model's ability to accurately predict the 

thermal-hydraulic performance of PPHEs under various operating conditions. 

• Chapter 4 examines into a detailed analysis of heat transfer and friction factor 

parameters across 25 different pillow-plate heat exchanger designs. By considering a 

wide range of dimensional and non-dimensional thermodynamic and thermal-

hydraulic influencers, the chapter aims to optimize exergy efficiency and thermal 

evaluation factors. Employing the SST transition k-ω method and entropy/exergy 

approximation techniques, the analysis provides comprehensive insights into 

thermodynamic and thermal-hydraulic performance. These findings contribute 

valuable insights into optimizing exergy efficiency and thermal evaluation within 

diverse operating conditions and geometrical configurations. 

• In chapter 5, the additional upper-lower Staggered Circular Welding Spot Patterns 

(SCWSP) are considered vortex generator (VGs) in a periodic enhanced Pillow-plate 

type heat exchanger. This chapter reveals the impact of SCWSP-VGs on thermal 

performance of PPHX. Numerical analysis using ANSYS Fluent 18.1 demonstrates 

significant improvements in thermo-hydrodynamics, inducing periodic velocity 

profiles and opposite elliptical recirculation vortex (OERV) turbulence. Graphical 

representation of PPHX performance showcases enhancements in Colburn j-factor, 

Nu/Nu0, f/f0
1/3, Reynolds analogy factor, normalized drag coefficient ratio (Cx/Cx0)

0.33, 

and (Nu/Nu0)/(f/f0)
1/3. 

• Chapter 6 presents the numerical findings of the pillow plate heat exchanger alongside 

potential future avenues for exploration. The numerical results offer insights into the 

performance and behavior of the pillow plate configuration under various conditions, 

contributing to the understanding of its thermal characteristics. Additionally, the 

chapter outlines promising directions for further research and development, 
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suggesting areas such as optimization of geometric parameters, exploration of novel 

materials, and refinement of numerical models. These future scopes aim to advance 

the efficacy, adaptability, and sustainability of pillow plate heat exchangers, paving 

the way for continued innovation in thermal engineering. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 
 

Chapter - 2: Literature review 

A literature survey on pillow-plate heat exchangers reveals a tripartite categorization, each 

segment delineated by distinct parameters: model development, heat transfer 

enhancement, and applications. In model development, researchers have extensively 

explored various mathematical frameworks to elucidate the intricacies of pillow-plate heat 

exchangers. From empirical correlations to CFD simulations, these models aim to 

accurately predict temperature distributions, flow patterns, and pressure drops within the 

exchanger. Through iterative refinement, these models evolve to encapsulate the complex 

fluid dynamics and thermal behavior inherent in pillow-plate designs. Heat transfer 

enhancement constitutes another pivotal facet of research in pillow-plate heat exchangers. 

Innovations such as surface modifications, fluid additives, and geometric optimizations 

have been investigated to augment heat transfer rates. These enhancements seek to 

maximize the efficiency and effectiveness of heat exchange processes, thereby improving 

overall system performance.  

2.1 Introduction 

A literature survey on pillow-plate heat exchangers reveals a tripartite categorization, each 

segment delineated by distinct parameters: model development, heat transfer 

enhancement, and applications. 

      In model development, researchers have extensively explored various mathematical 

frameworks to elucidate the intricacies of pillow-plate heat exchangers. From empirical 

correlations to computational fluid dynamics simulations, these models aim to accurately 

predict temperature distributions, flow patterns, and pressure drops within the exchanger. 

Through iterative refinement, these models evolve to encapsulate the complex fluid 

dynamics and thermal behavior inherent in pillow-plate designs. 

       Heat transfer enhancement constitutes another pivotal facet of research in pillow-plate 

heat exchangers. Innovations such as surface modifications, fluid additives, and geometric 

optimizations have been investigated to augment heat transfer rates. These enhancements 

seek to maximize the efficiency and effectiveness of heat exchange processes, thereby 

improving overall system performance. 

        Furthermore, the applications of pillow-plate heat exchangers span diverse industries 

including food and beverage processing, pharmaceuticals, renewable energy, and HVAC 
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systems. Each application necessitates tailored designs and operational parameters to meet 

specific requirements, driving continuous innovation and adaptation within the field. 

         In summary, the literature on pillow-plate heat exchangers is characterized by a 

multifaceted exploration encompassing model development, heat transfer enhancement, 

and diverse applications, each contributing to the advancement of this critical thermal 

technology.  

2.2 Numerical work on PPHEs 

Pillow-plate heat exchangers are widely employed in heating, ventilation, air conditioning, 

and refrigeration (HVAC&R) applications due to their compact design and high heat 

transfer efficiency. Extensive research has been conducted on both single-phase [25] and 

two-phase [26] flows in PHXs since their introduction in the late 20th century. Pillow-

plate heat exchangers find common use in the chemical and processing industry for both 

single-phase and two-phase applications. However, there is limited research on the 

application of PPHXs in HVAC&R. 

         In 2011, Mitrovic and Maletic [8] established a universal relationship, expressed by 

Eqn. (1) and (2) below, correlating heat transfer and pressure drop for single-phase fluid 

flow and heat transmission through a CFD based analysis. Their findings suggested 

welding spots in the pillow plate channel enhance thermal performance compared to 

conventional designs, particularly in high Reynolds number (Re) conditions. These studies 

employed a laminar model, despite the potential for turbulent flow at Re ~1000. 

Furthermore, using an approximate trigonometric function to describe the wavy surface 

led to notable inaccuracies, as pointed out by Piper et al. in 2015, [9].                   

   

𝑁𝑢𝑚 = 𝐶1 (
𝑆𝐿

𝐿
)
𝑛1

(
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𝐿
)
𝑛2

(
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𝐿
)
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𝑅𝑒𝑛4𝑃𝑟𝑛5 
(2.1) 
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)
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𝑆𝑇

𝐿
)
𝑛2

(
𝑑ℎ

𝐿
)
𝑛3

𝑅𝑒𝑛4,  
(2.2) 

Where the constant considers the influence of the Prandtl number, 𝐶2= 𝐶1𝑃𝑟𝑛5. 

𝐶2= 0.102; 𝑛1 = 0; 𝑛2 = -0.69; 𝑛3 = 0.66; 𝑛4 = 0.6  

𝑆𝐿 = Streamwise length (mm), 𝑆𝑇 = Spanwise length (mm), 𝑑ℎ = Hydraulic diameter 

(mm), 𝑑ℎ = Plate length (mm) 

        Piper et al. [9] recently implemented a novel design approach involving numerical 

simulations to determine the geometric characteristics of Plate Heat Exchangers using 
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Finite Element Analysis (FEA). The simulations focused on austenitic stainless steels 

(1.4301, 1.4404, 1.4541, and 1.4571) as plate materials. The study also incorporated 

empirical Dittus-Boelter Nusselt correlations, encompassing parameters such as hydraulic 

diameter, wetted heat transfer area, channel cross-section area, and channel volume of 

PPHEs. Piper et al. [8,14] also conducted a numerical investigation into the fundamental 

geometric constraints of pillow plates in I-channel configurations, proposing correlations 

between hydraulic diameters and convective heat transfer coefficients. They provided a 

comprehensive analysis of PPHE geometry for both I-channel and E-channel 

configurations in [9], utilizing CFD simulations to explore surface area expansion and its 

impact on thermo-hydraulic characteristics in PPHEs. The suggested correlations offer 

precise assessments of hydraulic diameter and cross-sectional area, enhancing the 

applicability of pillow plates.  

       In 2015, Piper et al. [9] introduced a numerical forming simulation-based approach for 

determining the geometric characteristics of Pillow Plate Heat Exchangers. Although this 

method was deemed flexible and capable of predicting the hydroforming process during 

PPHX manufacture, inaccuracies were observed in the correlations developed for 

calculating various parameters, including volumetric mean hydraulic diameter, wetted heat 

transfer area, channel cross-section area, and channel volume. Another numerical study 

conducted by Eldeeb and co-authors in 2016 [27], employing a similar approach to Piper 

et al. [9], demonstrated good agreement with volume calculations for some geometries. 

However, agreements for heat transfer areas were only within 20%. It was concluded that 

more accurate design methods are needed to reduce uncertainties in PPHX design. 

      In recent work, Piper et al. [13] extended their numerical investigation to explore the 

fundamental geometric constraints of pillow plates in I-channel configurations. They 

proposed basic correlations between hydraulic diameters and convective heat transfer 

coefficients. Furthermore, their comprehensive study in [9] delved into I-channel and E-

channel configurations using CFD simulations, examining surface area expansion and its 

impact on thermo-hydraulic characteristics in Plate Heat Exchangers (PPHEs). The 

suggested correlations were designed for precise assessments of hydraulic diameter and 

cross-sectional area, contributing to the broad application of pillow-plate technology. In a 

related study, Piper et al. [21] employed numerical simulations to investigate turbulent 

forced convection in single-phase water flow within PPHEs, exploring Reynolds numbers 

ranging from 1,000 to 8,000. The results highlighted a two-zone fluid flow pattern 

consisting of a meandering core and a symmetrical recirculation region. 
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     In 2017, Piper et al. [11] extended a design methodology focusing on pressure loss and 

heat transfer in turbulent forced convection within Pillow-plate channels for the range 

1,000 ≤ Re ≤ 8,000 and 1 ≤ Pr ≤ 150. The study involved characterizing geometrical 

parameters, including welding configuration and inflation height. Two approaches for 

calculating the heat transfer coefficient were employed: the first based on the Dittus-

Boelter type power law function for Nusselt number [21], and the second relying on 

characteristic flow patterns (meandering core flow and recirculation) within the pillow 

plates, as suggested in Ref. [21].  

       In 2016, Piper et al. [21] conducted a Computational Fluid Dynamics (CFD) study on 

the turbulent single-water flow in Pillow Plate Heat Exchangers with Reynolds numbers 

ranging from 1000 to 8000. The PPHX surface was derived through forming simulations. 

They introduced an efficiency metric, calculated as the total heat transfer divided by the 

total pumping power, revealing that lower Reynolds numbers, larger pillow heights, and a 

transverse weld pattern resulted in improved performance. Additionally, smaller weld 

diameters and oval weld shapes were identified as factors that could significantly reduce 

pumping power, although with a reduced heat transfer area. In a subsequent work in 2017, 

Piper and colleagues [11] utilized these simulations to formulate and validate heat transfer 

coefficient and pressure drop correlations for over 20 different geometries. While the 

correlations demonstrated agreement with their numerical simulations within ±15% and 

covered a wide range of Prandtl numbers (1-150), they did not consider lower Reynolds 

numbers, and the influence of pillow height on performance was not addressed, providing 

opportunities for future validation. 

       In 2017, Tran et al. [28] conducted a study indicating that the heat transfer coefficient 

values in Pillow Plate Heat Exchangers were superior compared to vertical tubes in 

applications involving coupled condensation-evaporation. Furthermore, Eldeeb and 

colleagues [27] performed a preliminary optimization study on PPHX, exploring 32 

different geometries and illustrating potential enhancements for PPHX despite the study's 

limitation in the number of geometries considered. 

      Piper et al. [29] employed a numerical study using the realizable k-ε model to 

investigate turbulent single-phase water flow and heat transfer in Pillow-plate channels, 

considering Reynolds numbers ranging from 1,000 to 8,000. Their findings revealed 

boundary layer separation upstream of welding spots, forming large, flat-shaped 

recirculation zones. These recirculation zones were identified as the primary contributors 

to form drag, accounting for nearly 50% of the Darcy friction factor. The surface area 
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occupied by these recirculation zones was less effective for heat transfer. To enhance heat 

transfer rates, it was emphasized that minimizing the size and shape of these regions and 

reducing the contribution of form drag to the total pressure drop could be achieved by 

increasing turbulent mixing near the wall and delaying boundary layer separation. 

       Vocciante et al. [30] examined various turbulence methods for single-phase flow 

(3,000 ≤ Re ≤ 8,000) in the outer channel using OpenFOAM simulation software. The 

primary objective of their study was to compare pressure loss measurements. Their results 

indicated that Detached Eddy Simulation (DES) with the k-ω Shear-Stress Transport 

(SST) model provided the best agreement with experimental results, offering a lower 

computational cost and greater ease of configuration compared to Large Eddy Simulation 

(LES). 

         In another study, Kumar et al. [31] delved into a numerical exploration of the heat 

transfer and fluid flow dynamics within a pillow-plate channel. Their investigation 

spanned various geometric parameters, encompassing longitudinal and transverse pitch, 

channel height, and weld spot diameter, across a broad spectrum of Reynolds numbers. 

Water served as the cooling medium in their simulations. Notably, the study unveiled the 

influence of flow development on the formation of hot recirculating zones within the 

pillow-plate channel. As the flow progressed, smaller hot recirculating zones were 

observed in developing regions, growing with flow advancement. The study further 

identified increased longitudinal pitch correlated with higher specific pressure drop, bulk 

mean velocity, and wall shear stress. This was attributed to the reduced hydraulic diameter 

with increased longitudinal pitch, causing elevated bulk mean velocity for a constant 

Reynolds number. Conversely, a decrease in transverse pitch resulted in a substantial 

reduction in channel cross-section, leading to an increase in bulk mean velocity and 

specific pressure drop, reaching up to 2.5 bar/m for a specific channel configuration. 

Channels with a pitch ratio of 2XL/YL = 1 exhibited the lowest normalized thermo-

hydraulic efficiency. The non-dimensional pillow-plate channel height and weld spot 

diameter influence heat transfer and pressure loss, with larger weld spot diameters 

decreasing thermo-hydraulic efficiency. The study provided a power law correlation 

accurately predicting the Nusselt number and emphasized the significant influence of the 

Reynolds number on heat transfer. In an additional study, Kumar et al. [32] concentrated 

on the numerical analysis of fluid flow and heat transfer characteristics in a pillow plate 

channel using Large Eddy Simulation (LES) at a Reynolds number of 7800, employing 

water as the working fluid. 
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         Zibart and Kenig [33] numerically assessed the heat resistance of the pillow plate 

through conjugate heat transfer modeling and CFD-based simulation. Their investigation 

involved the simultaneous simulation of internal and outer channel flows, considering 

thermal coupling through the sheet metal. Using aluminum as a material demonstrated 

significant potential due to its higher thermal conductivity than stainless steel, leading to a 

10-25% reduction in the overall thermal resistance of a Pillow-Plate Heat Exchanger. The 

study delved into the partial thermal resistance of the inner channel flow, metal sheet, and 

outer channel, highlighting the notable impact of welding spots on enhancing the active 

heat transfer surface for the outer channel over the inner channel. Shirzad et al. [34] 

conducted a numerical analysis, identifying optimal geometrical parameters for Pillow-

Plate Heat Exchangers and revealing that configurations with longer longitudinal or 

transversal distances in the channel exhibited higher efficiency, particularly lower friction 

coefficients. 

         In [35], Arsenyeva et al. introduced an innovative approach for designing Pillow 

Plate Heat Exchangers (PPHEs) tailored to diverse process conditions. The research 

focused on evaluating the impact of the distance between pillow-plate panels on the unit's 

thermal and hydraulic parameters. They developed a mathematical model to characterize 

the thermal and hydraulic behavior of PPHEs, highlighting overall heat transfer 

coefficients and pressure drops concerning fluid velocity. The proposed approach relied on 

a mathematical model that considered predefined allowable pressure drops, and case 

studies involved scenarios such as water heating and crude oil preheat train conditions. 

The study compared PPHE designs with minimal heat transfer area against Chevron-type 

Plate Heat Exchangers (CPHEs) under similar operating conditions, illustrating the 

effective utilization of PPHEs in situations with significantly different flow rates for hot 

and cold fluids. 

        Goedecke and Scholl [36] devised a comprehensive model for simulating a pillow 

plate thermosiphon reboiler's fluid dynamics and thermal performance, considering 

evaporation between the plates. Experimental axial temperature profiles were utilized to 

analyze heat transfer, discerning between heating and evaporation zones. Extracted overall 

heat transfer coefficients were then used to formulate correlations for single and two-phase 

heat transfer, demonstrating favorable agreement with experimental data within ±30%. 

The study incorporated a model of convective boiling to describe heat transfer in the 

evaporation zone. It quantified single-phase pressure drop and integrated this information 

into a simulation program. Calculated heat fluxes for water closely matched experimental 
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values within ±30%. Although qualitative agreement was achieved for fluid dynamic 

performance, the absolute values were slightly underestimated, possibly due to a slight 

underestimation of the two-phase pressure drop. The authors suggested that future work 

should delve deeper into heat transfer and pressure drop mechanisms to enhance 

correlation accuracy. 

     Tran et al. [37] recently validated numerical results against experimental findings. 

Their observations underscored a consistent increase in spanwise Reynolds shear stress 

compared to streamwise and wall-normal stress. This occurrence was ascribed to the 

dynamic displacement of the recirculation zone within the channel, as unveiled through 

the examination of instantaneous flow characteristics. Furthermore, the study identified 

that the predominant factor contributing to heat transfer enhancement in the pillow plate 

channel is the elevated velocity within the primary core flow zone.     

     Djakow et al. [38] introduced a surface structuring method involving dimples on pillow 

plates and explored its influence on fluid dynamics and heat transfer through 

Computational Fluid Dynamics (CFD) simulations. The study revealed a significant 24% 

increase in the heat transfer coefficient compared to a smooth-surface pillow plate channel 

within a Plate Heat Exchanger. The findings highlighted that the impact of the dimpled 

surface on thermo-hydraulic characteristics is expected to be more pronounced in the outer 

channel than in the inner one.     

     In 2021, Togharie et al. [39] numerically explored the fluid flow and heat transfer 

characteristics of Al₂O₃-based nanofluids in a Pillow-plate heat exchanger using a two-

phase model. The study covered Reynolds numbers of 250, 500, 750, and 1,000 and 

varying volume concentrations (∅) ranging from 0% to 3%. Additionally, three modes of 

welding spots, including elliptical welding spots, were investigated. The findings indicated 

that welding points significantly enhanced fluid momentum and mixing, increasing heat 

transfer with rising Reynolds numbers. 

     In 2021, Zibart et al. [40] employed conjugate heat transfer techniques and CFD-based 

simulations in a counter-current mode to conduct a detailed analysis of thermal resistance 

for Aluminum and Stainless Steel with thicknesses of δt = 1 and 2 mm each. The 

numerical simulations demonstrated that aluminum is a better substitute for stainless steel 

due to higher thermal conductivity. The results indicated that aluminum could reduce the 

overall thermal resistance of a PPHE by 10 to 25%. Furthermore, the study highlighted the 

substantial enlargement of the active heat transfer surface for the outer channel due to 

welding spots compared to the inner channel.  
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       Zibert and Kenig [41] conducted a numerical investigation into falling-film behaviour 

using the volume of fluid (VOF) method in STAR-CCM+. While there was reasonable 

agreement between numerical and experimental results, disparities were noted, including a 

delayed numerical film disturbance compared to experiments. Unrealistic capillary waves 

were identified in the numerical results, prompting a recommendation for utilizing a 

piecewise linear interface calculation method in ANSYS Fluent. Despite qualitative 

analyses, no correlation has been established. Further studies are needed to explore diverse 

pitch patterns and investigate two-phase heat transfer phenomena. 

      Selven et al. [42] engineered a cold thermal energy storage (CTES) unit utilizing a 

Plate Heat Exchanger (PPHX) for their project, detailed in references [42]. This CTES unit 

was integrated into the secondary circuit of a large-scale cascade refrigeration system 

tailored for industrial applications, with ammonia (R717) and CO2 (R744) employed in the 

primary and secondary circuits. The primary goal was to fulfil cooling and freezing 

requirements at -5℃ and -40℃, respectively. The CTES was strategically incorporated to 

facilitate peak load shifting by acknowledging the substantial temperature difference 

between these operational points. The researchers developed a lab-scale prototype for 

experimental validations, selecting water as the phase change material (PCM). In these 

experiments, the refrigerant (R744) circulated through the Pillow Plate Heat Exchanger for 

either condensation or evaporation, while the PCM underwent melting or solidification 

processes. Selven et al.'s inventive design and experimental setup demonstrate a practical 

implementation of a CTES unit within a cascade refrigeration system, highlighting its 

potential for effective peak load management in industrial settings. Selven et al. examined 

two 2D sections of the Cold Thermal Energy Storage (CTES) unit in their numerical 

analysis by transversally and longitudinally cutting it. The initial investigation [20] 

evaluated the impact of pillow-plate waviness, comparing it with a flat plate heat 

exchanger. The pillow-plate heat exchanger exhibited more vigorous natural convection, 

particularly in the initial stages. Despite this, the phase change duration was similar 

between the PPHX and the flat plate heat exchanger, simplifying subsequent 

investigations. 

      In a subsequent investigation [24], Selven et al. chose to exclude the consideration of 

pillow-plate waviness and instead examined a flat plate configuration. The study focused 

on analyzing the mushy zone constant, which gauges the rate of reaching zero velocity 

during melting and solidification. The results indicated that higher values of the mushy 

zone constant led to a prolonged phase change duration. Selven et al.'s numerical 
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examinations [24] offered valuable insights into how pillow-plate waviness influences 

natural convection and the duration of phase change within the Cold Thermal Energy 

Storage (CTES) unit. The comparison with a flat plate heat exchanger and the 

investigation of mushy zone constants contribute to a comprehensive understanding of the 

system's thermal performance under various configurations.     

     In 2020, Sevault and Naess [20] developed a thermal storage unit integrated into the 

central heating system of an office building to address peak heating demand. The design 

incorporated an organic phase change material (PCM) with a phase change temperature 

ranging from 35 to 37℃ situated in the outer container (OC). At the same time, water 

circulated within the inner container (IC) through two passes. The selection of a pillow-

plate heat exchanger over fin-and-tube alternatives was driven by the PPHX's 

compactness, higher heat output, and durability. The storage capacity was established at 

200 kWh with 3 tons of PCM, presenting a more efficient solution than employing a water 

tank, which would have necessitated approximately four times more volume. Previous 

dynamic simulations validated the unit's ability to achieve heat input/output surpassing 12 

kW for over 6 hours, relying on a 3-6℃ temperature difference between the PCM phase 

change and heat transfer fluid (HTF) temperatures [43]. 

     Continuing from this, Sevault et al. [44] proceeded to fabricate and operate the PCM-

PPHX unit, providing practical insights. They underscored that in Plate Heat Exchangers 

(PPHXs), the primary cost driver in the manufacturing process is the number of plates 

rather than their dimensions. Consequently, it is more cost-effective to maximize the size 

of each plate within production constraints and minimize the overall number of plates. 

      Also in 2020, Lin et al. [45] innovated a novel heat exchanger for heat storage, rooted 

in the pillow-plate concept. In this configuration, the inner container (IC) was partitioned 

into distinct sections, facilitating the utilization of different heat transfer fluids (HTFs) for 

the charging and discharging processes. A decline in average power and effectiveness was 

noted throughout the phase change material (PCM) and HTF processes. Moreover, an 

increase in HTF flow rate resulted in enhanced power, attributed to intensified turbulence, 

while diminishing effectiveness. However, beyond a specific flow rate, the impact on 

power and effectiveness became negligible. 

       Al-Turki et al. [46] examined AL2O3 nanoparticles at concentrations ranging from 0 

to 3 vol% (Reynolds 250-1000), consistently observing a PEC exceeding one. The 

optimum performance was noted at the highest nanoparticle concentration. Meanwhile, 

Shirzad et al. [47] investigated CuO and TiO2 nanoparticles at concentrations of 0-5 vol% 
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(Reynolds 1000-8000). Due to CuO's elevated friction factor, it was excluded from 

consideration. At 2 vol%, Al2O3 demonstrated the best performance for Reynolds values 

above 2000, striking a balance between an enhanced heat transfer coefficient and an 

increased friction factor. It's noteworthy that Al-Turki considered a 2YL pillow-plate 

length, while Shirzad contemplated what appears to be a 10XL length with a fully 

developed flow. Drawing comparisons between these studies is challenging, and it's 

emphasized that nanofluids are yet to be explored in outer containers (OC). It's crucial to 

highlight that Al-Turki et al. [46] investigated a pillow-plate length of only 2YL, 

encompassing the hydrodynamically developing region. In contrast, Shirzad et al. [47]  

considered what seems to be 10XL, indicating fully-developed flow. Consequently, the 

findings may not be directly comparable. Additionally, it is noteworthy that nanofluids 

have not been investigated in outer containers (OC) thus far. 

      In 2022, Yao et al. [48] introduced an innovative design for a pillow-plate heat 

exchanger to improve heat transfer between molten salt (MS) and supercritical carbon 

dioxide (SCO2). The novel PPHE incorporated periodically staggered convex and concave 

spots, impacting flow dynamics and thermal performance. The simulation results revealed 

distinctive variations in temperature and heat transfer coefficients, attributed to the 

interplay of fluid scouring effects and vortices generated by the periodically 

convex/concave spots flow pattern. In regions downstream of convex spots or upstream of 

concave spots, the simulations depicted rapid changes in fluid temperature and reduced 

thermal boundary layers, resulting in relatively higher heat transfer coefficients. 

Conversely, vortices were observed in the upstream region of convex spots or downstream 

of concave spots, leading to thicker thermal boundary layers and lower heat transfer 

coefficients. The heat transfer coefficient within the flat plate region was lower than in the 

convex spot region but higher than in the concave spot region. Notably, the flat plate 

region contributed to over 50% of the heat flow percentage in the total system, primarily 

due to its large surface area ratio. The study underscored the significant impact of PPHE 

structures on heat transfer coefficients, indicating a 28.1% increase with channel height 

rising from 2.4 mm to 4.8 mm and a 40.4% increase with spot longitudinal distance 

decreasing from 42 mm to 18 mm. Additionally, the research provided predictions for 

flow friction factors and heat transfer correlations of heat transfer fluids (HTFs) in the 

PPHE across laminar to turbulent flow, considering different channel heights and spot 

longitudinal distances. 
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 Experimental work on PPHE 

          In the literature, PPHEs are often called thermo-plates, pillow-plates, embossed 

plate heat exchangers, and welded plate heat exchangers. However, it should be noted that 

a PPHE is not always meant when the term "thermo-plate" is used [7,49]. One of the 

pioneering work on PPHE is by Mitrovic and Peterson [7] published in 2007. In this work, 

the authors investigated the influence of geometric parameters on forced convection in the 

three-dimensional configuration of PPHE. They also visualized the flow and heat transfer 

characteristics inside a typical PPHE and determined the Nu (Nusselt number) and f 

(Friction factor) for 50 ≤ Re ≤ 4000. It was noted that the recirculation developed behind 

the circular welding spot and the size and shape of recirculation zone change with Re. 

They also observed that this recirculation zone adds extra pressure drop and does not 

contribute much to the heat transfer. The combined effect of the welding spot and 

recirculation zone is the formed meandering zone core flow, which serves the purpose of 

heat transfer inside the channel.  

       In 2007, Mitrovic and Peterson [7] were the first to experimentally studied the single-

phase based on forced convective flow in the three-dimensional geometrical configuration 

of the Pillow plate surface using mathematical modelling. They showed that the 

recirculation zone increases with the Reynolds number, and thermo-plate provided better 

results than vertical or smooth tube and overall pressure drop increase across the thermo-

plate channel. The experimental study conducted by Mitrovic and Peterson [49] focused 

on the performance of a thermoplate heat exchanger operating as a condenser. The study is 

divided into two sections, each addressing different aspects of the heat exchanger 

operation. In Section 1, the emphasis is on single-phase forced convection heat transfer 

and pressure drop in the thermoplate. Marlotherm oil and distilled water are used as 

working fluids. The findings revealed that the thermoplate demonstrated enhanced heat 

transfer compared to condensation on a vertical tube or plane plate. This improvement was 

attributed to the 3-D surface structure of the thermoplate. The study also investigated 

pressure drop in the thermoplate and observed that it decreased in the condensation 

channel due to phase change. However, the total pressure drop increased with higher 

vapour velocity. Correlation equations were developed based on experimental data to 

predict heat transfer and pressure drop for the cooling fluid and condensing vapour. In 

Section 2, the study investigated vapour condensation occurring in channels between 

neighbouring thermoplates. Saturated isopropanol vapour was utilized at pressures below 
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atmospheric pressure. The results indicated that the thermoplate's 3-D surface structure 

offered improved heat transfer during vapor condensation. Correlation expressions were 

proposed for the heat transfer and pressure drop of the inside (cooling) fluid and the 

outside condensation. These correlations aimed to provide a more reliable foundation for 

practical calculations. Essentially, these expressions include dimensionless quantities 

crucial for condensation kinetics. However, the study acknowledged that the reliable 

application of these correlations is constrained to the specific parameter ranges covered by 

the experiments. Overall, the study contributes valuable insights into the performance of 

the thermoplate heat exchanger, offering correlations that can be applied within the 

defined experimental conditions for practical calculations related to heat transfer and 

pressure drop in condensation processes.  

      Mitrovic and Maletic [8] conducted a numerical investigation to comprehend the flow 

of single-phase fluids and heat transfer in channels of thermo-plates. Their goal is to 

improve understanding and optimize the geometry of thermo-plate channels. The outcome 

of their study is the development of a general correlation between heat transfer and 

pressure drop. In [50], Arsenyeva and colleagues conducted experiments on Plate Heat 

Exchangers (PPHE), focusing on fluid flow resistance and heat transfer. They suggested 

correlations for predicting the friction factor and heat transfer in PPHEs. They observed 

deviations of around ±10% in fully developed turbulent flows within the specified 

Reynolds number range. However, they noticed deviations of approximately 20% lower 

friction at high Reynolds numbers and different temperatures.   

      Tran et al. [1] conducted a detailed investigation into the manufacturing process, basic 

design, and geometric application of pillow-plate heat exchangers. Their paper 

encompasses complex plate geometry, including calculating internal and external heat 

transfer surface areas, cross-sectional areas, and characteristic lengths. The study 

highlighted the significance of welding spot diameters, emphasizing the importance of 

keeping them as small as possible (8-12 mm) for significant mechanical stability during 

hydroforming and subsequent long-term usage. Additionally, smaller welding spot 

diameters enhanced the heat transfer rate and decreased pressure loss. The researchers 

introduced a categorization of pillow plates into staggered (longitudinal) grids or in-line 

(transversal) grids, akin to the tube layout of Shell and Tube heat exchangers. The 

experimental findings revealed that staggered grids exhibited excellent thermal efficiency 

due to the arrangement of welding spots, leading to intensified mixing of the liquid. 
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       In 2015, to further investigate the effect of Re and Pr, Tran et al. [51] conducted 

experiments of single plane forced convection in the pillow plate channel. The channel 

height (hi) was measured at 3.4 mm, the transverse pitch (YL) was measured at 72 mm, the 

longitudinal pitch (XL) was measured at 42 mm, and the spot-welding diameter (dcws) was 

measured at 10 mm. The studies' ranges were conducted at 2 < Re < 80 and 300 < Re < 

10,000. With a lower Re, the increase in heat transmission overcomes the rise in pressure 

drop. Numerical simulations were also used to obtain the flow field and temperature 

profiles.  

       In another study by Tran et al. [28], the investigation focuses on the two innovative 

operational modes of a pillow-plate heat exchanger (PPHE). These modes involve two 

phases: process medium condensation between neighbouring pillow plates and medium 

cooling evaporation in the plates. The researchers set up an experiment to evaluate several 

theories on analyzing natural circulation and forced convection evaporation (thermo-

siphon). To simulate the (virtual) enthalpy of condensation, an electric current was 

conducted through the walls of a single pillow plate. This approach allowed for the 

reproduction of the enthalpy of condensation in a controlled experimental environment. 

The study aimed to determine the optimal methods for studying forced convection 

evaporation and natural circulation evaporation (thermo-siphon) in PPHEs. The 

experimental setup and simulations were designed to provide insights into the intricate 

processes involved in these operational modes. 

        In [52], Piper et al. conducted an experimental investigation concentrating on the 

flow characteristics of a descending liquid film over a distinct three-dimensional surface 

represented by a vertical pillow plate. The research revealed new insights, highlighting a 

unique two-zone film pattern. Notably, the observations showed a tendency for the liquid 

film to descend along the rows of vertically aligned welding spots, leading to a faster and 

thicker film in this specific region (zone 1). In contrast, the region between these zones 

displayed a thinner, slower-moving film (zone 2). The pillow-plate surface played a 

stabilizing role in maintaining this two-zone distribution, achieving stability across all 

tested irrigation densities. However, the extent of separation, particularly the ratio of film 

Reynolds numbers between zone 1 and zone 2, showed variability with irrigation density, 

reaching a maximum and then decreasing. Further exploration is necessary to fully 

understand these phenomena. Additionally, the study highlighted distinct features such as 

rapidly moving V-shaped waves observed exclusively in zone 1 and quasi-two-

dimensional slowly moving wavefronts in zone 2. The latter originated from strong 
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interference between two adjacent V-shaped waves in zone 1. These V-shaped surface 

waves were wide enough to partially cover zone 2, causing liquid displacement alternately 

over zone 2 into an adjacent zone 1, preventing drying out after a certain length. The study 

recognized the need to investigate different geometries to determine whether this effect 

and the two-zone pattern occur in configurations with larger dimensions, especially larger 

YL. 

       Guo et al. [15] conducted an experimental investigation to assess the leakage failure 

of a pillow-plate heat exchanger after 80,000 hours of operation. The study identified a 

crack at the edge joints of corrugated 316L steel plates using dye permeability detection. 

The investigation thoroughly examined the failure of welding joints through optical 

microscopy, scanning electron microscopy (SEM), electron backscatter diffraction 

(EBSD), and X-ray diffraction (XRD). Corrosion products were exclusively observed on 

the inside of the edge joints. The morphology of the mud pattern and analysis using 

energy-dispersive X-ray spectroscopy (EDS) revealed a stress corrosion cracking 

mechanism, primarily attributed to a high chloride ion concentration (2.87 wt.%) on the 

fracture surface. The study found that chloride and hydrogen ions accumulated through an 

occluded cell mechanism in the narrow gap between plates. Additionally, carbide 

precipitation on the grain boundary of the heat-affected zone during the welding process 

was identified as a factor initiating cracking under crevice corrosion conditions. Based on 

these findings, recommendations were made for structural modification welding without a 

narrow gap, considering using duplex or finite stainless steel as alternatives to replace 

316L stainless steel. The study also suggested implementing periodic inspections and 

stringent deionization of cooling water as preventive measures to mitigate such failures. 

       In [12], Geodecke et al. conducted experiments to evaluate the effectiveness of 

pillow-plate thermosiphon and tubular-type boilers using water and a water-glycerol 

mixture. The study employed the pillow plate apparatus E1, which included two single-

embossed and one double-embossed pillow plate, with dimensions of 800×1.5×220 mm 

(height × plate wall thickness × width) and an overall heat transfer area (A) of 0.704 m2. 

The hydraulic diameter of a single duct between two pillow plates was 17.5 mm, 

decreasing to 8.5 mm inside a pillow plate. The overall cross-sectional area between the 

pillow plates was 𝐴𝐶  = 3.85× 10−3𝑚2. The experiment covered a temperature difference 

range of 5 K≤ ∆𝑇𝑂𝑉 ≤20 K. The results indicated an increase in the heat transfer 

coefficient and a decrease in total pressure. 
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        Selvnes and colleagues [53] conducted an experimental assessment of a cold thermal 

storage unit utilizing a pillow-plate heat exchanger design. The study focused on the 

design's evolution and the performance evaluation for a plates-in-tank Cold Thermal 

Energy Storage (CTES) unit designed to integrate into pump-circulated CO2 industrial 

refrigeration systems. The CTES unit comprised a stainless-steel container filled with 

water as the latent storage medium and a pillow-plate heat exchanger facilitating heat 

transfer with the refrigerant (CO2). The research demonstrated the practicality of directly 

integrating a latent CTES unit into the main refrigerant circuit to manage peak loads in 

refrigeration. The findings highlighted the significant influence of refrigerant evaporation 

and condensation temperatures on the performance of the charging and discharging cycles. 

The unit exhibited an average discharge rate of 7.90 kW during a 4.5-hour discharge cycle, 

with a calculated maximum discharged energy of 35.29 kWh. 

         Lin et al. [45] experimented on an innovative latent thermal energy storage system. 

The newly devised energy storage unit incorporates a pillow-plate heat exchanger with 

multiple flowing channels, utilizing sodium acetate trihydrate (SAT) as the energy storage 

phase change material (PCM). Water is the working fluid circulating through the 

distributed channels inside the plates to charge or discharge the system. The assessment of 

the thermal performance of this latent heat thermal energy storage system considered 

parameters such as the outlet temperature of water, thermal power, energy, effectiveness, 

and heat transfer coefficient. The experimental outcomes revealed that the system could 

release up to 6.3 MJ of energy with an average power of 4 kW. The overall heat transfer 

coefficient and heat transfer area varied from approximately 25 to 70 W/k for flow rates 

between 100 and 500 L/h. The researchers concluded that the pillow-plate heat exchanger 

demonstrated outstanding thermal performance, delivering a high heat transfer rate within 

a compact structure. The innovative design with multiple flowing channels enhances 

flexibility and adaptability for practical applications. It holds promise for applications such 

as solar water energy storage, heat pump water heater systems, and waste heat recovery 

systems. 

       In [10], Arsenyeva et al. conducted an experimental investigation on a small-scale 

pillow plate heat exchanger, using water as the working fluid. The study details the heat 

transfer and hydraulic resistance within and between two channels. Additionally, 

numerical simulations were carried out for the single-phase fluid outside the channel to 

understand the local heat transfer behaviour and shear stress over the surface of the pillow 

plate channel. The observed deviation between the experimental and numerical results was 
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17%. Moreover, it was observed that the surface area of the Pillow-plate heat exchanger 

was 30% less than that of the Chevron plate heat exchanger. 

     Lin et al. [45] experimented on an innovative latent thermal energy storage system that 

utilized a pillow-plate heat exchanger with multiple flowing channels. The system utilized 

sodium acetate trihydrate (SAT) as the phase change material (PCM) and water as the 

working fluid. Parameters evaluated for thermal performance included the outlet 

temperature of water, thermal power, energy, effectiveness, and heat transfer coefficient. 

The findings revealed that the system could release up to 6.3 MJ of energy with an average 

power of 4 kW. The pillow-plate heat exchanger demonstrated exceptional thermal 

performance, providing a high heat transfer rate within a compact structure. It is suitable 

for applications such as solar water energy storage, heat pump water heaters, and waste 

heat recovery systems. 

     Arsenyeva et al. [10] performed an experimental study on a small-scale pillow-plate 

heat exchanger using water as the working fluid. The investigation analyzed heat transfer 

and hydraulic resistance within and between two channels. Furthermore, numerical 

simulations were conducted to understand local heat transfer and shear stress over the 

surface of the pillow plate channel. The results demonstrated a 17% deviation between the 

experimental and numerical data. Additionally, it was noted that the surface area of the 

pillow-plate heat exchanger was 30% less than that of a Chevron plate heat exchanger. In 

another work, Arsenyeva et al. [54] conducted an experimental investigation to explore the 

heat transfer between air and water in a small-scale pillow-plate heat exchanger (PPHE) 

composed of two assembled pillow plates within a single unit. The experimental 

configuration involved the circulation of cooling water in two inner channels (inside 

welded pillow plates), while air was directed to the outer channel between the plates. The 

primary objective of the research was to analyze heat transfer and hydraulic resistance in 

both the inner and outer PPHE channels based on experimental data. Correlations for 

pressure loss and heat transfer coefficients in both inner and outer channels were 

established using the collected measurements. To further investigate pressure loss and wall 

shear stress in the outer channel between pillow plates, Computational Fluid Dynamics 

(CFD) simulations were employed, ensuring a Reynolds number of 5,173 for fully 

developed turbulent flow. The derived correlations from experimental data were compared 

with results from numerical simulations, offering dependable predictions for the thermal 

and hydraulic performance of small-scale PPHEs. The experimental data for the small-

scale PPHE were compared with CFD simulations, and correlations for friction factor and 
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heat transfer in the PPHE's outer channel were developed, demonstrating deviations from 

experimental results within ±10%. These correlations were deemed reliable for Reynolds 

numbers ranging from 3000 to 20000. The CFD simulations, conducted for a Reynolds 

number of 5,173 corresponding to fully developed turbulent flow in the outer PPHE 

channels, exhibited satisfactory agreement with experimental values, with deviations in 

the heat transfer coefficient not exceeding 15%. Additionally, the CFD simulations 

enabled the prediction of the shear stress distribution on the surface of the pillow plates. 

      In 2018, Scholl [55] investigated the potential application of Pillow-plate heat 

exchangers in falling film or thermosiphon reboilers. The experimental approach utilized 

the density difference between the single-phase liquid feed and the two-phase vapor/liquid 

mixture in the reboilers. The results suggested that Pillow-plate heat exchangers could 

serve as a notable alternative in falling film evaporators and reboilers, particularly when 

compared to Shell and Tube equipment, under specific operating conditions with a 

pressure difference of ∆p = 100 mbar and a minimum temperature difference of ∆𝑇𝑜𝑣,𝑚𝑖𝑛 

= 4 K. 

       Siebeneck et al. [56] conducted an experimental exploration involving the isothermal 

flow of deionized water mixed with a fluorescent dye, analyzing flat and pillow plates. 

The findings indicated that, under identical film Reynolds numbers, the film thickness was 

notably greater on pillow plates, and this distinction was amplified with higher film 

Reynolds numbers. The increased film thickness on pillow plates was ascribed to the 

deceleration of flow over the pillow surfaces, leading to an elevated film thickness. The 

authors formulated a correlation for the mean film thickness over pillow plates, expressed 

as: 

 

𝛿𝑓 = 0.573(
𝑣𝑓

2

𝑔
)𝑅𝑒𝑓

0.5175 0≤ 𝑅𝑒𝑓 ≤620 

𝛿𝑓 = Film thickness [mm], 𝑣𝑓 = kinematic viscosity [m2s-1], g = gravity 

acceleration [ms-2], 𝑅𝑒𝑓 = Reynolds number [-] 

(2.3) 

 

 Distinct flow patterns were observed over pillow plates, characterized by a V-shaped 

pattern towards each weld spot and an inverse V-shaped pattern after the weld spot (over 

the inflation). Piper et al. [52] reported similar observations, categorizing the flow into 

Zone 1 featuring a faster, thicker film along the longitudinally aligned weld spots, and 

Zone 2 encompassing the remaining space with reduced speed and thickness.  
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     Vocciante et al. [17] show a comprehensive overview of pillow-plate heat exchangers 

(PPHEs), highlighting their structural distinctions from other heat exchangers (HEs), 

unique features, flow arrangements, and potential applications. The authors explore 

limitations and recent advancements while outlining prospects, including strategies for 

enhancing equipment performance. PPHEs amalgamate advantages from commonly used 

conventional heat exchanger types, showcasing pressure and temperature resistance like 

shell-and-tube heat exchangers and the cost-effectiveness and compactness characteristic 

of plate heat exchangers. Significantly, PPHEs possess peculiarities that enable a reduction 

in heat transfer surface area compared to other plate heat exchangers under similar 

conditions, providing additional benefits for process sustainability. However, the design 

and optimization of PPHEs necessitate reliable estimates of overall heat transfer 

coefficients and friction factors. The available literature currently offers such information 

for only a limited number of pillow-plate panels, underscoring the imperative for further 

investigation into PPHEs. 

     In a recent investigation conducted by Wang et al. [57] in 2023, a two-layer multi-

objective optimization approach was employed to examine the heat transfer rate and flow 

characteristics of a convex plate heat exchanger. The primary goals were to maximize the 

performance evaluation criterion (PEC) and the field synergy number (Fe). The study 

encompassed both experimental and numerical analyses. The optimization results 

underwent a comprehensive analysis, including single-factor analysis, response surface 

analysis, and sensitivity analysis. Across various objective functions, the study determined 

the optimal structural parameters as follows: a welding hole radius (R) of 5.81 mm, an 

ellipse radius (L) of 5.02 mm, and a welding hole spacing (P) of 64.00 mm. Comparative 

analysis with the pre-optimized structure revealed substantial enhancements. The size-

optimized structure demonstrated a reduced temperature difference between the inlet and 

outflow of the cooling water by less than 8.27%. Additionally, there was a noteworthy 

increase in heat transfer performance by 20.43%. The overall improvement ranged from 

2.3% to 19.59%. These findings underscore the effectiveness of the two-layer multi-

objective optimization in improving the structural parameters of convex plate heat 

exchangers, resulting in enhanced heat transfer performance. 

      Djakow and collaborators [16] introduced a pioneering method for creating dimples on 

the surface of pillow plates. They utilized numerical simulations to understand the impact 

of the pillow-plate structure on heat transfer rates and fluid flow. Their results revealed a 

24% increase in the convective heat transfer coefficient on a dimpled surface compared to 
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a plane-surface pillow plate channel in a Pillow-Plate Heat Exchanger (PPHE). The 

expectation was that the dimpled surface would significantly influence the thermal 

performance of the outer channel in comparison to the inner channel.     

      Sunderneier et al. [22] investigated the overall system behavior and high-speed flow  

characteristics within pillow plate channels. In their study, a pillow plate channel was 

positioned in the test section of a blow-down wind tunnel operating with dry air. The 

ensuing gas dynamics were analyzed using both conventional and focusing schlieren 

optics, in addition to static and total pressure measurements. The qualitative findings of 

this study demonstrated a robust agreement with theoretical predictions for compressible 

flow through pillow plate channels. The researchers concluded that the compressible flow 

within pillow-plate heat exchangers can be interpreted as a form of Fanno-Rayleigh flow. 

This interpretation implies the necessity to consider choking behavior at the end of the 

channel, influencing the exit conditions of the turbomachine. Despite the relatively low 

pressure drop due to friction in the pillow plate channel, the study anticipated high 

convective heat transfer coefficients attributed to substantial mixing and vortex structures. 

These observed flow phenomena were noted to be rather similar to incompressible flow. 

      While edge welding joints are commonly used for the main structure of PPHEs due to 

their cost-effectiveness, the study highlighted potential issues such as warping and 

cracking under specific conditions, resulting in premature welding failure and fluid 

leakage. The causes for such problems were attributed to stress concentration positions or 

misalignment of plates during installations. Another probable cause discussed was 

chemical attack by specific ions, to which the constituent material of heat exchangers (HE) 

is susceptible [58]. In the specific case of PPHEs manufacturing, the study noted the 

widespread use of AISI 316L austenitic stainless steel. This choice was based on its 

favorable characteristics, including good weldability and malleability, and corrosion 

resistance guaranteed by the high concentration of Ni and Cr in the alloy. However, it was 

also acknowledged that the austenitic alloy may be susceptible to environmental 

weaknesses in the presence of certain ions [59]. 

         Subsequently, an experimental arrangement was established to investigate the effects 

of heat transfer fluid (HTF) inlet temperature, HTF mass flow rate, and phase distance on 

the charging and discharging performance of a Thermal Energy Storage (TES) unit within 

a CO2 refrigeration system [20,60]. The observations revealed that a reduced plate 

distance was necessary to address short yet significant peaks in the system. Moreover, in 

contrast to the HTF mass flow rate, the HTF temperature had a more pronounced impact 
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on the average discharge rate of the phase change material (PCM), especially at greater 

plate distances. This underscored the potential use of HTF temperature to achieve a 

specific discharge rate tailored to meet the cooling load profile for a given application. 

Similar outcomes were reported when employing a commercial organic PCM with a phase 

change temperature of around -9℃ [23,60]. Additionally, it was determined that 

maintaining a temperature difference of approximately 5℃ between the PCM phase 

change temperature and HTF charging temperature represented an optimal balance 

between heat transfer efficiency and energy consumption. 

 Optimization of PPHE 

          Tavallaei et al. [4] conducted a numerical study focusing on the thermo-hydraulic 

performance of pillow-plate heat exchangers (PPHE), considering various geometrical 

parameters and flow specifications. The study integrated fluid flow, heat transfer, and 

thermodynamics principles using the entropy generation minimization (EGM) approach. A 

comprehensive parametric analysis investigated the impact of dimensionless channel 

height, dimensionless plate width, number of pillow plates, Reynolds number, and Prandtl 

number on PPHE performance. A multi-objective optimization approach employing the 

non-dominated sorting genetic algorithm (NSGA-II) aimed to identify the optimal PPHE 

design. The study revealed a trade-off between thermal and frictional non-dimensional 

entropy generation, represented by the Pareto-optimal front. An optimum Reynolds 

number was identified to minimize total entropy generation for geometric parameters. The 

multi-objective optimization underscored a conflict between maximizing the performance 

evaluation criterion (PEC) and minimizing total entropy generation. The final optimum 

values for PEC and total entropy generation occurred at Reynolds number 3265, 

emphasizing the nuanced interplay of geometric and flow parameters in optimizing PPHE 

performance. 

       Yao et al. [61] conducted a numerical investigation to optimize Pillow-Plate Heat 

Exchangers (PPHE) by studying the correlation between the friction factor (f), Nusselt 

number (Nu), and the dimensionless number Ψ, defined as the ratio of weld spot length 

(DL) to weld spot width (DW). They explored three weld spot geometries: circular weld 

spots (Ψ = 1), elliptical weld spots aligned with the flow (Ψ > 1), and elliptical weld spots 

perpendicular to the flow (Ψ < 1). The study examined both convex and concave elliptical 

weld spots. Their research examined the turbulent flow and heat transfer characteristics of 
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supercritical carbon dioxide within the PPHE channel. The findings indicated that the 

convex weld spot demonstrated higher flow velocity, lower flow fraction, and a greater 

heat transfer coefficient than the concave counterpart. Significantly, the study emphasized 

the enhanced thermal performance of the PPHE when contrasted with the Printed Circuit 

Heat Exchanger (PCHE) and Ultra Compact Plate Heat Exchanger (UCPHE). This 

superiority was attributed to the robust secondary flow effect generated by alternating 

weld spots, ultimately improving the overall efficiency of heat transfer. 

      Tong et al. [62] introduced a two-stage thermal-hydraulic optimization approach 

utilizing RZ parameterization. The initial stage involved the creation of a genetic particle 

swarm optimization algorithm, which combined genetic and particle swarm optimization 

techniques to maximize the thermal-hydraulic performance of the Pillow-plate heat 

exchanger. The subsequent stage aimed at refining the optimization objective to further 

enhance heat transfer characteristics based on the geometrical parameters of RZ. 

Assessment of the Computational Fluid Dynamics (CFD) model against experimental data 

demonstrated satisfactory agreement for hydraulic diameter, Nusselt coefficient, and 

pressure drop. Compared to the baseline design, the two-stage optimized PPHE exhibited 

a notable 29.3% improvement in average PEC over a Reynolds number range of 

approximately 4000 to 8000, simultaneously reducing the heat transfer area of RZ by an 

average of 25.3%. The outcomes underscored that a reduced welding spot pitch ratio 

fosters improved flow mixing between mainstream and stagnant fluid downstream of RZ. 

In contrast, smaller welding spots contribute significantly to enhanced turbulent energy 

dissipation, improving overall heat transfer. 

       In a series of investigations by Eldeeb et al. [63,64], the optimization of weld spot 

(WS) shapes was conducted using approximation-assisted optimization to achieve 

maximum thermo-hydraulic performance. The entire process, encompassing geometry 

generation, Computational Fluid Dynamics (CFD) analysis, metamodel development, and 

optimization, was automated, as depicted in Fig. 13a. The initial step involved a design of 

experiments based on Latin hypercube sampling, generating parameterized designs with 

WS shapes derived from fourth-order non-uniform rational B-splines. Following the CFD 

analysis, a metamodel was developed using the Kriging method with quadratic global 

mean and spherical correlation. Subsequently, optimization was carried out using a multi-

objective genetic algorithm. The findings suggested that more streamlined and compact 

WS shapes led to lower pressure drops, attributed to the formation of smaller recirculation 

zones behind the WSs. As a result, optimal shapes were identified to be more streamlined, 
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with width-to-height ratio (WHR) values within the range of 1.6-2 (i.e., almond and eye-

shaped, as illustrated in Fig. 13b). The optimization considered pitch ratio (sratio) values 

ranging from 0.58 to 1.73, covering transversal to longitudinal pitch patterns, with optimal 

pitch ratio values falling within the range of 0.58-1.36. It's crucial to note that no optimal 

condition was found beyond a certain value (sratio = 1.36). However, the 

manufacturability and structural stability of these optimum shapes require attention. It's 

important to emphasize that these studies focused on optimizing and investigating shapes 

solely based on inner container (IC) fluid flow and heat transfer, with the impact of WS 

shape on thermo-hydraulic behavior in the outer container (OC) yet to be explored. 

        In 2022, Kumar et al. [65] conducted a numerical investigation to assess the 

performance of a pillow-plate channel utilizing an artificial neural network (ANN) model. 

The training dataset for the ANN model encompassed four geometric parameters, 

Reynolds number, heat transfer coefficient, and specific pressure drop for each pillow-

plate channel configuration. The ANN model underwent optimization to attain a 

configuration that minimized the mean square error. The resultant ANN demonstrated 

robust predictive capabilities, achieving R2 values of 0.987 and 0.9953 for the heat 

transfer coefficient and specific pressure drop, respectively. Employing the trained ANN 

model, the researchers derived values for the heat transfer coefficient and specific pressure 

drop across various pillow-plate channel configurations. The parameter range utilized 

during the training phase was retained for the performance analysis, with finer parameter 

increments applied in the prediction process. Subsequently, a numerically simulated 

random geometric configuration of the channel was utilized to validate the predictions of 

the ANN model. The findings indicated that the ANN model's predicted heat transfer 

coefficient and specific pressure drop deviated by less than 5% from the values obtained 

through the study. 

 Heat transfer enhancement in PPHE 

     Piper et al. [66] performed a numerical computational fluid dynamics (CFD) simulation 

focused on the combined impact of a dimpled surface and a pillow plate. The simulation 

utilized STAR CCM+ based on the Finite Volume Method (FVM). The numerical results 

revealed that dimples led to a minor increase in recirculation regions, with reduced 

activity. Notably, the Nusselt number, representing convective heat transfer, exhibited a 

2.2% increase, while the pressure drop decreased by 8.7% concurrently. 
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     Kumar et al. [67] recently conducted a numerical investigation focusing on enhancing 

heat transfer within wavy pillow-plate channels utilized in pillow plate heat exchangers, 

using water as the cooling medium. They observed that the recirculation zone, particularly 

in the thermally developing region, significantly contributes to the overall heat transfer, 

primarily due to the lower average temperature of the hot recirculating zones. A 

parametric study was conducted by varying geometric parameters within the transversal 

and equal pitch pillow-plate configuration, specifically longitudinal and transverse pitches, 

maximum inner channel height, and welding spot diameter. Their results highlighted that 

the size of hot recirculating zones depends on flow development, with smaller zones 

observed in developing regions. Additionally, an increase in longitudinal pitch or a 

decrease in transverse pitch resulted in a rise in specific pressure drop within the channel. 

Notably, channels with a pitch ratio of 1 exhibited the lowest normalized thermo-hydraulic 

efficiency. The study identified "type E" geometry as having minimum thermo-hydraulic 

efficiency, where an increase in longitudinal and transverse pitch led to decreased heat 

transfer and pressure loss, albeit with a higher rate of decrease in pressure loss compared 

to heat transfer, thereby increasing thermo-hydraulic efficiency. Moreover, non-

dimensional pillow plate channel height variations showed a trade-off between heat 

transfer rate and efficiency. The diameter of the weld spot exhibited a negligible effect on 

heat transfer but directly influenced pressure loss and thermo-hydraulic efficiency, 

decreasing with larger spot diameters. A power law correlation derived from numerical 

simulations predicted Nusselt numbers within ± 10% of simulated values, with sensitivity 

analysis revealing strong dependence of Nusselt number on Reynolds number and 

moderate to weak dependence on non-dimensional geometric parameters. 

      Table 2.1 provides an overview of the experimental and numerical studies conducted 

on Pillow-Plate Heat Exchangers (PPHE). This summary covers various flow regimes, 

including laminar and turbulent flows, the types of working fluids employed for different 

applications, the range of Reynolds numbers and velocities explored, as well as the 

parameters investigated. Additionally, the key findings from these experimental and 

numerical investigations are highlighted.  
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Table. 2.1 Overview of experimental and numerical research on heat transfer enhancement in PPHEs [68]. 

Authors Study Design of PPHXs Re /working 

medium                                   

Variable studied                                                                 Results/Remarks 

Mitrovic et al. 

[7] 

Experimental 

Laminar/ 

Turbulent. 

 

Single-phase 

 

1,000≤Re≤8000 

 

Marlotherm oil, 

distilled water 

• Examined the pressure 

resistance and transfer 

of heat 

• Correlation developed 

for Nu and f.  

 

• Compared to vertical tubes 

or plain tubes, the thermo-

plate produced significant 

results. 

• Due to phase change, the 

pressure drop is reduced 

while the total pressure 

drop is enhanced with 

vapor velocity. 

Mitrovic et al. 

[8] 

Computation

al 

 

Single-phase 

 

50≤Re≤3,800 

          Water 

• Investigated the 

geometrical parameter. 

• Correlation for heat 

transfer. 

• The enhancement of heat 

transfer is approximately 4. 

• The recirculation zone 

affects the heat transfer and 

pressure drop. 

Piper et al. 

[13] 

Computation

al Turbulent 

flow 

 

 

1,080≤Re≤ 

8,680 

 

Water 

• Investigated the thermal 

performance factor of 

elliptical and Circular 

welding spots. 

• EWS reduces heat transfer 

coefficient by 4% and 

pressure loss by 18% when 

compared to the CWS. 
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Single phase  

Arsenyeva et 

al. [35] 

Theoretical 

 

Single-phase  

- 

Water and crude 

oil 

• A new design approach 

for PPHX. 

• PPHX compared with 

CPHX.  

• The heat transfer area of 

the PPHE should be less 

than that of the CPHX. 

Shirzad et al. 

[34] 

Computation

al 

 
 

1,000≤Re≤ 

8,000 

 

Water 

• Geometrical 

Performance of PPHX 

and effect of Re.  

• Nu and Re enhanced with 

channel height and reduced 

with a streamwise length, 

while f reduces with 

transverse distance.  

Shirzad et al. 

[47] 

Computation

al 

  

1,000≤Re≤ 

8,000 

Al2O3, Cuo, and 

TiO2 

• Examined the heat 

transfer and pressure 

drop by increasing the 

nanofluid volume 

concentration by 2-5% 

in PPHX.  

• Compared to other 

nanofluids, Al2O3-water 

and TiO2-water with vol. 

con., 2% and 5% produced 

significantly greater results 

at lower and higher Re. 

Tran et al. [51] Computation

al 

/ 

Experimental  

300≤Re≤10,000 

 

Water 

• Investigation of the 

condensation 

performance of three 

different PPHXs. 

• Calculation of pressure 

• PPHX provided more 

significant heat transfer 

results.  

• The correlations of Nu and 

f are in good agreement 
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drop and convective 

heat transfer coefficient. 

with experimental values. 

Aute et al. 

[64] 

Theoretical 

 

 

Vel: 1.6-2𝑚𝑠−1 

 

Water 

• PPHX's thermal 

efficiency was 

examined using a 

circular weld and a non-

uniform B-splines weld 

-uniform B-splines 

weld. 

• Pressure drop is reduced by 

about 67% on the PPHX 

with innovative weld, and 

heat transfer is increased by 

up to 36%. 

Kumar et al. 

[31] 

Computation

al  

Turbulent/ 

single-phase 

 

1200≤Re≤7800 

 

Water 

• Studied the spanwise 

and equal pitch 

configuration.  

• Influence of 

geometrical factors on 

thermal performance. 

•  Thermal performance of 

"E-type" PPHX less 

efficient. In this case, 

pressure drop was 

decreased while 

longitudinal and transverse 

lengths increased heat 

transmission.  

• CWS impacts the pressure 

drop and thermal efficiency 

but has no effect on heat 

transmission. 
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Kumar et al. 

[32] 

Numerical 

Single-phase 

 

 

Water 

• Studied the longitudinal 

and transverse 

configuration's heat 

transfer and flow 

characteristics using the 

Large eddy simulation 

method. 

 

• The main factor enhancing 

heat transfer is the primary 

flow's high velocity. 

• In longitudinal and 

transverse, spanwise 

Reynolds stress is higher 

than streamwise and wall-

normal stress. 

Scholl et al. 

[56] 

Experimenta/ 

Theoretical 

Single-phase  

400≤ Re ≤ 600 

Deionized water 

fluorescing 

• Examined the flow 

structure configuration 

and arrangement of the 

film thickness on the 

vertical PPHX. 

• Pillow-plate channel 

developed more turbulence 

and significant heat and 

mass transfer. 

•  Mean film thickness 

dependent function of film 

Re for pillow-plate 

Wang et al. 

[57] 

Experimental 

Numerical  

 

Single-phase 

 

Water flow rate 

= 400 L/h 

water 

• Thermal performance 

evaluation and field 

synergy number. 

• Thermal and overall 

performance is enhanced 

by 20.43% and 

2.3~19.59%. 

 



 

 

 Summary of literature survey and Gaps in the literature 

The numerical work on pillow-plate heat exchanger provides valuable insights into their 

thermal behavior and fluid dynamics. The findings can optimize design parameters for 

specific applications, improve energy efficiency, and guide the development of more 

advanced heat exchanger technologies. Future research may explore new materials and 

innovative plate designs and further enhance numerical models to better understand pillow 

plate heat exchangers and their applications in diverse industries. 

• Comparison with experimental data: Numerical results are validated with 

experimental data obtained from real-world pillow plate heat exchangers. This 

ensures the accuracy and reliability of the numerical simulations. 

• Sensitivity Analysis: sensitivity studies are conducted to understand how variations 

in parameters such as flow rates, temperatures, and plate geometries affect the 

performance of the heat exchanger. 

 

The experimental studies collectively contribute valuable insights into the thermo-

hydrodynamics, heat transfer, and operational considerations of PPHEs, shedding light on 

their efficiency, limitations, and potential areas for improvement. Experimental studies on 

pillow plate heat exchangers focus on optimizing their performance and understanding 

thermal characteristics. The unique pillow-like structure, formed through laser-welded 

plates, enhances heat transfer efficiency in industrial applications. Researchers conduct 

experiments investigating factors like fluid flow, heat transfer rates, and pressure drops by 

varying parameters such as plate thickness, welding patterns, and fluid properties. 

Temperature profile measurements across pillow plates help analyze heat distribution, 

facilitating design fine-tuning for specific applications. The goal is to ensure optimal 

thermal performance. Additionally, experiments explore the applicability of pillow plate 

heat exchangers in diverse industries like food processing and pharmaceuticals, validating 

their versatility and effectiveness under different operating conditions. Overall, the 

experimental work aims to make pillow plate heat exchangers more efficient and 

adaptable for various industrial settings. 

 

 



 

The gaps in literature based on the presented literature survey are the following: 

1. Existing numerical models have been reported in the literature. For their work, to 

optimize the pillow-plate heat exchanger by examining various heat transfer 

enhancement techniques, an economical computational model must be developed 

and validated for an extensive range of Reynolds numbers. 

2. Entropy generation minimization/ energy distribution-based algorithms are 

increasingly popular in optimizing heat exchangers. However, such a detail around 

pillow-plate is missing in the literature. 

3. Vortex generators have been used extensively for heat transfer enhancement in 

various heat exchangers. However, its application in pillow-plate heat exchangers 

has been explored less. 

 Needs of the work 

The increasing demands on companies for more efficient and adaptive heat exchange 

technology have led to a search for innovative solutions beyond traditional heat 

exchangers. Pillow plates (PP) have gained popularity due to their advantages, addressing 

limitations in size efficiency and maintenance associated with traditional counterparts. 

However, there is a lack of comprehensive knowledge and design experience in pillow 

plate thermo-hydraulic performance, prompting the development of commercial software 

tools to bridge this gap. 

        Current research on pillow plates is categorized into three main areas: geometrical 

analysis, fluid flow and heat transfer within pillow plates, and fluid flow and heat transfer 

between adjacent pillow plates. Thermo-hydraulic computations, including surface area, 

fluid hold-up volume, cross-sectional area, and hydraulic diameter, are crucial in 

determining pillow plate burst pressure. Finite Element Analysis (FEM) is a widely 

utilized method for accurately simulating the inflation process during manufacture and 

estimating burst pressures confidently. 

         Optimizing the flow arrangement within the pressure drop range is crucial for the 

efficient functioning of the pillow-plate heat exchanger. Seam welds and welding spot 

patterns direct fluid through the pillow plate, reducing dead zones and promoting optimal 

flow distribution. The three-dimensional pillow profile induces turbulent flows even at 

low Reynolds numbers, leading to higher internal heat transfer coefficients and increased 

overall heat transfer efficiency compared to tube-based alternatives. 



 

          Pillow plates offer sustainability benefits as they require less steel than tube-based 

alternatives, making them resource-efficient. Their flexibility in design surpasses solutions 

containing tubes or coils, particularly in applications where rigidity is a drawback. Despite 

these advantages, further research is needed to characterize liquid flow through pillow 

plates under external convection conditions such as natural, forced, or mixed convection. 

The performance of pillow plate heat exchangers for room heating purposes also requires 

accurate assessment, focusing on their potential applications in HVAC systems. 

 Thesis objectives  

The objectives of the study are as follows: 

1. Based on the literature survey, we need to formulate a numerical model that can be 

used to validate the geometrical parameters of the pillow-plate heat exchangers.  

2. This validated model is used to optimize the geometry of the pillow-plate heat 

exchanger for heat transfer enhancement for the specified operating conditions 

such as length, welding spot, and Reynolds number. 

3. This numerical model is used to study the thermal performance enhancement of 

pillow-plate heat exchangers. 

The final phase will involve the representation of suitable conclusions and 

recommendations based on the analysis, culminating in the completion and submission of 

the thesis.  

       In summary, this chapter addresses the challenge of fluid flow resistance and pressure 

loss associated with pillow plates, emphasizing the need for effective heat transfer 

enhancement methods. The study focuses on using pillow plate channels as a passive heat 

transfer augmentation technique, leveraging their wavy surface to promote lateral mixing 

and turbulence. The chapter concisely reviews heat transfer augmentation in Pillow-Plate 

Heat Exchangers (PPHEs) supported by experimental and numerical investigations. 

      The literature review highlights the direct dependence of the hot recirculating region 

on flow dynamics and recirculation zones. Additionally, the research indicates that the 

diameter of welded spots in PPHEs minimally impacts heat transfer but influences 

pressure drop. An increase in welding spot diameter is found to decrease the thermal 

performance of the channel. 

      Previous studies underscore the importance of an efficient channel height, showing a 

significant positive effect on thermal performance, particularly at lower Reynolds 



 

numbers. Overall, the paper emphasizes the potential of pillow plate channels for passive 

heat transfer enrichment and underscores key factors influencing their thermal 

performance and pressure drop characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter - 3: PPHE Modelling and Verification 
 

This chapter covers the geometry modeling of pillow-plate heat exchangers, numerical 

modeling, various meshing techniques and their selection, boundary conditions, solver 

settings, data reduction, validation procedures, and presentation of results. 

3.1 Introduction 

In this chapter, the focus shifts to the numerical modeling and geometric structure of 

pillow-plate heat exchangers (PPHE), a critical exploration building upon the 

introductory and historical insights presented in Chapters 1 and 2. Chapter 3 meticulously 

details the geometric intricacies inherent in PPHE, which are crucial for accurately 

representing and simulating heat transfer phenomena within these exchangers. A 

comprehensive understanding of the fundamental governing equations, encompassing 

continuity, momentum, and energy equations, is provided. These equations lay the 

theoretical groundwork for the numerical modeling approach, shaping the methodology 

employed in predicting and optimizing the performance of PPHE. The transition Shear 

Stress Transport k-𝜔 turbulence model is introduced within this numerical framework to 

capture the complexities of turbulent fluid flow. Furthermore, the chapter elucidates 

essential numerical methodology, different meshing types, including tetrahedral, 

hexahedral, and polyhedral, and its section criteria and justification, boundary conditions, 

symmetry wall, and periodic boundaries, delineating the limits and constraints necessary 

for a precise simulation.  

3.2 Geometry modelling (Solid geometry) 

The production of the PPC involves a somewhat intricate process due to its unique single 

closed-unit design, featuring only one inlet-outlet section. To create the PP, the ends and 

sides of the plate's surface are sealed through seam welding, while the central section of 

the plates is spot-welded in a staggered pattern. Subsequently, the welded plates undergo 

an expansion process known as hydroforming, forming an internal fluid flow channel. It's 

important to note that the specific configurations of these SCWS notably influence the 

thermo-hydraulic performance of the PPHE.  

          The manufacturing process of pillow plates is relatively straightforward compared 

to other heat exchangers. After welding, the plates undergo a hydroforming process where 



 

they are inflated with pressures typically ranging from 60 to 80 bar, significantly higher 

than the operating pressures. The channels formed through this process are hermetically 

separated and secured without gaskets. Typically, plates are manufactured with uniform 

thickness, causing both plates to deform and resulting in one-sided expansion during 

hydroforming. Various models can be obtained based on the thickness of the plates. 

For PPHEs, maintaining structural integrity is crucial, especially because these heat 

exchangers operate under various thermal stresses and fluid pressures. The welding spots, 

plate thickness, and geometrical parameters all influence the mechanical strength, 

pressure-handling capacity, and overall efficiency of the system [35]. The thickness of the 

plates used in PPHEs is typically selected based on a balance between strength, thermal 

conductivity, and manufacturing feasibility. Thinner plates promote better heat transfer, 

but they must be thick enough to handle the mechanical stresses during operation. Typical 

plate thickness ranges from 0.5 mm to 2.0 mm for most applications [16] however, a 

thickness ranging from 0.6 mm to 1.0 mm is commonly used in industries where heat 

transfer efficiency is a priority and the pressures are moderate. However, thicker plates (up 

to 2.0 mm) are used for applications requiring higher pressure tolerance or in corrosive 

environments. The structural integrity of PPHEs largely depends on the strength of the 

welding spots that join the two plates together. These spots are the critical areas where 

mechanical stress is concentrated. PPHEs can typically withstand pressures ranging from 

10 to 60 bar [11,14]. Spot welds need to be uniformly distributed to avoid stress 

concentration, and the weld diameter influences the pressure tolerance. Larger weld spots 

provide better resistance to pressure but may reduce heat transfer efficiency due to reduced 

flow area. Smaller pitches (distance between weld spots) enhance mechanical stability but 

reduce fluid flow and heat transfer. 

          Following the complete welding of the pillow-plate heat exchanger, the volume of 

the pressure chamber is defined through pneumatic cold deformation of the inner space 

under high pressure. This parameter, determined by engineers, complements the 

previously mentioned variables. The "press-on height," the maximum clear distance 

between both inner surface sides of the plate, defines the flow cross-sections in the pre-

welded spot pattern and contributes to the distinctive visual surface design of a pillow-

plate heat exchanger. Additionally, strain hardening during the pneumatic deformation 

process enhances the stability of the predominantly stainless-steel laser pillow plates. 

          Fig. 3.1 and Fig. 3.2 visually represent the three-dimensional periodic section of the 

Plate Heat Exchanger (PPC). Key geometric factors influencing the design of the Heat 



 

Exchanger (HE) include the diameter of the welding spots (dcws), the longitudinal pitch 

(XL), the transverse pitch (YL) of the welding spots, the internal channel height (hi), and the 

outer channel height (ho), as detailed in Fig. 3.2. The selection of these parameters is based 

on the operating conditions and the intended service of the PPHE to ensure cost efficiency. 

Standard PPHE dimensions range from 300 to 2000 mm in width, 700 to 8000 mm in 

length (or height), and weld spot diameters typically range from 8 to 12 mm. However, a 

higher number of weld spots per plate is recommended for applications involving high 

operating pressures. These variations in geometric design and flow patterns within the 

PPCs lead to the development of PPHEs with diverse structural characteristics. The design 

employs a three-dimensional wavy channel to enhance flow separation and mixing and 

intensify heat transfer. 

The study classifies PP geometries into three configurations [21]: 

 

1. Spanwise Configuration (𝑠𝑟 < 1): YL is smaller than XL, resulting in a rectangular 

arrangement with more excellent elongation in the streamwise direction. 

2. Streamwise Configuration (𝑠𝑟 > 1): XL is more significant than YL, leading to a 

rectangular arrangement with more excellent elongation in the spanwise direction. 

3. Equal-Length (𝑠𝑟 = 1): XL and YL are equal, resulting in a square-like arrangement. 

 

𝑠𝑟 = 
𝑋𝐿 − 𝑑𝑐𝑤𝑠

𝑌𝐿 − 𝑑𝑐𝑤𝑠
 

(3.1)  

 

These configurations significantly impact the PPC's heat transfer and fluid flow 

characteristics, playing a crucial role in its design and performance optimization. 

       Fig. 3.1 and Fig. 3.2 illustrate the Pillow-plate heat exchanger's physical model and 

internal fluid flow. A simplified domain is employed for computational simulations, 

assuming uniform flow distribution inside the channel. Effects of potential 

maldistribution, arising from improper configuration and the complex geometry of the 

PPHE, are disregarded in this simulation. 

 



 

 

Fig. 3.1 A schematic representation of the computational domain of a Pillow-Plate 

channel-type heat exchanger.  
 

 



 

 

Fig. 3.2 Schematic diagram of Pillow-Plate type heat exchanger channel. 

 

3.3 Mathematical and numerical method 

The governing equation is presented as follows [34]: 

Continuity equation: which is signify the conservation of mass in fluid flow. 

𝛻 ∙ 𝑉⃗̅ = 0 (3.2) 

Momentum equation states that the rate of change of momentum of a fluid element is 

equal to the net force acting on it. This equation helps describe fluid motion, where gravity 

and body forces are ignored. 

 

𝑉⃗̅ ∙ 𝛻𝑉⃗̅ = −
1

𝜌
𝛻𝑝̅ + 𝜈𝛻2𝑉⃗̅ −

𝜕

𝜕𝑥𝑗
(𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ) 

(3.3) 

 

Energy equation: The energy equation describes the transfer and transformation of energy 

through a fluid flow, considering pressure, velocity, and internal energy changes. It 



 

measures the balance of energy input, dissipation, and transfer, allowing for the 

investigation of heat transfer and fluid dynamics while generally ignoring gravitational 

and body forces. 

 

𝑉⃗̅ ∙ 𝛻𝑇̅ = 𝛼𝛻2𝑇̅ −
𝜕

𝜕𝑥𝑖
(𝑢𝑖

′𝑇′̅̅ ̅̅ ̅̅ ) 
(3.4) 

 

The transition SST (Shear-Stress Transport) k-𝜔 (omega) model stands as a cornerstone in 

computational fluid dynamics (CFD) simulations, renowned for its ability to accurately 

capture turbulent flow phenomena across a wide array of flow conditions and geometries. 

Widely favored in software packages like ANSYS Fluent, its versatility and precision are 

owed to the unique amalgamation of two seminal turbulence models: the k-𝜀 (epsilon) 

model, introduced by Launder and Spalding in 1974 [69], and the transition SST k-𝜔 

(omega) model, pioneered by Wilcox in 1998 [70]. 

        At the heart of its efficacy lies the model's adeptness at addressing near-wall and free-

stream turbulence characteristics. In regions proximal to solid boundaries, where viscosity 

and boundary layers exert significant influence, the model seamlessly integrates the k-

epsilon formulation. This facet allows for the accurate resolution of boundary layer 

phenomena, including boundary layer separation and the transition to turbulence. 

Conversely, in the outer flow regions distant from solid boundaries where turbulence holds 

away, the model seamlessly transitions to the transition SST k-𝜔 formulation. This 

strategic switching mechanism ensures the holistic representation of flow dynamics, 

effectively capturing the effects of turbulence generated by shear stresses and other 

turbulent sources. 

         One of the most distinguishing strengths of the transition SST k-𝜔 model is its 

robustness in handling adverse pressure gradients. This attribute renders it particularly 

adept at simulating flows characterized by complex geometries, flow separation, and the 

formation of recirculation zones. Its robust performance in adverse pressure gradient 

scenarios is instrumental in achieving accurate predictions of flow behavior, even in 

challenging environments where flow separation and reattachment occur.  

 

 

 



 

The turbulence model equations proposed by Menter [67] are outlined below. 

Turbulence kinetic energy [71]: 

 

𝑢𝑗

𝜕(𝑘)

𝜕𝑥𝑗
= 𝑃𝑘 − 𝛽1𝑘𝜔 +

𝜕

𝜕𝑥𝑗
[(𝑣 + 𝜎𝑘𝑣𝑡𝑢𝑟𝑏)

𝜕𝑘

𝜕𝑥𝑗
] 

(3.5) 

 

Specific dissipation rate: 

𝑢𝑗

𝜕(𝜔)

𝜕𝑥𝑗
= 𝛼𝑆2 − 𝛽2𝜔

2 +
𝜕

𝜕𝑥𝑗
[(𝑣 + 𝜎𝜔𝑣𝑡𝑢𝑟𝑏)

𝜕𝜔

𝜕𝑥𝑗
] + 2(1 − 𝐹1)𝜎𝜔2

1

𝜔

𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑖
 

(3.6) 

Where, 𝜎𝑘 and 𝜎𝜔 are the turbulent Prandtl number for 𝑘 and 𝜔, respectively. 𝑆 is the 

strain rate. 

 

The transport equation for the intermittency 𝛾 is defined as: 

 

𝜕(𝜌𝑈𝑗𝛾)

𝜕𝑥𝑗
 = 𝑃𝛾1 − 𝐸𝛾1 + 𝑃𝛾2 − 𝐸𝛾2 +

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝛾
)

𝜕𝛾

𝜕𝑥𝑗
] 

(3.7) 

 

The transport equation for the transition momentum thickness Reynolds number 𝑅𝑒̃𝜃𝑡 is 

 

𝜕(𝜌𝑈𝑗𝑅𝑒̃𝜃𝑡)

𝜕𝑥𝑗
 = 𝑃𝜃𝑡 +

𝜕

𝜕𝑥𝑗
[𝜎𝜃𝑡 (𝜇 +

𝜇𝑡

𝜎𝛾
)

𝜕𝑅𝑒̃𝜃𝑡

𝜕𝑥𝑗
] 

(3.8) 

 

F1 (Blending Function): 

𝐹1 = 𝑡𝑎𝑛ℎ {{𝑚𝑖𝑛 [𝑚𝑎𝑥 (
√𝑘

𝛽∗𝜔𝛾
,
500𝑣

𝛾2𝜔
) ,

4𝜎𝜔2𝑘

𝐶𝐷𝑘𝜔𝛾2
]}} 

(3.9) 

𝐶𝐷𝑘𝜔 = 𝑚𝑎𝑥 (2𝜌𝜎𝜔2

1

𝜔

𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑖
, 10−10) 

(3.10) 

 

F2 (Second blending Function): 

𝐹2 = 𝑡𝑎𝑛ℎ [[𝑚𝑎𝑥 (
2√𝑘

𝛽∗𝜔𝑦
,
500𝑣

𝑦2𝜔
)]

2

] 
(3.11) 

 

Kinematic eddy viscosity: 



 

𝑣𝑇 = 
𝛼1𝑘

𝑚𝑎𝑥(𝛼1𝜔, 𝑆𝐹2)
 

(3.12) 

 

Production limiter: 

𝑃𝑘 = 𝑚𝑖𝑛 (𝜏𝑖𝑗

𝜕𝑈𝑖

𝜕𝑥𝑗
, 10𝛽∗𝑘𝜔) 

(3.13) 

∅ = ∅1𝐹1 + ∅2(1 − 𝐹1) (3.14) 

Where 𝜔, 𝑘, 𝑆, 𝛽, 𝛾, 𝐹1, 𝐹2, 𝑣𝑇, ∅ and 𝑃𝑘 are represented by the specific dissipation, 

turbulent kinetic energy, the positive value of shear strain rate, the model constant, 

intermittency factor, first and second blending, kinetic viscosity, turbulent dissipation, and 

production term, respectively.  

3.4 Meshing  

Meshing methods, such as tetrahedral, hexahedral, and polyhedral meshes, each have their 

characteristics and significance in computational fluid dynamics (CFD) simulations using 

software like ANSYS Fluent. The comparison of these mesh types and their suitability for 

CFD simulations: 

3.4.1 Tetrahedral mesh 

• Tetrahedral meshes consist of tetrahedral elements, which are simple to generate 

and adapt to complex geometries. 

• They are versatile and well-suited for simulations involving irregular shapes and 

intricate geometries. 

• Tetrahedral meshes are easy to generate and require less computational resources 

than other meshes. 

• However, they may not accurately capture flow features in regions with high 

gradients or complex flow patterns, leading to numerical inaccuracies. 

3.4.2 Hexahedral mesh 

• Hexahedral meshes are composed of hexahedral (or brick) elements, which provide 

better accuracy and stability for certain types of flow simulations. 

• They are particularly advantageous for simulations involving regular geometries 

and structured flow domains. 



 

• Hexahedral meshes often yield more accurate results with fewer elements than 

tetrahedral meshes, reducing computational cost. 

• However, generating hexahedral meshes can be challenging for complex 

geometries and may require more manual intervention. 

3.4.3 Polyhedral mesh 

• Polyhedral meshes consist of polyhedral elements, combining the advantages of 

tetrahedral and hexahedral meshes. 

• They offer improved accuracy compared to tetrahedral meshes in capturing flow 

features, especially in regions with complex flow patterns or high gradients. 

• Polyhedral meshes can be more computationally efficient than hexahedral meshes, 

requiring fewer elements to achieve similar levels of accuracy. 

• However, generating polyhedral meshes may involve more sophisticated meshing 

techniques and software capabilities compared to tetrahedral or hexahedral meshes. 

 

In ANSYS Fluent, the optimal of mesh type depends on various factors such as the 

geometry of the problem, the desired level of accuracy, computational resources, and the 

specific flow phenomena being simulated. Polyhedral meshes are often preferred for many 

cases involving complex geometries and turbulent flows due to their ability to provide 

accurate results with reasonable computational cost. However, hexahedral meshes may be 

more suitable for simpler geometries or cases where structured grids are advantageous. 

Tetrahedral meshes are still commonly used for their simplicity and versatility, especially 

in cases where computational resources are limited or when dealing with highly irregular 

geometries. Ultimately, selecting the most appropriate mesh type involves a trade-off 

between accuracy, computational cost, and ease of mesh generation. 

3.4.4 Justification for selecting tetrahedral mesh 

In ANSYS Fluent, the selection between tetrahedral, hexahedral, and polyhedral mesh 

depends on factors such as geometry complexity, simulation accuracy, computational 

resources, and solver capabilities. The justification of why tetrahedral mesh might be 

preferred over hexahedral and polyhedral meshes in certain scenarios: 

• Flexibility and Adaptability: Tetrahedral meshes are highly flexible and can 

conform well to complex geometries like PPHE with irregular shapes, holes, and 



 

sharp features. This adaptability is especially beneficial when dealing with intricate 

geometries where creating a structured hexahedral mesh might be challenging or 

impractical. 

• Ease of Generation: Tetrahedral meshes are generally easier and quicker to 

generate than hexahedral meshes, especially for complex geometries. This can save 

significant pre-processing time, particularly when dealing with difficult CAD 

models to mesh with structured elements. 

• Better Capture of Geometry Details: Tetrahedral elements provide better 

resolution and capture more intricate geometry details, particularly around curved 

surfaces and sharp corners. This can lead to more accurate simulation results where 

capturing boundary layer effects, flow separation, or complex fluid dynamics 

phenomena is crucial. 

• Adaptive Mesh Refinement: Tetrahedral meshes are well-suited for adaptive 

mesh refinement techniques, where the mesh density is dynamically adjusted based 

on solution gradients or specific regions of interest. This adaptively allows for 

better resolution in critical areas while maintaining a coarser mesh in less 

significant regions, optimizing computational resources and simulation accuracy. 

• Compatibility with Certain Solver Features: Some solver features in ANSYS 

Fluent, such as certain turbulence models or specific boundary conditions, may 

work more efficiently or accurately with tetrahedral meshes. Therefore, using 

tetrahedral elements might be advantageous when employing these features in 

simulations. 

• Parallel Processing Efficiency: In certain cases, tetrahedral meshes can offer 

better parallel processing efficiency than hexahedral meshes, especially for large-

scale simulations involving distributed computing resources. This can result in 

faster solution convergence and reduced computational time for simulations. 

While tetrahedral meshes offer several advantages, it's important to note that the mesh 

type selection should always be based on the specific requirements of the simulation 

problem, including accuracy, computational resources, solver capabilities, and user 

expertise in meshing techniques. Sometimes, hexahedral or polyhedral meshes may be 

more suitable depending on the application and simulation objectives. 

 

 



 

3.5 Boundary conditions 

            Due to the symmetry of the Pillow-plate Heat Exchanger (PPHE) geometry around 

the horizontal cutting-edge planes, a symmetry boundary condition is applied to these 

planes as L1, L2, R1, and R2 (here “L” and “R” is represented as left and Right side of 

Pillow-plate channel) as shown in Fig. 3.3, implying zero flux for all scalar and vector 

quantities across them. For the staggered circular welded spot patterns (SCWSP) arranged 

in a regular array, focus is confined to the region between these planes. Utilizing the 

repetitive geometry, the symmetry boundaries significantly reduce the computational 

domain while preserving essential components such as the pillow-plate channel wall, 

circular welding spot, and internal channel area. 

        The working medium utilized is normal water, with a density of 997.2 kg/m³, a 

viscosity of 0.89×10-5 kg/m·s at standard atmospheric pressure, and a temperature of 

298.15 K (all the physical properties of water is mentioned in Table 3.1). The inlet surface 

is assigned a uniform velocity profile with a magnitude of 0.1875 m/s and 0.242 m/s in the 

normal direction of the face, corresponding to a Reynolds number (Re) of 1,000 and 1,200. 

The pressure outflow boundary condition is applied at the outlet plane. The temperature at 

the pillow-plate channel wall is maintained at 323.15 K. Conjugate heat transfer is 

facilitated by coupling the fluid and walls to closely resemble actual flow conditions. The 

no-slip condition is imposed at the pillow-plate channel walls. 

 

 

Fig. 3.3 A schematic diagram of a pillow plate channel with SCWSP, and boundary 

conditions.  

 



 

 

Table. 3.1 Physical properties of water as working fluid and 

value used for simulations. 

Parameters (units) Values 

Temperature (K) 298.15 

Pressure (bar) 1.0132 

Density (kg/m3) 997.2 

Volume (m3/kg) 0.001 

Internal Energy (kJ/kg) 104.86 

Enthalpy (kJ/kg) 104.86 

Entropy (J/g*K) 0.36734 

Cv (J/g*K) 4.1375 

Cp (J/g*K) 4.1813 

Viscosity (Pa*s) 0.00089 

Therm. Cond. (W/m*K) 0.60653 

Phase liquid 

 

3.6 Numerical methodology 

In ANSYS Fluent, the SIMPLE [72] (Semi-Implicit Method for Pressure-Linked 

Equations) and SIMPLEC [73] (Semi-Implicit Method for Pressure-Linked Equations-

Consistent) algorithms are fundamental approaches for solving the pressure-velocity 

coupling in computational fluid dynamics (CFD) simulations. On the other hand, the 

QUICK [70] (Quadratic Upstream Interpolation for Convective Kinematics) scheme is a 

convection scheme used for discretizing convective terms in the governing equations. The 

explanation of each, along with their differences and justifications for their usage: 

3.6.1 SIMPLE scheme 

• The SIMPLE algorithm is a classical and widely used pressure-correction method 

in CFD simulations. 

• It iteratively solves the Navier-Stokes equations by decoupling the pressure and 

velocity fields, making it computationally efficient. 

• In each iteration, the momentum equations are solved implicitly, while the pressure 

equation is solved explicitly. 

• The pressure equation is typically solved using a pressure-correction method such 

as the SIMPLE algorithm to ensure mass conservation. 



 

• However, decoupling pressure and velocity may lead to numerical oscillations or 

instability, particularly in highly transient or turbulent flows. 

3.6.2 SIMPLEC scheme 

• The SIMPLEC algorithm is an extension of the SIMPLE scheme (algorithm), 

providing consistent coupling between pressure and velocity fields. 

• It addresses some of the limitations of the SIMPLE scheme algorithm by implicitly 

solving both momentum and pressure equations in each iteration. 

• This consistent treatment of pressure-velocity coupling enhances stability and 

convergence properties, especially for challenging flow conditions. 

• While computationally more expensive than SIMPLE, SIMPLEC offers improved 

accuracy and robustness, making it suitable for turbulent or highly transient flows. 

3.6.3 Justification for usage: 

• SIMPLE vs. SIMPLEC: The selection between SIMPLE and SIMPLEC depends 

on the flow characteristics and computational requirements. SIMPLE is suitable for 

steady or mildly transient flows where computational efficiency is crucial. On the 

other hand, SIMPLEC is preferred for turbulent or highly transient flows where 

stability and accuracy are paramount. SIMPLEC's consistent coupling between 

pressure and velocity fields enhances convergence and robustness, justifying its 

usage in challenging flow conditions. 

3.7 Solver setting 

The analysis of fluid flow and heat transfer characteristics incorporates the following key 

assumptions: 

1. Flow Characteristics: The flow is assumed to be three-dimensional (3-D), 

incompressible, turbulent, and steady. 

2. Gravity and Body Force: The influence of gravity and other body forces is 

considered negligible in the analysis. 

3. Thermo-physical Properties: Thermo-physical properties, except viscosity, are 

treated as constants throughout the simulation (refer to Table 3.1). 



 

4. Channel Wall Characteristics: The channel wall is assumed to be hydro-

dynamically smooth, focusing the study on the effects of various structural 

parameters. 

5. Phase Model: A single-phase model is employed for the simulation, simplifying 

the analysis to a single fluid phase. 

6. Viscous Dissipation: Viscous dissipation effects are neglected in the analysis, 

streamlining the focus on key heat transfer and fluid flow characteristics. 

These assumptions provide a foundational framework for the analysis, allowing for a 

targeted exploration of the specific fluid flow and heat transfer aspects under 

consideration.           

         The study employed ANSYS Fluent, a commercial finite-volume solver, to solve 

Navier-Stokes and energy equations with second-order spatial accuracy. Momentum 

equations were solved implicitly using an estimated pressure field, and a pressure-velocity 

correction via the SIMPLE and SIMPLEC algorithm ensured a divergence-free velocity 

field. Using Menter's [69,70] transition SST k-ω 4-equation turbulence model, CFD 

simulations predicted thermo-fluid performance in Pillow-plate heat exchangers (PPHEs). 

FLUENT 18.1, unstructured tetrahedral meshing, the SIMPLE and SIMPLEC algorithm 

were utilized, and the convergence criteria were set for residuals. The transition model 

included additional equations for intermittency and laminar-turbulent transition. Mesh 

refinement focused on the circular welding spot. Under relaxation factors facilitated 

convergence. The study considered the complexity of the computational domain and 

achieved convergence when residuals fell below-specified thresholds. Velocity and 

pressure were coupled using the SIMPLE and SIMPLEC algorithm with under relaxation 

factors (0.3 for pressure, 0.7 for momentum, and 0.9 for energy) facilitating convergence, 

declared when residuals fell below 10-5 for all variables except the energy equation, where 

a threshold of 10-5 was set. Although flow variables reach a quasi-steady state of around 

1500 iterations, simulations are performed over 5000 to ensure comprehensive analysis. 

3.8 Data reduction  

Convective heat transfer coefficient, [66] ℎ𝑐𝑜𝑛𝑣 = (𝑞̇𝑚 𝑇𝑤⁄ − 𝑇𝑚) (3.15) 

 

Where, Tm≈ Tin 

 



 

Nusselt number, [66] Nu = hconv dh/k (3.16) 

  

Friction factor, [66]  f  =2dh∆𝑝/𝜌XLvm
2 (3.17) 

 

Reynolds number, [66]  Re = 𝜌vmdh/ 𝜇 (3.18) 

 

The drag coefficient, [74] Cx= Fd/0.5𝜌vm
2dh (3.19) 

 

 

3.9 Grid independence study 

Creating an accurate mesh structure for discretizing the fundamental governing equations 

is imperative. Therefore, the tetrahedral mesh simulates the fluid-structure and heat 

transfer in the pillow plate domain, allowing for precise and accurate resolution of the 

governing equations and post-processing to obtain all critical physical phenomena 

information. An appropriate external periodic boundary is selected. While excessive nodes 

increase computational effort, it provides a better and more accurate simulation than 

having too few or insufficient nodes and elements. Therefore, selecting an appropriate 

number of grid elements is necessary to balance accuracy, computational effort, and 

timing. The computational domain size in this work is determined by earlier research 

conducted by Shirzad et al. [34]. Nusselt number (Nu) is compared across four different 

grids at a constant Reynolds number (Re) of 1,200 for the presented computational 

simulation, as shown in Table 3.2, and a close grid view of the pillow-plate channel is 

shown in Fig. 3.4. 

 

 

 

 

 

 



 

Table. 3.2 Effect of different mesh sizes on Nu at Re =1200. 

Type No. of 

elements 

Nu Improvement  

in Nu 

% Improvement 

‘Grid-1’ 1058756 62.95 - - 

‘Grid-2’ 1657852 64.20 1.25 1.98 

‘Grid-3’ 2647823 65.10 0.90 1.40 

‘Grid-4’ 3954578 65.45 0.35 0.53 

 
Fig. 3.4 A fine grid view of Pillow-plate computational domain 

 

 

 

3.10 Operating conditions and parameters 

     To validate the numerical simulation results with experimental data from Tran et al. 

[51,75,76], the same operating conditions and parameters were used for accuracy. The key 

geometrical parameters and operating conditions are listed in Table 3.3 and Table 3.4 [42]. 

 

 

 

 

 

 



 

Table. 3.3 Parameters of the pillow plates investigated by Tran et al.[51,75,76] and 

Present study. 

 In-line 

welding spots 

(XL = 42 

mm/YT 

=72mm, 3.4 

mm 

expansion 

Staggered 

welding spots 

(XL =72mm 

/YT = 42 

mm, 3.0 mm 

expansion 

Staggered 

welding spots 

(XL 

=72mm/YT = 

42 mm, 7.0 

mm 

expansion 

Staggered welding spots 

(XL = 72 mm/YT =42 

mm, 3.4 mm expansion 

 Experimental Experimental Experimental Present Numerical Study 

Materials 

[35] 
EN 1.4541 

AISI 321  
EN 1.4541 

AISI 321 
EN 1.4541 

AISI 321  
EN 1.4541 AISI 321 

 

     

hi 3.4 3.0 7.0 3.4 

𝛿 0.8 1 1 1 

XL 42 72 72 72 

YT 72 42 42 42 

dcws 10 10 10 10 

dh 4.81 4.24 9.9 4.76 

Acs,i 685.19 604.58 1410.68 621.11 

Aht 0.6 0.6 0.6 0.58 

     

 

For the current study, the pillow-plate channel maintains identical longitudinal (XL) and 

transverse (YT) distances between the welding spots. Other critical parameters, such as the 

welding diameter (dcws) and inner channel expansion (hi), are also consistent with those 

used in Tran et al.'s experiments. These parameters ensure that the simulation setup 

closely replicates the experimental conditions for accurate validation. 

 

Table. 3.4 Operating conditions for the current computational study 

Re  v Mass flux Ti (K) Tw To (K) ∆p  

- m/s Kg/m2.s (K) (K) (K) Pa 

1200 0.022 228.95 298.15  323.15 302.89 165.92 

2800 0.052 534.21 298.15 323.15 301.49 576.45 

4200 0.078 801.32 298.15 323.15 300.94 1123.03 

6500 0.121 1240.14 298.15 323.15 300.54 2224.05 

7800 0.146 1488.17 298.15 323.15 300.42 2946.89 

 

 



 

3.11 Validation and results 

This study utilized computational fluid dynamics (CFD) to analyze how different 

geometric factors, such as streamwise length, circular welding spot size (dcws), and inner 

hydraulic diameter (dh), affect fluid flow and thermal performance within a pillow plate. 

Turbulent single-phase flow at Reynolds number (Re) = 1200 was considered. The 

simulation accurately predicted mean streamflow distribution, temperature gradient, 

pressure drop, convective heat transfer coefficient, and thermal performance. Operational 

parameters like Reynolds number (Re), Nusselt number (Nu), and pressure drop per length 

(∆p/L) were also studied. Various pillow plate configurations were analyzed, and a grid 

test confirmed the computational results' reliability. The computational domain included 

specific dimensions, and a baseline model was used for grid reliability testing.  

 

Table. 3.5 Nusselt number and Pressure drop value obtained in numerical simulation. 

 First 

order 

Second 

order 

First order Second 

order 

First order Second 

order 

Re Nu Nu ∆p/L ∆p/L f f 

1200 22.2090 19.0713 17.4820256 11.52268 0.329612726 0.217253037 

2800 32.2691 28.5165 50.7151215 40.03178 0.175628956 0.138632029 

4200 39.8672 36.3363 87.5490111 77.98816 0.134749566 0.120034149 

6500 52.2145 48.9361 159.153924 154.4482 0.102274025 0.099250077 

7800 57.8396 54.3688 198.297917 204.6455 0.088491928 0.091324581 

 

A pillow-plate channel section was utilized for validation, employing first- and second-

order upwind schemes for discretizing the momentum and energy equations. Velocity and 

pressure were coupled using the SIMPLE algorithm, employing under-relaxation factors 

of 0.3 for pressure, 0.7 for momentum, and 0.9 for energy. This ensured that convergence 

criteria were met when residuals dropped below 10-5 for all variables except the continuity 

equation. For continuity equation residuals, we obtained convergence of 10-5 for the first-

order upwind scheme and 10-3 for the second-order upwind scheme. Comparison of CFD 

results with experimental data Tran et al. [76] revealed good agreement in Nu minimum 

and maximum values occurred ± 27% at Re = 1200 and pressure drop per streamwise 

length (∆p/L), with a discrepancy range from 0.3% at Re = 2800 to 26% at Re = 7800, 

respectively (Table 3.2 and Figs. 3.5 and 3.6).  



 

    We used Root Mean Square Deviation (RMSD), a statistical measure that quantifies the 

differences between predicted and observed values within a dataset. 

RMSD = √
1

𝑛
 ∑ (∆𝑖)2𝑛

𝑖=1  
(3.20) 

    Our results showed that the RMSD between the experimental and numerical values for 

the Nu using the first-order upwind scheme ranges from 0.04% to 3.39%. For the pressure 

drop per unit length (Δp/L), the error with the first-order upwind scheme varies between 

0.26% and 14.61%. However, for the second order upwind scheme, the RMSD for Nu and 

Δp/L are respectively ranging between 0.02% – 4.94% and 1.84% – 11.78%. This study 

highlights the effectiveness and accuracy of the numerical model in predicting flow and 

heat transfer characteristics in pillow-plate heat exchangers, validated against 

experimental data. 

 
Fig. 3.5 Validation of Nusselt number (Nu) of numerical results against 

experimental results 



 

 
Fig. 3.6 Validation of pressure drop (∆p/L) of numerical results against 

experimental results 

 

3.12 Comparison of different pillow-plate section/channel unit 

     The study compared fluid flow and temperature profiles across four different 

configurations (A), (B), (C) and (D) for XL = 72 mm, 144 mm, 216 mm and 288 mm 

respectively, (see Fig. 3.7 and Fig. 3.8) at varying Reynolds numbers: 1200, 2800, 4200, 

6500, and 7800 for one, two, three, and four channel unit sections, respectively. The 

circular welding spots (SCWSP) position remained consistent within the pillow plate 

channel (PPC) across all cases. The SCWSP were set at a uniform staggered circular 

welding diameter (dcws = 10 mm) for all configurations.  

 

 

 

 

 

 

 



 

 

 

 

 

 

Fig. 3.7 Comparison of velocity profile in different pillow-plate channel unit/section. 

 

In addition, for the Pillow-plate heat exchanger (PPHE) model with more periodic unit 

sections as shown in Fig. 3.7 and Fig. 3.8, vortex shading has been observed for typical 

geometry for a Reynolds number (Re) close to 7,800. Therefore, extending this pillow-

plate channel model to a higher Reynolds number (Re) may be subjected to errors of 

significant magnitude, which can only be assessed with experimental results or transient 

simulations, which is computationally costly. So, assuming this error is smaller, we 

extended our simulations up to 16,000. 

 

 

 

 

 

 

Fig. 3.8 Comparison of temperature distribution profile in different pillow-plate 

channel unit/section.  
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3.13 Summary of chapter 

In chapter 3, the utilization of the validated computational fluid dynamics (CFD) model 

for pillow-plate heat exchangers (PPHEs) presents promising avenues for advancing 

thermal engineering applications. Firstly, we can leverage the validated model to conduct 

geometry optimization studies tailored to pillow-plate heat exchangers (PPHEs). By 

systematically varying parameters such as streamwise length (XL), staggered circular 

welding spot pattern (SCWSP), and geometric arrangements, optimization methods can be 

employed in conjunction with the CFD model to identify optimal designs that maximize 

heat transfer efficiency, minimize pressure drop, or achieve other performance objectives. 

Through this approach, insights gained from the optimized geometry can lead to the 

development of more efficient and compact pillow-plate heat exchangers (PPHEs), with 

potential applications in industries ranging from refrigeration and HVAC systems to food 

processing and pharmaceutical manufacturing. 

        Secondly, the validated CFD model of the pillow-plate heat exchanger can be utilized 

to explore the effectiveness of various heat transfer enhancement techniques. These 

techniques may include the introduction of turbulence promoters, surface modifications, or 

the incorporation of secondary fluid flow patterns to enhance convective heat transfer 

rates. By systematically investigating these enhancement strategies through simulations, 

we can quantitatively assess their impact on heat transfer performance, thermal uniformity, 

and overall system efficiency. Insights gained from these studies can inform the 

development of innovative heat transfer enhancement methods tailored specifically to 

pillow-plate heat exchangers, with the potential to improve their heat transfer capabilities 

across a wide range of operating conditions.  

 
 

 

 

 

 

 
 

 



 

Chapter - 4: Heat Transfer Enhancement in Pillow-

Plate Type Heat Exchangers (PPHE) with SCWSCs: 

An Entropy and Exergy Generation Optimization 

Approach  
 

The design and development of the Pillow-plate heat exchanger (PPHE) have attracted 

more interest in the research and scientific communities in recent years. In this chapter, a 

new investigation is performed to examine the heat transfers and fluid flow characteristics 

for different streamwise lengths with Staggered Circular Welding Spot Configurations 

(SCWSCs). To analyze the heat transfer and friction factor parameters, a total of 25 

different designs of 𝑑ℎ 𝑋𝐿⁄  is considered, 1000 ≤ Re ≤ 16,000. In addition to optimizing 

the exergy efficiency and thermal evaluation factor, some dimensional and non-

dimensional thermodynamic and thermal-hydraulic, including thermal and frictional 

entropy generation, thermal and frictional exergy destruction, Nusselt number, friction 

factor, Bejan, entropy generation number are calculated by considering the second law 

efficiency approach based on thermo-dynamics for turbulent single-phase water flow in 

PPHE as wavy surface using transition SST 𝑘 − 𝜔 method and entropy-exergy generation 

optimization approach.  

 Introduction 

In the field of engineering, heat transfer and the flow of fluid within ducts are frequently 

studied. The first law of thermodynamics is always applied to examine the energy flow in 

a thermal system. However, the second law analysis—which has to do with the formation 

of entropy—must be performed to examine the exergy or irreversibility of a thermal 

system. The total entropy generation in the fluid flow and heat transfer procedures is 

generated by the fluid's viscous friction against the wall and the two conditions—constant 

wall temperature and constant wall heat flux—that result from heat transfer across 

the internal flow. These are frequently examined in studies on entropy generation. 

       This chapter examines a contemporary shift in energy engineering research and 

application: the increasing significance of thermodynamics, particularly the second law, in 

problem-solving, modeling, and design optimization. This approach, known as 

thermodynamics optimization or entropy generation minimization (EGM), was initially 

introduced in a 1982 publication [77]. A recent review [78] indicates a rapid expansion in 



 

adopting this methodology, which has also been referred to as finite time or endo-

reversible thermodynamics. 

       This chapter illustrates the implementation of this method through examples drawn 

from refrigeration. It integrates heat and mass transfer principles, fluid mechanics, and 

engineering thermodynamics to develop realistic processes, devices, and systems models. 

By "realistic models," we mean models that accurately represent the inherent designs and 

configurations where entropy generation is minimized. 

The methodology involves partitioning the system into subsystems that are in local 

thermodynamic equilibrium. The properties of these subsystems are governed by classical 

thermodynamics. Entropy is generated at the boundaries between subsystems, following 

rate equations derived from heat and mass transfer and fluid mechanics. 

        Consequently, the total rate of entropy generation is expressed as a function of the 

entire system's overall physical characteristics, such as finite size. Minimizing total 

entropy generation requires adjusting the physical characteristics of the system 

appropriately. These subsystems can range from macroscopic (comprising two or more 

subsystems within a system) to infinitesimally small (an infinite number). Thus, system 

modeling and entropy generation analysis can be conducted at macroscopic and 

differential levels, as exemplified in [77,78]. 

       Conventional HEs are extensively used in thermal power industries, chemical 

engineering, petroleum refineries, and food processing industries, as well as in heat 

engines, automobiles, tractors, and ships, as well as in aviation and space satellite: 

refrigerant, micro-channel, and cryogenic engineering [79,80]. Therefore, heat exchangers 

are regularly exposed to thermodynamic optimization (or entropy generation 

minimization) in separation, separated from the larger installation that utilizes them [81]. 

Examples include counter, cross-flow, parallel, and phase-change HEs optimization 

diagrams [82]. Considering only the capital cost aspect of a heat exchanger’s design would 

be misleading because high maintenance costs raise the total cost of the heat exchanger’s 

service life. As a result, exergy study and energy conservation are critical entities in HEs 

design [83]. 

        The thermodynamics optimization approach, also known as the EGM approach, has 

developed itself as a unique area of interest at the intersection of heat transfer, engineering 

thermodynamics, and fluid mechanism. Recently, Vargas et al. [84] presented a technique 

for examining a tube bank’s internal geometric arrangement by optimizing the overall 

performance of the cross-flow HE installation. Ogulatu et al. [85] performed an 



 

optimization design for a cross-flow rate in the HE based on the EGM, examining the best 

result using experimental data. 

             Exergy analysis and energy saving with thermodynamics optimization have 

received much attention over the last two decades and are now a well-traditional subfield 

in heat exchangers and engineering thermodynamics [86,87]. It is now recognized as the 

mechanism for research generation and community flow systems everywhere, in 

engineering and practical uses. Limitations in thermodynamics are caused by currents 

(fluid, heat) that must overcome resistance [88]. When the resistances are reduced 

together, the global performance improves. That is when the limitation is distributed 

optimally in space. Flow construction design in heat transfer equipment is the optimal 

distribution of defects [89]. 

4.2 Objectives  

In this chapter, we conduct a computational numerical investigation of a heated wavy-

shaped channel with a new geometry. Then we supplement it with SCWSCs to improve its 

thermal performance factor. It generates a sinusoidal velocity profile for a variety of PPC 

lengths. The current study is unique and distinct from previous studies. In this manuscript, 

a computer study (CFD simulation) is performed to analyze the influence of varied 

streamwise lengths (𝐿𝐴−𝐸) = 256-384 mm of PPCs with a non-dimensional number 𝑑ℎ 𝑋𝐿⁄  

values ranging mentioned in Table 1. In each streamwise length, there are five different 

CWS (𝑑𝑐𝑤𝑠) changing from 8-12 mm (Case 𝐿𝐴,1−𝐸,25 (1-25)). Moreover, data is also 

presented to illustrate the influence of some thermos-hydrodynamic parameters, including 

Nusselt number, friction factor, heat transfer rate 𝑆𝑔,𝑇
̇  (Thermal entropy generation), 𝑆𝑔,𝐹

̇  

(Thermal frictional generation),  𝐸̇𝑥𝑑𝑒𝑠𝑡,𝑇 (Thermal exergy destruction), 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝐹 

(Frictional exergy generation), Be (Bejan number), 𝑁𝑆 (Entropy generation number), 𝜂𝑒𝑥 

(exergy efficiency) and 𝜂 (thermal Performance Factor) with different Re (Reynolds 

number) to optimize the efficiency of the PPHE.  From the perspective of improving 

thermal performance, the primary goal is to identify the optimal set of physical and 

geometrical requirements for the heat exchanger channel's symmetric curve wavy 

geometry. The study also provides optimal heat transmission and pressure drop setup data. 

Finally, using an efficiency index, we examine the behavior of successive generations of 

re-circulating vortices formation and the temperature distribution in the wavy channel. The 

pillow plate's symmetrically wavy surface geometry has not been considered or studied. 



 

Furthermore, the PPHX above curve with SCWSCs as vortex generators has not yet been 

seen in the literature. Other similar documents by different authors fail to address essential 

details like the impact of SCWSCs on the channel, the range of velocities and wide range 

of Re parameters considered, the channel's height, the flow rate, the velocity profile's 

shape, and the temperature distribution. Because of this, we looked at how to improve heat 

transmission and flow characteristics in a Pillow-plate by using a wavy shape strategically 

developed on the channel to create vortices. 

       In this chapter, we conduct a computational numerical investigation of a heated wavy-

shaped channel with a new geometry. Then we supplement it with SCWSCs to improve its 

thermal performance factor. It generates a sinusoidal velocity profile for a variety of PPC 

lengths. The current study is unique and distinct from previous studies. In this manuscript, 

a computer study (CFD simulation) is performed to analyze the influence of varied 

streamwise lengths (𝐿𝐴−𝐸) = 256-384 mm of PPCs with a non-dimensional number 

welding spot pitch (Sr) values ranging mentioned in Table 1. In each streamwise length, 

there are five different CWS (𝑑𝑐𝑤𝑠) changing from 8-12 mm (Case 𝐿𝐴,1−𝐸,25 (1-25)). 

Moreover, data is also presented to illustrate the influence of some thermos-hydrodynamic 

parameters, including Nusselt number, friction factor, heat transfer rate 𝑆𝑔,𝑇
̇  (Thermal 

entropy generation), 𝑆𝑔,𝐹
̇  (Thermal frictional generation),  𝐸̇𝑥𝑑𝑒𝑠𝑡,𝑇 (Thermal exergy 

destruction), 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝐹 (Frictional exergy generation), Be (Bejan number), 𝑁𝑆 (Entropy 

generation number), 𝜂𝑒𝑥 (exergy efficiency) and 𝜂 (thermal Performance Factor) with 

different Re (Reynolds number) to optimize the efficiency of the PPHE.  From the 

perspective of improving thermal performance, the primary goal is to identify the optimal 

set of physical and geometrical requirements for the heat exchanger channel's symmetric 

curve wavy geometry. The study also provides optimal heat transmission and pressure 

drop setup data. Finally, using an efficiency index, we examine the behavior of successive 

generations of re-circulating vortices formation and the temperature distribution in the 

wavy channel. The pillow plate's symmetrically wavy surface geometry has not been 

considered or studied. Furthermore, the PPHX above curve with SCWSCs as vortex 

generators has not yet been seen in the literature. Other similar documents by different 

authors fail to address essential details like the impact of SCWSCs on the channel, the 

range of velocities and wide range of Re parameters considered, the channel's height, the 

flow rate, the velocity profile's shape, and the temperature distribution. Because of this, we 



 

looked at how to improve heat transmission and flow characteristics in a pillow plate by 

using a wavy shape strategically developed on the channel to create vortices. 

 

 

Fig. 4.1 Schematic diagram of the pillow plate heat exchanger with SCWSPs. 

 

   Problem formulation 

This section covers the fundamental and essential governing equations, assumptions, and 

boundary conditions. The problem is solved using the 3D Navier-Stokes, energy 

equations, and turbulent flow transition SST (𝑘 − 𝜔) model. The governing equations are 

simplified further under the assumptions listed below. 

 

 



 

4.3.1 The assumptions 

• The flow is considered steady and turbulent—3D incompressible flow and heat 

transfer. 

• The single-phase working fluid (water). 

• The fluid flow is considered fully turbulent in all cases (LA,1−E,25). 

• The thermo-physical properties of the fluids are constant, and the channel 

enclosure is insulated (no heat loss in the environment). 

4.3.2 Boundary conditions 

Three necessary external periodicity boundary conditions can be applied when considering 

a general three-dimensional heat transfer PPC in the computational simulation similar to 

[65]. 

• The boundary condition for momentum and energy equation at faces A (inlet) and 

B (outlet) of the computational domain. Furthermore, the external boundary 

condition is used in the transverse direction [90]. 

• At faces C and D, symmetry boundary conditions are applied.  

• At faces E (top) and F (bottom), no-slip boundary conditions are applied on the 

channel [31].  

• At the channel top and bottom is set a constant temperature of 323 K, and the inlet 

temperature of the computational domain is 298 K. 

 

Fig. 4.2 A schematic representation of a pillow plate heat exchanger with SCWSPs and 

fluid flow condition. 

 

 



 

Table. 4.1 Geometrical parameters considered in the present computational work (all 

dimensions in mm). 

Case Parameters 

S.No. 𝐿𝐴−𝐸 𝑋𝐿 𝑌𝐿 ℎ𝑖 𝑑ℎ 𝑑𝑐𝑤𝑠 𝑠𝑟 

1. 256 64 42 3.4 4.99 8 1.65 

2. 288 72 42 3.4 4.92 8 1.88 

3. 320 80 42 3.4 4.70 8 2.11 

4. 352 88 42 3.4 4.47 8 2.35 

5. 384 96 42 3.4 4.31 8 2.58 

6. 256 64 42 3.4 4.93 9 1.67 

7. 288 72 42 3.4 4.82 9 1.91 

8. 320 80 42 3.4 4.64 9 2.15 

9. 352 88 42 3.4 4.42 9 2.39 

10. 384 96 42 3.4 4.20 9 2.63 

11. 256 64 42 3.4 4.89 10 1.69 

12. 288 72 42 3.4 4.76 10 1.94 

13. 320 80 42 3.4 4.58 10 2.19 

14. 352 88 42 3.4 4.36 10 2.44 

15. 384 96 42 3.4 4.11 10 2.69 

16. 256 64 42 3.4 4.80 11 1.71 

17. 288 72 42 3.4 4.68 11 1.97 

18. 320 80 42 3.4 4.51 11 2.23 

19. 352 88 42 3.4 4.31 11 2.48 

20. 384 96 42 3.4 4.02 11 2.74 

21. 256 64 42 3.4 4.74 12 1.73 

22. 288 72 42 3.4 4.60 12 2.00 

23. 320 80 42 3.4 4.45 12 2.27 

24. 352 88 42 3.4 4.26 12 2.53 

25. 384 96 42 3.4 3.96 12 2.80 
 

4.4  Grid independence test and validation of numerical models 

Creating an accurate mesh structure for discretizing the fundamental governing equations 

is imperative. Therefore, the tetrahedral mesh simulates the fluid-structure and heat 

transfer for the pillow plate domain to solve the governing equations, post-processing, and 

get all critical physical phenomena information precisely and accurately in the 

computational solution. It selects an appropriate imposed external periodic boundary. An 

excessive number of nodes increases computation effort and provides a better and more 

accurate computational simulation value than fewer or insufficient nodes and elements. 

Therefore, selecting an appropriate number of grid elements is necessary to 

simultaneously satisfy the requirements of accuracy, computational effort, and timing. The 



 

size of the computational domain in this work is determined by earlier research conducted 

by Shirzad et al. [34].  

 

Fig. 4.3 Close grid view of Pillow plate domain 

   Nu is compared in four different grids at constant Re = 7,800 for the presented 

computational simulation as shown in Table 4.2. The current work’s compared to Tran et al. 

[76] experimental findings for the pillow plate configuration Case 𝐿𝐴,11. To validate the 

present numerical model, the Reynolds numbers (Re) 1200, 2800, 4200, 6500, and 7800 were 

used [76] as mentioned in Fig. 4.4 and 4.5. Differences in validation outcomes between 

Chapter 4 and Chapter 3 can be explored through the pillow-plate channel section unit (XL = 

72 mm) selected for validation against experimental data. 

Table. 4.2. Effect of different mesh sizes on Nu at Re = 7,800. 

Type No. of 

elements 

Nu Improvement in Nu % Improvement 

‘Grid-1’ 1198373 63.19 - - 

‘Grid-2’ 1937893 64.56 1.37 2.12 

‘Grid-3’ 2776679 65.25 0.69 1.05 

‘Grid-4’ 4285678 65.78 0.53 0.81 

Comparison and validation of Case LB,12 with experimental results [76] 

 Nu, Tran et al. [76]  

 66.04 0.26 0.4% 

 



 

 

Fig. 4.4. Comparison of Nu obtained in the numerical simulation with experimental 

results [76] for Re = 1200, 2800, 4200, 6500, and 7800. 



 

 

Fig. 4.5. Comparison of pressure drop obtained in the numerical simulation with 

experimental results of [76] for Re = 1200, 2800, 4200, 6500, and 7800. 

4.5  Thermodynamic analysis  

4.5.1 Entropy analysis 

Two types of losses occur in a heat exchanger: those caused by heat exchange across a 

finite temperature difference and those caused by fluid friction. The total entropy 

generation (𝑆𝑔̇) of water in the PPC can be expressed/determined with 𝑆𝑔,𝑇
̇  (Thermal 

entropy generation), and 𝑆𝑔,𝐹
̇  (Frictional entropy generation) [91]. 

𝑆̇𝑔 = 𝑆𝑔,𝑇
̇ + 𝑆𝑔,𝐹

̇  (4.1) 

𝑆𝑔,𝑇
̇  = 

𝑄2

𝑁𝑢𝜋𝑘𝑇𝑖𝑛𝑇𝑜𝑢𝑡
 (4.2) 

𝑆𝑔,𝐹
̇  = 

8𝑓𝑚̇3𝑋𝐿

𝜌2𝜋2𝑑ℎ
5(𝑇𝑜𝑢𝑡−𝑇𝑖𝑛)

𝑙𝑛 (
𝑇𝑜𝑢𝑡

𝑇𝑖𝑛
) (4.3) 

 



 

The Bejan number (Be), named after the distinguished thermodynamicist Adrian Bejan, is 

a dimensionless parameter in heat transfer and fluid mechanics. It represents the ratio of 

heat transfer irreversibility to convective heat transfer within a system. Mathematically, it 

is expressed as the entropy generation ratio due to irreversibility to the convective heat 

transfer rate. 

         The significance of the Bejan number (Be) lies in its ability to provide insights into 

the thermodynamic efficiency of a system. The Bejan number helps engineers and 

researchers understand where energy losses occur within a system by quantifying the 

relative importance of irreversibility compared to convective heat transfer. This 

understanding is crucial for optimizing the design and operation of heat transfer 

equipment, such as heat exchangers, by identifying areas of inefficiency and guiding 

efforts to minimize energy losses. 

           Furthermore, the Bejan number (Be) is a valuable formula for comparing different 

heat transfer systems and assessing the impact of various design modifications or 

operating conditions on system performance. It allows engineers to prioritize optimization 

efforts and make informed decisions to enhance the efficiency and effectiveness of heat 

transfer processes. 

The Bejan number is determined using Eq. (4.4) [91]. 

(Be) = 
𝑆𝑔,𝑇̇

𝑆𝑔,𝑇̇ +𝑆𝑔,𝐹̇
 

(4.4) 

 

4.5.2 Exergy efficiency (𝜼𝒆𝒙) and entropy generation number (𝑵𝑺) 

The ratio of the valuable exergy output to the total exergy is called ‘exergy efficiency’ 

(𝜂𝑒𝑥%) expressed as [91]. In thermal engineering, exergy efficiency, also referred to as 

second-law efficiency or rational efficiency, evaluates a system's effectiveness concerning 

its performance under reversible conditions. This metric provides insight into how 

efficiently a system utilizes energy by comparing its performance to the theoretical 

maximum achievable under ideal, reversible conditions. By quantifying the quality of 

energy and accounting for irreversible losses, exergy efficiency offers a more 

comprehensive assessment of system performance beyond traditional energy efficiency 

measures. It serves as a valuable tool for optimizing thermal systems, identifying areas for 

improvement, and guiding sustainable energy practices. 



 

   𝜂𝑒𝑥 = 1− 
𝑇𝑎𝑆𝑔,𝑇̇

[1−(
𝑇𝑎
𝑇𝑠

)]𝑄ℎ

 
(4.5) 

The thermal (𝐸̇𝑥𝑑𝑒𝑠𝑡) and frictional (𝐸̇𝑥𝑑𝑒𝑠𝑡,𝐹) exergy destruction is expressed as the 

following equations [91]. 

 

𝐸̇𝑥𝑑𝑒𝑠𝑡,𝑇 = 𝑇𝑎𝑆𝑔,𝑇
̇  (4.6) 

𝐸̇𝑥𝑑𝑒𝑠𝑡,𝐹 = 𝑇𝑎𝑆𝑔,𝐹
̇  (4.7) 

 

Entropy generation number, often denoted as (𝑁𝑠), is a dimensionless parameter used in 

thermodynamics to quantify the irreversibility or entropy production within a system or a 

process. It provides insight into the efficiency and performance of a thermodynamic 

system by assessing the degree of departure from ideal, reversible conditions. The entropy 

generation number is typically the ratio of actual entropy generation to the maximum 

possible generation in a reversible process between the same initial and final states. A 

value greater than 1 indicates that the actual entropy generation exceeds the maximum 

possible entropy generation in a reversible process, signifying significant irreversibility 

and inefficiency within the system. Conversely, a value of equal to 1 suggests that the 

system operates at maximum efficiency with minimal entropy generation. Entropy 

generation number is a crucial parameter in thermodynamic analysis as it helps engineers 

and researchers identify sources of irreversibility within a system, assess the impact of 

inefficiencies, and guide the design and optimization of processes to minimize entropy 

generation and improve overall efficiency 

The entropy generation number (𝑁𝑠) is estimated from Eq. (4.8) [91]. 

𝑁𝑠 = 
𝑇𝑎𝑆𝑔,𝑇̇

𝑄ℎ
 

(4.8) 

 

4.6  Results and discussion        

In this section, the influence of different dimensional and non-dimensional parameters, 

such as 𝑆𝑔,𝑇
̇ , 𝑆𝑔,𝐹

̇ , 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝑇, 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝐹, Bejan number (Be), 𝑁𝑆, 𝜂𝑒𝑥 and 𝜂 (TPF) are 

examined and described the thermo-hydraulic behavior of fluid flow inside the various 

pillow-plate channel lengths varies from 256-384 mm at different 1000≤Re≤16,000. Note 



 

that for Re = 1,000, v = 0.1875 m/s and for Re = 1,000–16, 000, v varies from 0.1875 –3 

m/s. 

4.6.1 Velocity and temperature field distribution 

This section discusses the principal phenomena and mechanism of the flow and heat 

transfer characteristics around the SCWSCs in the pillow-plate channel. The primary 

objective is to examine the thermal-hydraulic performance of the different enhanced 

configurations 𝐿𝐴,1−𝐸,25= 256-384. The thermal performance of the longitudinal 

configuration is superior to the transversal type, as discussed in the previous articles and 

publications [32,92]. Therefore, in this manuscript, we have discussed only the streamwise 

length of the SCWSPs. Discussing the dominant flow structures relevant to static pressure 

resistance and heat transfer in the PPC is essential for designing the heat exchanger for 

practical applications. Fig. 4.6 and Fig 4.7 shows the streamline associated with an 

elliptical recirculation pair for visualization and capturing the fluid flow behavior near the 

SCWSCs at Re = 2000, identical to [93]. The flow field (velocity contour) (Cases A, B, C, 

D, and E) and temperature distribution (Cases A, B, C, D, and E)  along the five different 

streamwise channels with SCWSCs and near the CWS, respectively, at Re = 2000 while, 

ℎ𝑖, and 𝑌𝐿, are considered as a fixed value. Due to the SCWSPs’ leadership, the inlet 

velocity is deflected towards the spanwise direction, and a complete ‘elliptical vortex’ 

region formation occurs behind the SCWSPs and near the inlet and outlet region of the 

channel. The nature and formation of the primary mainstream fluid flow forms inside the 

PPC is a ‘sinusoidal wave’-like structure in the longitudinal type of pillow-plate channel 

configuration. This ‘sinusoidal’ wave formation associated with higher turbulence strength 

and intensity than the linear flow in a straight elliptical channel-type design. This is the 

main reason of the significant enhancement of the convective heat transfer and static 

pressure drop in the streamwise channel with SCWSPs compared to the straight elliptical 

channel duct (without SCWSPs).  

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 Representative domains used for thermal modeling, Case (A-E) temperature 

velocity and Case (A-E) velocity contour of five different streamwise arrangements 

𝐿𝐴,11−𝐸,15= (256-384 mm (Case 11 to 15)) of the PPC at Re = 2000. 

       Conversely, In the velocity profile contour and temperature distribution contour, as 

shown in Fig. 4.6 (A-E), an ‘elliptical recirculation vortex’ pair is developed behind the 

CWS and near the wall region inside the pillow-plate type channel. These ‘elliptical 

recirculation vortices’ induced spanwise velocity and improved heat transport from the 

fluid in the channel wake to the mainstream regions and vice versa. As seen, in the 

longitudinal (streamwise) channel, the primary core flow forms a linear pass, and the 

symmetrical recirculation zone (‘elliptical vortex’) is separated from the mainstream flow. 

On the contrary, the temperature gradient in the ‘elliptical vortex’ zone is higher than in 

the main flow, and these areas represent low convective heat transfer than the smooth type 
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(E) 

(E) 

(B) 

(C) 

(A) 

(B) 

(D) 

(D) 

(A) 



 

channel. It is attributed that the enhanced mixing between the cold and hot fluid by 

‘elliptical vortex’ flow is one of the essential mechanisms of heat transfer enhancement. 

         The pressure profile contours of different PPHE configuration (𝐿𝐴,11−𝐸,15) at Re = 

2000 are examined separately in Fig. 4.7. Based on the computational contour information 

the SCWSPs behave as a vortex generator to generate reversing flows and secondary flow 

and ERV. Due to these secondary flows more fluid mixing and heat transfer occurs inside 

the PPC. Note that due to this flow separation behind the SCWSPs, the secondary flow 

and reverse flows and ERV are developed.  

 

 

 

 

 

 

Fig. 4.7 Static Pressure contour of different pillow-plate channel configuration 

𝐿𝐴,11−𝐸,15= 256-384 mm (Case 11 to 15)) of the PPC at Re = 2000.  

 

4.6.2 The energy balance analysis 

Changing the wavy PPCC significantly changes the computational simulation results of 

the Nu and hconv. A channel with SCWSPs offers a hconv higher than a smooth channel 

(without SCWSPs). Increasing the streamwise length further results in a higher value of 

the convective heat transfer coefficient, which can be attributed to increased turbulence 

through the disruption of the boundary layer. The Nu is higher with the longitudinal length 

of the channel due to the SCWSPs, as shown in Fig. 4.6. The OERV created by SCWSPs 

are responsible for this. In addition to increasing fluid missing, decreasing the boundary 

layer thickness, and increasing the heat transfer rate, these SCWSPs can generate 

secondary flows and vortices pair. It's important to note that as the Re enhanced, the 

magnitude of the Nu, which increases due to SCWSPs (vortex generators), also increases 
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much more. For 4,000≤ Re≤16,000, the average Nu increases by around 25.34% with 

increasing Re. 

  

Fig. 4.8 Representative domain of fluid flow 

inside the pillow-plate channel with two distinct 

zone at 𝑑ℎ 𝑋𝐿⁄  = 0.076 & Case (A) at Re = 2000. 

The fluid flow distribution in the PPC can be classified into two distinct characteristics 

zones, as shown in the previous article [11]. From CFD simulation Fig. 4.8. Heat transfer 

and ERV (Elliptical Recirculation Vortex) zones (zone 2) are dominated by a meandering 

core flow (zone 1), which is generated by SCWSPs. In a meandering channel, the center 

region can have double the average speed of the remaining channel sections. Zone 1 

boundary layers are highly turbulent and fully developed hydro-dynamically and thermally 

as shown in Fig. 4.8. Numerous previous works (e.g., Petukhov and Popov [94], Colburn 

[95], and Dittus and Boelter [96] have proposed a Nusselt number connection for this 

particular boundary layer. 

 

Nuz1 = 
(𝑓𝑧1 8⁄ )𝑅𝑒𝑧1𝑃𝑟

1.07+12.7√(𝑓𝑧1 8⁄ )(𝑃𝑟2 3⁄ −1)

  (4.9) 

Both zone 1 and the entire PPC must be modeled in the 'elliptical recirculation vortices' 

zone to complete the 2-zone model. This relationship was developed due to an energy 

balance analysis along the channel's surface as mentioned in the Fig. 4.8 and Fig. 4.9. 

𝑄𝑡𝑜𝑡
̇  = 𝑄𝑧1

̇ + 𝑄𝑧2
̇  (4.10) 

Meandering 

Zone 1 

Elliptical 

recirculation 

Zone 2 

Elliptical 

recirculation 

Zone 2 



 

According to Equation (4.10), the sum of the heat flow rates in each zone of 'elliptical 

recirculation vortices' 𝑄𝑧2
̇  is equals the overall heat flow rate 𝑄𝑡𝑜𝑡

̇  transfer to the total 

channel surface. In addition, we can rearrange Eq. (4.11) to get the following equation. 

𝑄𝑡𝑜𝑡
̇  (1-𝜑𝑄) = 𝑄𝑧1

̇  with 𝜑𝑄 = 
𝑄𝑧2̇

𝑄𝑡𝑜𝑡̇  
 (4.11) 

The ratio of heat transfer in the recirculation zones to the total heat flow rate is represented 

by the dimensionless factor 𝜑𝑄. Using Newton's law of cooling, we can also calculate the 

heat flow rates 𝑄𝑡𝑜𝑡
̇  and 𝑄𝑧1

̇ . 

𝑄𝑡𝑜𝑡
̇  = ℎ𝑡𝑜𝑡𝐴𝑤,𝑡𝑜𝑡∆𝑇𝑡𝑜𝑡 (4.12) 

𝑄𝑧1
̇  = ℎ𝑧1𝐴𝑤,𝑧1∆𝑇𝑧1 (4.13) 

The mean variation between the bulk and wall temperatures is denoted by the term ∆𝑇𝑡𝑜𝑡  

in Eq. (4.12). In contrast, the average difference between the bulk and wall temperatures in 

zone 1 is denoted by ∆𝑇𝑧1. Since the meandering zone in the PPC is the main contributor 

to the overall heat transfer. The following relationship was considered as given: 

∆𝑇𝑡𝑜𝑡 ≅ ∆𝑇𝑧1 (4.14) 

 

 

 

 

 

 

 
Fig. 4.9 Energy contour of different pillow-plate channel arrangement 𝐿𝐴,11−𝐸,15= 

(256-384 mm (Case 11 to 15)) of the PPC at Re = 2000.  
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4.6.3 Nusselt number and friction factor  

Fig. 4.10 depicted ‘periodic wave’-like structure of surface Nusselt Number (Nu) in 

various PPCCs (𝐿𝐴,11−𝐸,15) at Re = 2,000 while, the variation of Nu value for all the Cases 

A-E (𝐿𝐴,1−𝐸,25) is reported in Fig. 4.11 at various Re. As can be seen, the ℎ𝑐𝑜𝑛𝑣 (in terms 

of Nu) increases with 1,000 ≤ Re ≤ 16,000 while decreasing with the channel length 

increment from 𝐿𝐴,1−𝐸,25=256-384 mm. SCWSCs is the main reason for enhancing the 

heat transfer rate in the PPC. The PPC with larger SCWSPs 𝑑𝑐𝑤𝑠 = 10-12 mm provides a 

more significant value in the Nu and static ∆𝑝 compared to the smaller value of 𝑑𝑐𝑤𝑠 = 8-9 

mm. It is noted that the variation in the Nu and pressure drop is mainly due to pillow 

channel length configuration and diameter of CWS patterns/arrays. From the Fig. 4.11 it is 

found that the SCWSCs can boost the heat transfer (in terms of Nu) at Re = 16,000 is 

51.92%, 58.07%, 66.93%, 35.32%, 44.00%, and at Re = 1000, 11.89%, 10.34%, 8.97%, 

12.15%, 17.65% for Cases (𝐿𝐴,11−𝐸,15) (𝑑ℎ 𝑋𝐿⁄  = 0.076, 0.066, 0.057, 0.05, and 0.043), 

respectively, compared to the without SCWSPs channel. 

 

 

 

 

 

 

Fig. 4.10 Surface Nusselt number contour of different pillow-plate channel 

configuration 𝐿𝐴,11−𝐸,15= (256-384 mm (Case 11 to 15)) of the PPC at Re = 2000. 

     The 𝑋𝐿 = 64 and 72-mm channels with SCWSCs possess the highest values of Nu. It 

can be explained that these configurations generated higher “elliptical vortex” pairs. At the 

same time, if we have discussed the 𝑑cws from 8 to 12 mm in each case 𝑑cws = 9 mm and 

𝑑cws = 10 mm welding spot diameter developed higher Nu than other 𝑑cws i.e., 8 mm, 11, 

and 12 mm. The overall conclusion is that the higher flow acceleration and more 
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intensified “elliptical vortex” configuration in the channel 𝑋𝐿 = 64 and 72 mm produced 

higher thermal performance than other channels (including the straight elliptical channel). 

Moreover, the variation of Nu with Re is very close in all cases of  𝐿𝐴  and 𝐿𝐵. Therefore, 

according to the author’s opinion, it is very challenging to say which channel length either 

𝐿𝐴 and 𝐿𝐵 provides better heat transfer performance because the value of Nu with Re from 

1000-16,000 is almost identical. Therefore, it should be optimized with the help of 

different multi-objective optimization techniques in the next step. 

        Fig. 4.12. depicts the variation of friction factor (f) with the various Re for the case 

Cases A-E (𝐿𝐴,1−𝐸,25), i.e., 𝑑ℎ/𝑋𝐿= 0.078-0.041. Due to the SCWSPs, the f increases 

inside the PPHE. It's important to consider that the pressure decrease occurs precisely 

where the CWS is situated. Addollahi and Shams [97] demonstrated that the pressure 

coefficient varies similarly in a straight elliptical channel and a channel with vortex 

generators through the location of the vortex generators but subsequently drops sharply at 

the vortex generators. The f again appears to rise as the Re rises. Between 4000 and 

16,000, the Re, f increases by around 3.29 % to 16.91%. The lowest and highest f is found 

in the higher and lower 𝐿𝐴−𝐵 respectively, than the straight elliptical channel arrangement. 

It is argued that the ‘elliptical vortex’ and the secondary flow on the convective heat 

transfer coefficient in higher streamwise channel length are not much more significant, as 

Shirzad et al. [24] mentioned. As the results increase the channel’s streamwise size, the 

flow becomes more linear, reducing the velocity and pressure resistance across the 

channel, as mentioned in Fig. 4.6 and Fig. 4.7 (A-E). Therefore, based on the numerical 

simulation results, the maximum f at Re = 1000 is 24.31%, 21.10%, 19.68%, 17.61%, and 

15.10%, while the minimum f at Re 16,000 is 7.12%, 5.84%, 4.38%, 3.21%, and 2.06% 

occurred for Case A-E, respectively, compared to the without SCWSPs channel. 

 



 

 

Fig. 4.11 Variation of Nusselt number (Nu) vs. Reynolds number (Re). 

 

Fig. 4.12 Variation of Friction factor (f) vs. Reynolds number (Re). 

 



 

4.6.4 Thermal and frictional entropy generation 

The relationship between the change in the Re and the fluctuation in the overall EG 

(Thermal and frictional entropy generation) is depicted in Fig. 4.12. For examining the 

PPHE’s exergy efficiency (𝜼𝒆𝒙%) , it is required to calculate the entropy generation value. 

Because for the exergetic performance enhancement of the PPC, the low entropy 

generation or optimum exergy efficiency is the essential factor. It has been noticed that 

there is an opposite correlation between increases in the Re and decreases in the overall 

EG. It is important to note that at low, i.e., Re < 2000, the EG is mainly influenced by the 

heat transfer comparison with f in the PPHE. An increase in the Re causes a rise in the heat 

transfer rate while simultaneously reducing the irreversibility of the heat transfer. When 

the Re is increased, the temperature of the surface of the heat source drops. This results in 

a minor temperature difference between the fluid and the heat source, reducing the amount 

of entropy generated during the heat transfer process. Because heat transfer entropy 

production is the primary factor in the total EG, the total EG similarly decreases as the Re 

increases.  

 

 

 

 

 

 

 
Fig. 4.13 Entropy generation contour of different pillow-plate channel configuration 

𝐿𝐴,11−𝐸,15= (256-384 mm (Case 11 to 15)) of the PPC at Re = 2,000. 

Using the Eq. (4.2) the 𝑆𝑔,𝑇
̇  of all the Cases 𝑑ℎ 𝑋𝐿⁄  = 0.041-0.078 is calculated, and all 

values are mentioned in Fig. 4.13 at the different 1000 ≤ Re ≤16,000. The graph of 𝑆𝑔,𝑇
̇  

(thermal entropy generation) is the dependent variable on the Re with various of 𝑋𝐿 
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(𝐿𝐴,1−𝐸,25) and 𝑑𝑐𝑤𝑠= 8-12 mm. In Fig. 4.14, It is observed that, the 𝑆𝑔,𝑇
̇  continuously 

enhancing with Re for all the cases of PPHE with SCWSCs than the straight elliptical 

channel (without SCWSCs). It is attributed that for all the inlet velocities the 𝑆𝑔,𝑇
̇   

increases and the ℎ𝑐𝑜𝑛𝑣 decreases with Re, while the temperature gradient scattering 

through the channel is higher with an increase in the longitudinal length and surface of the 

medium. This phenomenon and mechanism may be interrelated to an increment in the 

entropy generation of the hot water (fluid flow), as thermal entropy generation is known to 

be a directly dependent linear function of the temperature gradient [83]. At the smaller 

channel length, higher velocities are achieved due to this higher turbulence will be 

developed so that the value of Nu increases in Case A, B 𝑋𝐿 = 64 and 72 mm than other 

Cases C to E while in 𝑑𝑐𝑤𝑠 case from 8-12 mm, the maximum 𝑆𝑔,𝑇
̇   occurred in the 𝑑𝑐𝑤𝑠 = 

12 mm CWS compared to other cases, i.e., 8-11 mm in every channel length. The highest 

results of thermal entropy generation occur in the smallest values of 𝑑ℎ 𝑋𝐿⁄  = 0.041 for 

Case E (LE,25) and the lowest at the highest value of 𝑑ℎ 𝑋𝐿⁄  = 0.078, Case A (LA,1). The 

maximum value of  𝑆𝑔,𝑇
̇   is 5.41%, 0.80%, 11.91%, 15.76%, and 22.38% for Case A-E 

(LA,11−E,15) respectively, at Re = 16,000. 

      Besides the 𝑆𝑔,𝑇
̇ , the contour of the velocity profile demonstrates that the generation of 

a high majority of 𝑆𝑔,𝐹
̇   is associated with two specific distinct sections: the interaction 

region between the fluid and solid surface of the channel and the place where the slow 

flow faces higher velocity. According to Eq. (3.19), in the contact region of the fluid flow 

and channel surface, the velocity gradient is strong due to the influence of the channel 

wall, resulting in a high rate of 𝑆𝑔,𝐹
̇  is generated. In some parts of the contact regions with 

backflow and ‘elliptical recirculation vortex’, the 𝑆𝑔,𝐹
̇   values are minimum. The FEG 

(Friction Entropy Generation) variations against the Re for the PPHE are seen in Fig. 4.15. 

(b). Clearly, the FEG increases with an increase in the Re. Note that the fluid friction 

increases as the Re becomes more extensive, which increases the friction irreversibility. 

Besides this, the strength of the ERV increases with an increase in the Re due to the fluid’s 

viscosity diffusion. Moreover, the FEG is higher for the SCWSPs in the channel, 

especially at higher values of the Re. The FEG increases by installing the SCWSPs inside 

the PPC. Note that the elliptical recirculation flow occurs in the channel by the SWCSPs. 

This recirculating flow leads to more friction and subsequently increases the FEG. 

 



 

 

Fig. 4.14 Thermal entropy generation vs. Reynolds number. 

       Based on this computational numerical simulation, as mentioned in Fig. 4.6, Fig. 4.8 

and Fig. 4.9, it is attributed that in the ‘elliptical recirculation vortex’ formation region, the 

velocity distribution is more uniform or linear inside the Pillow-plate type channel, and the 

velocity gradient is not much significant as compared with the straight elliptical channel 

duct without SCWSPs, which diminishes the establishment rate of 𝑆𝑔,𝐹
̇ . Since the velocity 

distribution in the ‘elliptical vortex’ region near the SCWSCs and the wall is uniform, the 

fluid flow's velocity gradient is minimal. Consequently, small 𝑆𝑔,𝐹
̇  is developed inside the 

pillow plate in this region. While at the inlet and outlet boundary wall between the vortex 

pair and central zone of the channel, due to the low and high-velocity flow, a significant 

high-velocity gradient is generated because the size and shape of the ‘elliptical vortex’ pair 

change with SCWSCs, sometimes the ‘elliptical vortex’ pair is equal to the diameter CWS. 

Therefore, the velocity gradients behind the SCWSCs are also greater, causing high 

friction entropy generated. The overall conclusion of the section is that the influence and 

involvement of the 𝑆𝑔,𝐹
̇   to the total entropy generation is much more significant than the 



 

𝑆𝑔,𝑇
̇ . The maximum value of the friction entropy generation (𝑆𝑔,𝐹

̇ ) is 28.75%, 28.18%, 

21.00%, 18.74 and 15.77% occurred at Re = 16,000. 

 

Fig. 4.15 Frictional entropy generation vs. Reynolds number. 

4.6.5  Thermal and frictional exergy destruction 

In the second low thermodynamic, there is excess destruction in essential parameters to 

measure resource degradation. Exergy destruction assesses the degraded resources and 

specifies the elements in the resources where degradation occurs. Due to the 

irreversibilities of the system (In this study, we have discussed about the PPHE), the 

exergy degradation decreases. Using the Eqs. (4.6) and (4.7) the 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝑇 and 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝐹 is 

calculated and plotted these values against the 1000 ≤ Re ≤ 16,000 in Fig. 4.16. The 

maximum 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝑇 is 16.13, 24.11, 35.31, 46.96, and 66.69 W for water flowing through 

the PPC at Re = 16,000 for Case A-E (LA,11−E,15), respectively. 

      In Fig. 4.17 it is observed that 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝐹 continuous increases with decreases in the 

channel length configurations while increases with SCWS diameter in all the cases from 

(𝐿𝐴,1−𝐸,25) with Re because the velocity gradient of fluid is more significant. Another 



 

reason is the higher velocity gradient between the fluid and channel surface domain. 

Another essential enhancement factor of the 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝐹 is friction factor (f) higher in the 

channel with SCWSPs than in a medium without SCWSPs. The 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝐹 of the PPC 

against the influence of Re is shown in Fig. 4.17. The 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝐹 increment for (LA,11−E,15), 

𝑑𝑐𝑤𝑠= 10 mm is 0.18-85.67, 0.074-83.98, 0.069-62.58, 0.075-55.83, 0.096-46.98 W for 

the water through the Pillow-plate type heat exchanger Re varies from 1000-16,000. 

 

Fig. 4.16 Thermal exergy destruction vs. Reynolds number. 

 



 

 

Fig. 4.17 Frictional exergy destruction vs. Reynolds number. 

4.6.6 Bejan number and entropy generation number 

Fig. 4.18 depicts the Bejan number (Be) of water passing through the closed pillow-plate 

enclosure channel at various Re. The ratio of thermal entropy generation to total 

irreversibility (due to frictional and heat transfer) is known as the Bejan factor (number). 

The Bejan number is a dimensionless or unitless parameter. The influence of 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝐹 of 

the Pillow-plate type heat exchanger with the effect of ∆𝑝 is reduced as the Bejan number 

approaches one. The maximum number of the Bejan factor (Be) specified that the entropy 

generation enhanced due to the convective heat transfer rate compared to the frictional 

entropy generation and internal irreversibility. 



 

 

Fig. 4.18 Bejan number vs. Reynolds number. 

 

       The Bejan number gradually decreases with Re from 1000-16,000 due to increases in 

the pressure resistance. The maximum increment of the Bejan number occurred at Re = 

1000, and the value is 0.94, 0.98, 0.98, 0.99, and 0.99 from Cases A-E, respectively. The 

total extraction of internal irreversibility in the PPHE is unfeasible or unattainable; in all 

the case 𝑑ℎ 𝑋𝐿⁄  = 0.041-0.078 in that case; therefore, the Bejan factor (Be) does not 

approach 1. By increasing the longitudinal (streamwise) channel length with SCWSPs 

from 𝐿𝐶−𝐸 = 80-96 mm, the internal irreversibility decreased due to low turbulence 

enhancement compared with the 𝐿𝐴−𝐵  = 64-72 mm. Hence, the heat transfer involvement 

of the fluid is insufficient due to the total irreversibility when the Reynolds number 

increased from 1,000-16,000. 

      Whereas Fig. 4.19. shows the influence of 𝑋𝐿 and 𝑑𝑐𝑤𝑠 values on dimensionless 𝑁𝑠 of 

Pillow-plate type heat exchanger configuration and the straight elliptical channel with 

SCWSPs as a function of Re. The fixed parameters value is taken as mentioned in section 

3.2. From the Fig. 4.19. It can be concluded that the increasing rate of the 𝑁𝑠 against the 

values of 𝑋𝐿, and Re continuously. This tradeoff behavior of the graph can be seen in 



 

every Case A-E (LA,11−E,15). Based on the computational information, the results of 𝑁𝑠 

reduces with increases the 𝑑ℎ 𝑋𝐿⁄  ratio, i.e., the values of 𝑁𝑠 minimum for the 𝑑ℎ 𝑋𝐿⁄ = 

0.076 as compared to 𝑑ℎ 𝑋𝐿⁄ = 0.043. However, the values of 𝑁𝑠 for the straight elliptical 

channel is not much higher than PPC with SCWSPs for all values of Re. In addition, Fig. 

4.19. illustrates that a similar increasing trend is followed by 𝑁𝑠 as a function of Re for all 

four values of 𝑑𝑐𝑤𝑠 = 8, 9, 10, and 11 mm compared with the straight elliptical channel 

without SCWSPs. The values of 𝑁𝑠 is smaller for 𝑑𝑐𝑤𝑠 = 8 mm compared to 𝑑𝑐𝑤𝑠 = 9 mm, 

𝑑𝑐𝑤𝑠 = 10 mm and 𝑑𝑐𝑤𝑠 = 11 mm. On the other hand, the straight elliptical channel has 

lower values of 𝑁𝑠 as compared to all values of 𝑑𝑐𝑤𝑠 and Re. 

 

Fig. 4.19 Entropy generation number (𝑁𝑠) vs. Reynolds number (Re). 

 

4.6.7 Exergy efficiency and thermal evaluation factor 

Exergy efficiency evaluates the overall effectiveness of an energy system in converting 

available energy into useful work, considering the quality of energy. At the same time, 

thermal performance factor (TPF) specifically assesses the effectiveness of a heat transfer 



 

system in transferring heat between media, without considering the quality of energy. Both 

metrics are important for evaluating and optimizing different energy systems, providing 

complementary insights into their performance. Higher exergy efficiency reflects higher 

energy quality used in the pillow plate channel, making the system more sustainable. In 

contrast, lower exergy efficiencies reflect energy losses and irreversible internal responses, 

resulting in low energy quality and a lower sustainable score. In other words, a reduction 

in the heat dissipation during the flow to the environment and higher heat transfer rate 

exchange between the cold and hot fluid resulting the higher turbulence is a crucial aspect 

of higher exergy efficiency and the thermal evaluation factor of the PPC. The Fig. 4.20 

represent the maximum and minimum 𝜂𝑒𝑥% for all Cases (LA,1−E,25). The 𝜂𝑒𝑥% increasing 

with decreasing the streamwise length and the increasing Re. Due to the SCWSPs 

leadership, a ‘sinusoidal wave’ formation is developed inside the channel, creating an 

‘elliptical vortex’ behind the CWS. This ‘elliptical vortex’ is more significant in the lower 

longitudinal length than the higher longitudinal length and straight elliptical channel; for 

all the Cases (LA,1−E,25). Due to this computational simulation visualization, it is attributed 

that the exergy loss is minimum in the lower streamwise length relative to other 

streamwise sizes and a straight elliptical channel without SCWSCs. In contrast, compared 

to lower 𝑑𝑐𝑤𝑠 i.e., 8, 11, and 12 mm, the higher exergy efficiency or lower exergy loss 

occurred in the 𝑑𝑐𝑤𝑠  = 9 mm and 10 mm, from Re = 1,000-16,000. Identical phenomena 

and results to explain the increases or decreases of exergy efficiency for other cases 

LA,1−E,25. This computational observation may be attributed to the fact that the ‘elliptical 

vortex formation’ is not much significant in the higher LC,E = 320, 352, and 384 mm, 

hence low irreversibility and fluid separation occurred on the surface of pillow-plate type 

HEs. In addition, there might be another reason for heat transfer augmentation is better to 

contact between fluid flow and the pillow-plate channel surface.  



 

 

Fig. 4.20 Exergy efficiency vs. Reynolds number. 

 

In other words, compared to the higher longitudinal length 𝐿𝐶−𝐸 and straight elliptical 

channel enclosure duct, the exergy loss is minimum in 𝐿𝐴 and 𝐿𝐵. These results could be 

attributed to a low-temperature gradient distribution in the ‘elliptical vortex’ flow rate 

causing low turbulence strength and less irreversibility, which causes reduced exergy loss 

behind the SCWSPs because of the expansion of the length. At the lower Re = 1000-2000, 

the energy utilized by the lower longitudinal length is maximum compared to the higher 

channel length because of the surface area. The exergy efficiency is low in the case 𝐿𝐸 

compared to 𝐿𝐴 because of the decreases in the flow rate resulting in the reduction in 

turbulence and less irreversibility, which are responsible for the low exergy efficiency. 

However, the decreased entropy generation of the fluid in the case 𝐿𝐴, while higher 

turbulence and the rate of irreversibilities in the PPC lead to enhanced exergistic 

efficiencies. A similar argument may be used to explain the increases or decreases in 

exergy efficiency for other cases.  



 

 

Fig. 4.21 Thermal evaluation factor (𝜂𝑒𝑓𝑓) variation with Reynolds number (Re). 

The heat transfer and flow resistance must be considered together to calculate the overall 

performance of the PPHE. We can use thermodynamic performance or thermal evaluation 

factors to determine the heat exchanger's efficiency [98].  

 

TEF = (Nu/Nu0)/(f/f0)
0.33 (4.15) 

 

Fig. 4.21. illustrates the variation of TEF (𝜂𝑒𝑓𝑓) with Re for the various PPC (𝐿𝐴−𝐸= 256-

384 mm). It can be distinguished that the TEF is directly dependent on Nu and f, which 

means the Nu and f affect the thermal evaluation factor of the channel. In all cases 𝐿𝐴−𝐸, 

the TPF is more than unity for Re = 1000-16,000. The maximum TPF occurs at Re 1000-

2000. But when Re increases further (4,000-16,000) for all Cases of 𝐿𝐴−𝐸 = 256-384 mm, 

the TPF starts decreasing. The thermal performance evaluation is enhanced by a factor of 

approximately 1.25-1.43 (𝑟 = 0.074-0.078), 1.21-1.35 (𝑟 = 0.063-0.068), 1.14-1.34 (𝑟 = 

0.055-0.059), 1.30-1.49 (𝑟 = 0.048-0.052) and 1.27-1.52 (𝑟 = 0.041-0.045) at Re = 1000-

2000. Justifying which pillow-plate type channel is better at lower Re is challenging. 

Whereas, with increasing the value of Re = 4000-16,000. The case 𝐿𝐴 and 𝐿𝐵 with 𝑑𝑐𝑤𝑠 = 



 

9 and 10 mm provide much more significant results than other cases 𝐿𝐶−𝐸, and straight 

elliptical channel. The overall conclusion is that the decrement in TEF with increasing 𝑋𝐿 

is inefficient at higher Re = 4000-16,000. Note that, it is possible for a particular 

streamwise length of a PPHE to have different values for exergy efficiency and thermal 

performance factor. This discrepancy arises because exergy efficiency and thermal 

performance factor measure different aspects of the PPHE's performance. Exergy 

efficiency evaluates the overall effectiveness of the PPHE in converting available energy 

into useful work or energy output while considering the quality of energy and accounting 

for irreversibility in the process. This measure considers factors such as fluid friction, heat 

transfer across finite temperature differences, and mixing, which can impact the exergy 

efficiency of the PPHE. 

         On the other hand, the thermal performance factor (Nu/Nu0)/(f/f0)
0.33) specifically 

assesses the effectiveness of the PPHE in transferring heat between media, without 

considering the quality of energy (work). It evaluates the ratio of actual heat transfer 

achieved by the PPHE to the input energy or work required for that heat transfer, focusing 

solely on the thermal aspects of the system. 

         Therefore, different operational conditions, design parameters, or system 

configurations may lead to variations in exergy efficiency and thermal performance factor 

for the same length of the pillow-plate heat exchanger. For example, changes in fluid flow 

rates, temperatures, or materials may affect the exergy efficiency differently than their 

impact on the thermal performance factor (TPF). As such, it is essential to consider both 

metrics independently when evaluating the performance of the heat exchanger and 

optimizing its design or operation. 

 

 

 

 

 
 

 

 



 

Chapter - 5: Effect of SCWSP-VGs on Thermal-

Hydraulic Performance of Pillow-Plate Heat 

Exchanger (PPHE) 
 

Vortex Generators (VGs) are an innovative heat transfer enhancement in traditional heat 

exchangers. With this technique, the study investigates the combined impact of upper-

lower Staggered Circular Welding Spot Patterns (SCWSP) and VGs, termed SCWSP-

VGs, in a periodic enhanced Pillow-plate type heat exchanger (PPHX) using ANSYS 

Fluent 18.1. Numerical results reveal SCWSP-VGs induce a periodic velocity profile and 

opposite elliptical recirculation vortex (OERV) turbulence, significantly improving 

thermo-hydrodynamics compared to straight elliptical channels.  

5.1  Introduction 

The rapid development of technology for heat transmission within heat exchangers (HXs) 

is evidence of the widespread interest of the research community in potential applications. 

The evolution of thermal devices, combined with enhanced computational simulation 

capabilities, has transformed channel surfaces to optimize heat transmission and meet 

stringent efficiency and performance criteria. Despite these advancements, the inherent 

challenge of efficient heat transfer in HXs persists, primarily because of lower surface-to-

volume ratios. 

        Several types of conventional heat exchangers, such as Compact heat exchangers 

(CHXs) [99], Triple tube heat exchangers (TTHXs) [100], Helical coil heat exchangers 

(HCHXs) [101], Twisted double-pipe heat exchangers (TDPHXs) [102], Fin and tube heat 

exchangers (FTHXs) [103], a Spiral wound heat exchanger (SWHXs) [104], Concentric 

heat exchanger (CHXs) [105] and Plate heat exchangers (PHXs) [106], have found 

extensive applications in diverse fields, including HVAC&R, manufacturing processes, 

electronics cooling, aerospace, defense, solar, and automobile engineering [107]. 

        Enhancing the thermal performance of the above traditional HXs often involves 

various augmentation techniques, focusing on artificially roughened surface modifications. 

Strategies such as disrupting boundary layer formation, increasing turbulence intensity, 

utilizing high thermal conductivity working fluids, and inducing secondary flows are 

commonly employed. Notably, vortex generators (VGs) are pivotal in improving heat 

transfer efficiency in certain conventional HXs. Extensive research in published literature 



 

investigates the heat transfer performance of traditional HXs incorporating different VGs, 

employing experimental and numerical methods. Common geometric forms of VGs 

include multiple V-shaped ribs and grooves [98,108] (used in solar heaters), triangular 

winglets, rectangular winglets, trapezoid winglets, and wavy grooves [109]. 

      In this regard, Ahmed et al. [110] and Biswas et al. [111] have thoroughly examined 

active approaches for improving VG performance, including rectangular winglet pairs, 

delta wings, and delta winglets. The generation of longitudinal vortices by VGs and/or 

tubes enhances heat transfer without imposing a substantial heat penalty. Furthermore, 

VGs are adept at directing upstream fluid flow effectively, thereby impeding reflux and 

reducing the area of the wake region. Habchi et al. [112] numerical investigations reveal 

that counter-rotating vortices, induced by VGs, significantly contribute to the heightened 

heat transfer coefficients observed in multifunctional heat exchangers. Lei et al. [113] 

employ Computational Fluid Dynamics (CFD) methods to examine heat transfer 

characteristics using delta-winglet VGs in parallel studies. Their findings indicate that VG 

configurations in a common-flow-up arrangement accelerate fluid flow, postpone 

separation, and augment heat transfer. Moreover, as Reynolds numbers increase, heat 

transfer coefficients also rise. The strategic combination of circular tubes and winglet pairs 

demonstrates noteworthy enhancements in the overall performance of the heat exchanger. 

        The investigation into techniques for enhancing heat transfer, particularly through the 

application of vortex generators (VGs), remains a central focus in the heat exchanger (HX) 

research [113]. The literature review emphasizes the crucial role of VGs in directing fluid 

flow, minimizing wake regions, and optimizing heat transfer across diverse heat exchanger 

configurations [114]. Continued progress in understanding the underlying mechanisms and 

key parameters influencing heat transfer will play a pivotal role in the ongoing 

development of heat exchanger technology. 

        The current literature explores diverse methods to enhance heat transfer, 

encompassing artificial roughness, turbulators, and various types of winglets on heat 

exchanger surfaces. In other words, existing research on PPHX predominantly 

concentrates on performance analysis involving different working fluids, structural 

parameters, and turbulence techniques as shown in Table 5.1. Against this background, a 

substantial research gap exists in understanding the role played by vortex generators 

(VGs), particularly the concept, mechanism, and phenomena associated with PPHXs. This 

manuscript introduces a unique approach by proposing and implementing Staggered 



 

Circular Welding Spot Patterns-Vortex Generators (SCWSP-VGs), strategically punched 

onto pillow-plate surfaces. 

         Conventional heat transfer techniques utilized in various thermal industry 

applications are inadequate to meet the escalating demands placed on HXs. While Pillow-

plate type heat exchangers (PPHX) have gained popularity owing to their design 

flexibility, structural integrity, and cost-effective production process, there is a pressing 

need for further enhancements in their energy saving, heat transfer capabilities, and overall 

thermal performance.  

       The PPHX is a distinctive type of HX characterized by an intricate wavy structure 

[64], whose fabrication design and performance similarities to Plate Heat Exchangers 

(PHXs). The PPHX consists of a singular sealed component with entry and exit points. 

The two plates are seam-welded at the ends and sides, while the central section is laser 

spot-welded in either an aligned or alternated (staggered) pattern. Hydroforming expands 

the two welded metal sheet plates, creating an internal flow channel with mainstream 

velocity. The inline or staggered arrangements of the spot-welding patterns influence the 

thermo-hydraulic performance of PPHXs. Due to its completely sealed channel, it finds 

ideal applications in the food, chemical, and pharmaceutical industries and in HVACR and 

scenarios involving toxic fluids. Material and manufacturing limitations play an important 

role, with the materials' thermal conductivity and corrosion resistance inducing the 

available shapes. In addition, the three-dimensional wavy profile promotes flow 

separation, enhancing mixing and the rate of heat transfer augmentation. 

      Piper et al. [8] recently proposed a reliable design method for PPHXs based on 

forming simulations, accurately replicating the automatic three-dimensional wavy PPCCs 

by modeling the industrial PP process. However, this method falls short of determining the 

optimal structural parameters for PPHXs. Another study by Vocciante et al. [30] utilized 

Open-FOAM simulation software to explore various turbulence techniques (3000 ≤ Re ≤ 

8000) in the PPC. Their research focused on pressure losses, revealing that DES (Detached 

Eddy Simulation) presented a beneficial arrangement, exhibiting lower computational 

costs and easier organization than LES (Large Eddy Simulation) simulation.  

     Enhancing heat transfer through VGs (vortex generators), turbulence promoters, or 

turbulators represents a passive method to generate streamwise vortices, inducing 

significant turbulence in fluid flow across heat transfer surfaces. VGs disrupt the flow 

field and boundary layer growth and induce fluid swirling, promoting a robust exchange of 



 

core and wall fluid. This, in turn, leads to improved heat transfer between the flowing fluid 

and the channel walls [115]. 

 

Fig. 5.1 Schematic diagram of PP (a) Isometric view (b) Top view (vertical cut) (c) PPC 

 

 

 

 

 

 

 



 

5.2 Objectives 

The PPC with SCWSP-VGs can be characterized in non-dimensional form by the 

following parameter: - 

 

𝑠𝑟 = 𝑋𝐿 − 𝑑𝑐𝑤𝑠 𝑌𝐿 −⁄ 𝑑𝑐𝑤𝑠 (5.1) 

 

This entity is equal to one for an equidistant configuration (𝑋𝐿 − 𝑑𝑐𝑤𝑠 = 𝑌𝐿 − 𝑑𝑐𝑤𝑠), 

smaller than one for a spanwise configuration (𝑋𝐿 − 𝑑𝑐𝑤𝑠 < 𝑌𝐿 − 𝑑𝑐𝑤𝑠) and greater than 

one for a streamwise configuration 𝑋𝐿 − 𝑑𝑐𝑤𝑠 > 𝑌𝐿 − 𝑑𝑐𝑤𝑠. The hydraulic diameter (𝑑ℎ) is 

determined according to the technique proposed in [9]. Fig. 5.1 shows a schematic channel 

domain diagram for the PPC. The PPC system in the current work is a horizontal 

rectangular channel of five different configurations (four channel) with a total length 

(cases A-E) LA-E = 256 mm, 288 mm, 320 mm, 352 mm, and 384 mm as shown in Fig.5.1 

(a, b, (single channel) and c) and Table 5.1. In the Fig. 5.1 (c) we have mentioned eight 

channels but due to computational effort reduce it up to fourth section/channel. The whole 

PPC categorized in four sections, i.e. entry section (first channel), working section (second 

and third channel), and exit section (fourth channel) for all the cases A-E. The entry and 

working section provide completely developed flow distribution condition while the exit 

section reduces the effects of downstream disturbance. In this simulation, it is assumed 

that the flow distribution inside the channel is uniform, and any potential effects of 

maldistribution, which may arise due to improper configuration and the complex geometry 

of the PPHX, are disregarded. Case B (Fig. 5.2) is reference geometry 𝑋𝐿 = 72 mm, 𝑌𝑇 = 

42 mm, ℎ𝑖 = 3.4 mm and 𝑑𝑐,𝑤𝑠 = 10 mm are taken as the computational domain for the 

validation depicted in Fig. 2. Various values of 𝑋𝐿, 𝑌𝐿, 𝑑𝑐𝑤𝑠, ℎ𝑖, 𝑑ℎ and 𝑠𝑟 [21] are 

reported in Table 5.1. 

Table: 5.1 Currently used numerical parameters in computational investigations 

(all dimensions in mm). 

Cases 𝑋𝐿 LA-E 𝑌𝐿 𝑑ℎ 𝑟=𝑑ℎ 𝑋𝐿⁄  ℎ𝑖 𝑑𝑐𝑤𝑠 𝑠𝑟 

A 64 256 42 4.86 0.076 3.4 10 1.69 

B 72 288 42 4.76 0.066 3.4 10 1.94 

C 80 320 42 4.58 0.057 3.4 10 2.19 

D 88 352 42 4.36 0.049 3.4 10 2.44 

E 96 384 42 4.11 0.043 3.4 10 2.96 

 



 

5.3 Description of the numerical Method  

5.3.1 Computational simulation 

The transition SST (k-𝜔) model is used in the current computational study to represent the 

turbulence phenomena in Menter's Reynolds-averaged Navier-Stokes equations (RANS) 

[71]. In many computational tests, the transition SST (k-𝜔) model of turbulence is more 

effective at forecasting the boundary layer under strong pressure adverse gradients and at 

solving turbulence parameters close to the wall regions. The turbulence model's equations 

are shown below [71]. 

5.3.2 The assumptions for the solution domain 

The study of fluid flow and heat transfer characteristics considers the following 

fundamental assumptions: 

1. The flow is 3-D (three-dimensional), incompressible fluid, turbulent flow, in a steady 

state. 

2. The influence of gravity and other body forces is considered negligible. 

3. It is assumed that the PPC wall is hydro-dynamically smooth because the study 

concentrates on the effects of different structural characteristics in each situation. 

4. No slip boundary is used in this simulation, and the velocity is fully developed at the 

inlet and outlet. 

5. A single-phase model is considered for simulation. 

6. Viscous dissipation is ignored. 

5.3.3 Boundary conditions and solver setting 

With the following properties: specific heat (Cp) of 4.184 kJ/(kg. K), density (ρ) of 998.2 

kg/m3, viscosity (μ) of 8.90×10-4 Pa.s, thermal conductivity (k) of 0.6 W/m.K, temperature 

inlet (Tin) of 298.15 K, and wall temperature (Tw) of 323.15 K, water is used as the 

working medium. At the inlet surface, a uniform velocity profile with a velocity 

magnitude of 0.1875 m/s in the face normal direction—which corresponds to Re = 1000—

has been provided. At the outlet plane, the outflow boundary condition is applied. 

Conjugate heat transfer is simplified by the transfer between the fluid and walls; this is a 

crucial factor since it closely approximates the actual flow circumstance. Maintaining a 



 

consistent temperature on these walls could lead to inaccurate performance indicator 

estimates. 

 

Fig. 5.2 Schematic diagram of one PPC (a) Isometric view (b) Side view 

 

       Fig. 5.1 (a, b, and c) and Fig. 2 (one channel for reference) depict the symmetrical 

arrangement of PPHX geometry around the horizontal cutting lines. These two surfaces, C 

and D, are subjected to the symmetrical boundary condition. Because of the periodic 

geometry in the longitudinal direction, the flow pattern on either side of these two faces, C 

and D, or surface, is identical; thus, the flow can be repeated without losing simplification 

[76,116,117]. Therefore, PBC (Periodic boundary condition) is applied to these two faces, 

A and B. When both periodic and symmetrical boundary conditions are imposed, it 

becomes clear that the computational domain can be reduced while maintaining its 

essential features, as illustrated in Fig. 5.2. Because the CWS are also staggered, we only 

consider a longitudinal length compared to spanwise length because more effective results 

occur mentioned in the previous articles and journals [32,92]. 

      The second-order upwind approach discretizes the dissipation rate and energy 

equations. All conservation equations have a solver tolerance of 10−5 applied to 



 

computations by monitoring the residues of continuity, velocity, and energy equations. To 

predict the values of Nu, f, and the Colburn j-factor, steady-state simulations use the SST 

k- 𝜔 turbulent flow model for the entire flow field. The SIMPLEC (Semi-Implicit Method 

for Pressure Linked Equation Consistent) algorithm maintains pressure and velocity 

coupled (refer to section 3.4). The traditional scheme has been used for pressure 

discretization [118]. The kinetic energy and momentum of turbulent flows are discretized 

using the QUICK technique. 

 

Table. 5.2 The impact of various mesh sizes on Nu. 

Type No. of 

elements 

Nu Improvement in 

Nu 

% Improvement 

‘Grid-1’ 1624578 61.15 - - 

‘Grid-2’ 2145678 63.21 2.06 3.4 

‘Grid-3’ 2845712 65.96 2.75 4.4 

‘Grid-4’ 3512468 67.10 1.14 1.7 

‘Grid-5’ 4212475 67.50 0.4 0.5 

 

5.3.4 Grid independence test 

When discretizing the basic governing equations, creating an accurate mesh structure is 

important. Tetrahedral meshes are used to precisely and accurately solve the governing 

equations, post-processing, and obtain all necessary physical phenomenon information for 

the numerical simulation by simulating the fluid flow structure and heat transfer for the PP 

domain. To provide a consistent and precise solution independent of the grid domain at a 

reasonable computing cost, we verify the grid independence of five grids. Alignment in 

case B is considered for grid sizes between 1,624,578 (very coarse) to 4,212,475. 

(extremely fine). A mesh of five grids, totaling 4,212,475 grids, has been selected to carry 

out the computations, providing acceptable precision of the results, because the variation 

of the excellent grids is below 1%. 

       Simulation models simulate water flow inside a channel with a re-circular vortex, a 

longitudinal vortex, and a circular zone in the streamwise (longitudinal) direction, all with 

identical boundary conditions. Fig. 5.4 and Fig. 5 are taken from an experiment conducted 

by Tran et al. [51,76] and used to verify the accuracy of the numerical method. At Re = 



 

1200, 2800, 4200, 6500, and 7,800, the results of the current numerical model are in good 

agreement with the experimental data [51,76]. Numerical results based on the most up-to-

date experimental data show that the maximum values for Nu and static pressure drop 

(∆𝑝/L) are smaller than 5.38% and 26%, respectively. 

 

 

 

Fig. 5.3 (a) Meshing and (b) close mesh view of PP domain  

 

 

(a) 

(b) 



 

5.4 Computational results and discussion  

In this study, computational simulation examines the combined impact of SCWSP-VGs on 

flow structure and hydro-thermal performance for five different configuration including 

case A, case B, case C, case D, and case E at the middle portion (surface) of the PPC at 

1000 ≤ Re ≤ 16000. The other parameters, including ℎ𝑖 or 𝑑ℎ and 𝑌𝐿, are considered fixed 

values.  

5.4.1 Effect of SCWSP-VGs and 𝑿𝑳 on velocity and temperature 

distribution 

           The X-Y plane streamlining of 𝑑ℎ 𝑋𝐿⁄  = 0.076 & case A at Re = 2000, identical to 

[93] is presented in Fig. 5.4. At lower Re, i.e., Re = 1,000 and 2,000, low flow velocity 

profile occurred. Still, when the flow velocity encounters the center SCWSP-VGs and the 

convergent-divergent portion shaped by them, the fluid's intensity amplifies. It is diverted 

inward towards the center and outward towards the wall region. This redirection causes 

the flow to narrow, exhibiting both convergent and divergent behavior, primarily 

influenced by the SCWSP-VGs positioned in the channel's central area. Due to the upper-

lower half and center full SCWSP-VGs, a periodic velocity profile developed inside the 

PP-type channel and relatively intense turbulent mixing between the surface wall and the 

core flow regions, significantly enhancing the convective heat transfer. This sinusoidal 

wave velocity profile forms an 'OERV' (Opposite elliptical recirculation vortices) region 

behind every SCWSP-VGs and near the wall, inlet, and outlet region.   

 



 

 

Fig. 5.4 Streamline profile and longitudinal vortex 

formation at 𝑑ℎ 𝑋𝐿⁄  = 0.076 and Re = 2000. 

          Moreover, under the same diameter of SCWSP-VGs, a comparison of the periodic 

velocity distribution flow field along the longitudinal direction of different cases (LA-E) at 

Re = 2,000 is presented in Fig. 5.5. Notably, in all the cases (LA-E), wake regions behind 

SCWSP-VGs are extensive. Strong opposite recirculation flow impedes fluid flow on 

downstream compared with straight elliptical channel (without SCWSP-VGs). In the 

straight elliptical channel case, no secondary flow is observed because SCWSP-VGs are 

absent. However, in all the cases (LA-E) of PPC, secondary flow is induced by SCWSP-

VGs and the periodic enhanced surface. These observations indicate that the SCWSP-VGs 

generate secondary flow, which is crucial in enhancing fluid flow characteristics and heat 

transfer rate. 

    Furthermore, because of the SCWSP-VG's leadership, the continuous growth of high-

speed 'OERV’ in the channel, which has an impact on the vortices zone at the back side of 

the SCWSP-VGs at the center or near-wall region (the upper and lower portion in the 

channel), has significantly reduced backflow in this zone. Here it is noted that the center 

region of all the recirculation or vortices zones is bright compared to other areas in the 

channel (near the rear side of SCWSP-VGs) (cases A-E) in Fig. 5.5. The reason is that the 

rotation of 'OERVs' fluid (upward and downward) in this area is from inward to outward. 

These ‘OERV’, induced by the SCWSP-VGs, contribute significantly to the overall 

improvement in fluid flow patterns and heat transfer efficiency in the PPC. In addition, 



 

compared to other cases B to E, in case A, i.e., 𝑋𝐿= 64 mm, the flow-separation and 

'OERV' region are more effective because of the vortices zone. Thus, relatively high 

turbulence is developed that caused a high Nu increment in case-A at Re = 1000. 

Consequently, mixing the cold fluid in the center core flow and hot fluid in the near-wall 

region is improved. Therefore, the core flow rate inside the channel increases in Case A's 

outlet region. Similar phenomena also occur in other cases B-E, for all the Re = 1000-

16000. Furthermore, due to this high mixing, more turbulence occurs behind the SCWSP-

VGs that removes the stable/static fluid from the rear side of SCWSP-VGs, causing the 

relatively high heat transfer enhancement in case A compared to other cases B-E.  

    In addition, Fig. 5.5. (cases A, B, C, D, and E) illustrates the 'sinusoidal temperature 

contour field and scattering profile’ inside the PPC at Re = 2000. The 'sinusoidal 

temperature distribution profile' significantly fluctuates at different Re = 1000-16000. 

From Fig. 5.5, it can be recognized that the temperature is reduced in the 'OERV' zone 

than in the wall section. In addition, compared to case A and case B, when XL, of the 

channel extended, the surface area between the SCWSP-VGs is more; thus, more linear 

and uniform flow occurs in cases C, D, and E. Consequently, the velocity and pressure 

resistance reduced in cases C, D and E caused the influence of 'OERV' and 'SF' in the 

channel diminish. As a result, the ℎ𝑐𝑜𝑛𝑣 slowed down, and pressure resistance, with an 

increase in the XL, is reduced. Furthermore, the temperature scattering is decreased at the 

hot 'OERVs' pair zone than the wall section when the ratio of 𝑟 = 𝑑ℎ 𝑋𝐿⁄ , decreases with 

Re increases. That is another reason that indicates that the ℎ𝑐𝑜𝑛𝑣 decreases with increases 

in the XL, of the channel with more SCWSP-VGs. This can be attributed to the fluid 

velocity decreasing with the channel's length. Similar results are mentioned by Shirzad et 

al. [34], who elucidated that the heat transfer factor reduces with increases in the XL.  

   Furthermore, the heat transfer rates are also lower in the upstream half of the channel 

wall in all PPCCs because of flow separation and recirculation. This is because the 

turbulent mixing in the near-wall flow region is significantly enhanced because of the 

'OERV' flow shedding from the PP. However, in the downstream half of the PP wall, 

especially next to the SCWSP-VGs, the ℎ𝑐𝑜𝑛𝑣 has significantly improved. In addition, the 

heat transfer reveals much higher values along the leading edge of the SCWSP-VGs due to 

the thermal entrance flow effects. It drops drastically after that. In other words, heat 

transmission appears to be considerably influenced by thermal entrance effects, as 



 

depicted in Fig. 5.5, leading to almost complete development after the fourth SCWSP-VGs 

configuration. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.5 Velocity contour and Temperature contour case (A-E) inside the PPHX with a 

computational domain at Re = 2,000. 

 

                                     According to the simulation results, the convective heat transfer 

enhancement in the channel with SCWSP-VGs is much more significant than in the 

without SCWSP-VGs. Because of the straight slope of the upstream PP surface, the 

insufficient heat transfer in this area is concentrated there. More flow separation and 

recirculation occur in the upstream half of the channel at a lower Re = 2000, as shown in 

Fig. 5.5, creating the low heat transmission region more prominent than at a higher Re = 

16000. Heat transfer enhancement of the PPC is thus significantly diminished at lower Re 

= 1000-2000. 
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5.4.2 Effect of SCWSP-VGs and LA-E on Nusselt number, and friction 

factor 

As depicted in Figs. 5.6, 5.7, and 5.8, it is observed that with an increase in Re, the Nu also 

rises for all the cases (A-E) with SCWSP-VGs. Notably, the Nu value in the scenario with 

SCWSP-VGs is consistently more significant than that without VGs, i.e., straight elliptical 

channel. This observation underscores that SCWSP-VGs effectively generate longitudinal 

vortices and enhance the intensity of secondary flow, as shown in Fig. 5.6. Furthermore, 

the disparity between the Nu values in cases with and without SCWSP-VGs becomes more 

pronounced at higher Reynolds numbers, specifically Re ≤ 4000. This significant 

difference emphasizes the crucial role played by SCWSP-VGs on the PP surfaces in 

inducing secondary flow, ultimately leading to heat transfer enhancement. The findings 

indicate that SCWSP-VGs contribute significantly to improving heat transfer on the 

surfaces of PPHX.  

 

 

 

 

 

 

 
Fig. 5.6 Surface Nusselt number variation inside PPC with SCWSP-VGs for case A-E at Re = 

2000. 

 

                     The Nu is presented along the mainstream direction in Fig. 5.6 and Fig. 5.7, 

depicting the cases with and straight elliptical channel (without SCWSP-VGs). A 

consistent trend is observed where Nu decreases along the streamwise direction for all the 

cases A-E. Notably, in most positions, Nu on all the PP surface cases with SCWSP-VGs 

exceeds the corresponding values in the straight elliptical channel duct. Significantly, the 

Nu values on the PPC surface with SCWSP-VGs case exhibit a substantial increase, 

particularly in the wake regions, compared to the case without SCWSP-VGs. These 
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findings affirm that SCWSP-VGs effectively guide fluid flow into the wake region, 

leading to a noteworthy improvement in heat transfer on the PP surface in contact with the 

wake region. 

 

Fig. 5.7 Nusselt number for different Reynolds numbers (Re) through the PPC with 

SCWSP-VGs for 𝑑ℎ 𝑋𝐿⁄  = 0.076-0.043 and 𝑋𝐿 = 64-96 mm. 

           As shown in Fig. 5.7, the Nu growths with 𝑟 = 𝑑ℎ 𝑋𝐿⁄  for all 𝑑ℎ/𝑋𝐿, values, and 

with Re for all cases LA-E. Because the Nu is a direct dependent function of the Re. The 

higher and lower value of Nu is obtained at Re = 1000 and 16,000, respectively, for 𝑋𝐿 = 

case A (64 mm) (i.e., 𝑟 = 0.076). Based on the computational results, the Nu increases 

linearly in cases A and B with Re but decreases individually with an increase in the 𝑋𝐿, of 

the channel cases = C-E. The smaller 𝑋𝐿, developed more turbulence and flow separation, 

which caused case A to provide maximum Nu compared to the other channel case B-E, 

and the straight elliptical channel duct (without SCWSP-VGs). It is attributed that the 

strength of the 'OERV' flow enhanced by periodic wavy structure on the channel increases 

with decreases in the 𝑋𝐿, i.e., in cases A and B, the possibility of the 'OERV' flow 

increases with increases in the streamwise length of PP type HXs. The computational data 

showed that the variation of Nu between cases A and B is not much more significant. The 



 

value of convective heat transfer coefficient (in terms of Nu) increment at Re = 1,000 is 

41.34% (Case A), 42.93% (Case B), 42.48% (Case C), 37.38% (Case D), 31.57% (Case E) 

and at Re = 16,000, 35.06% (Case A), 31.41% (Case B), 28.52% (Case C), 26.01% (Case 

D), 16.09% (Case E) for all 𝑑ℎ/𝑋𝐿, compared to the straight elliptical channel. 

    According to Fig. 5.7, there is a more significant variation in Nu among all Cases A-E 

with different 𝑋𝐿 , 𝑑ℎ and ℎ𝑖. Fig. 5.8 compares the Nu/Nu0 for all the cases A-E at 

1000≤Re≤16000, which rises with the increase in Re in each case except lower Re ≤ 

4000. All Nu/Nu0 values are more than 1. The dissimilarity is observed more instinctively 

via Nu/Nu0, showing that using SCWSP-VGs significantly improves heat transfer. It is 

suggested that the value of Nu/Nu0 of all cases A-E exhibits a similar trend with increasing 

Re. It is also attributed that a contrary tendency is observed at a specific Re, between 

8000-16000, relative to that at lower Re. 

 

 

Fig. 5.8 Nusselt number ratio for different Reynolds numbers (Re) through the 

PPC with SCWSPs for 𝑑ℎ 𝑋𝐿⁄  = 0.076-0.043 and 𝑋𝐿 = 64-96 mm. 

             

          The maximum and minimum values of Nu/Nu0  are 1.74 (Re = 1000, Case C) and 

1.19 (Re = 16000, Case D), respectively. In the case of A, the Nu/Nu0, rises, falls, and 



 

becomes constant from Re = 6000-16000. A similar trend can be seen in other cases were 

plotted against Re, resulting in higher data near the SCWSP-VGs and the wall area at Re = 

1,000-2,000. Case A (64 mm) and case B (72 mm) provide the highest Nu/Nu0 values 

among the cases except including case C (80 mm), case D (88 mm), and case E (96 mm) 

at higher Re, while case B (72 mm) shows the highest sensitivity to Re. However, an 

opposite tendency is confirmed when Re is significantly larger than 1000–2000.  

Moreover, case D and case E’s Nu/Nu0 values increase much slower with Re than in other 

cases. Such higher values in Nu/Nu0 are observed to be enhanced when the 𝑑ℎ/𝑋𝐿 is high 

and decreased in the lowest 𝑑ℎ/𝑋𝐿. When 𝑑ℎ/𝑋𝐿 is reduced to lower, the maximum value 

of Nu/Nu0 becomes nearly linear or constant against the increase in Re. The PP with 

SCWSP-VGs offers the highest Nu/Nu0 value and more sensitivity than without SCWSP-

VGs, according to a thorough computational data analysis. When the SCWSP-VGs are 

attached to the inner wall of the channel, heat transfer enhancement performance is better 

than when it is fixed on the outer wall. It's also important to recall that in cases A, B, and 

C with SCWSP-VGs, the Nu/Nu0 value does not significantly change when Re ≤ 2000. 

Concerning 𝑑ℎ/𝑋𝐿, it is indicated that the highest 𝑑ℎ/𝑋𝐿 provides the highest Nu/Nu0 at a 

given Re, indicating that a higher 𝑑ℎ achieves more significant heat transfer augmentation. 

Although an increment 𝑑ℎ/𝑋𝐿, bring about a higher Nu in SCWSP-VGs cases. However, 

in straight elliptical channel cases, a higher Nu is also obtained with a higher 𝑑ℎ. As a 

result, SCWSP-VGs with a larger 𝑑ℎ/𝑋𝐿  have greater impact than SCWSP-VGs with a 

smaller 𝑑ℎ/𝑋𝐿. 

                Therefore, the convective heat transfer performance is more sensitive to Re 

when fewer SCWSP-VGs are employed. However, Re's effect on convective heat transfer 

rapidly decreases with increasing 𝑋𝐿 and 𝑑ℎ. It is found that at low Re, additional 'OERV' 

zones, mostly behind the SCWSP-VGs, with low heat transfer behavior are formed when 

𝑋𝐿 is increased and 𝑑ℎ is decreased. As Re grows larger, the impact of the central core 

flow increases while the impact of SCWSP-VGs decreases. Under these circumstances, 

the channel with the highest 𝑑ℎ exhibits the most resistibility as Re develops. In contrast, 

the channel with the lowest 𝑋𝐿 behaves most similarly to a straight elliptical channel due 

to the slightest geometry modification compared to other situations. 

       



 

 

Fig. 5.9 Variation of Friction factor against different Re through the PPC with 

SCWSPs for 𝑟 = 0.076-0.043 and 𝑋𝐿 = 64-96 mm. 

 

             The f and dimensionless resistance coefficients f/f0
0.33, shown in Fig. 5.9 and Fig. 

5.10, respectively, show that f decreases with increasing Re in all cases. The use of 

SCWSP-VGs increases f when compared to smooth cases/surfaces. Increasing 𝑑ℎ/𝑋𝐿 

results in a greater f at a fixed Re, with or without SCWSP-VGs. The relationship between 

f and the other variables is given by Eq. (13), where f is proportional to 𝑑ℎ and ∆𝑝 and 

inversely proportional to 𝑋𝐿, and 𝑈𝑚
2. As the Re improves, the f reduces while the ∆𝑝 

increases. As discussed in the previous sub-section 3.1, the velocity becomes linear 

because of channel length enlargement, and the wavy profile or ∆𝑝 decreases. The average 

static ∆𝑝 increases with decreased 𝑋𝐿, and maximum ∆𝑝 near the SCWSP-VGs and the 

wall region presented in Fig. 5.11. Moreover, static ∆𝑝 is also an essential factor in the 

periodic difference, and this phenomenon can improve or enhance the convective heat 

transfer rate.  Fig. 5.9. shows the friction factor (f) variation with the 𝑑ℎ/𝑋𝐿= 0.076-0.043. 

The maximum and minimum f at Re = 16,000 are 64.87%, 61.06%, 58.18%, 55.30%, 



 

40.43%, and 10.80% occurred at Re = 8000 and 1000, respectively, for Case (A-E), 

compared to the straight elliptical channel. 

 

Fig. 5.10 Friction factor ratio for different Re through the PPC with SCWSP-VGs for 𝑟 

= 0.076-0.043 and 𝑋𝐿 = 64-96 mm. 

           Based on the findings shown in Fig. 5.10, it can be observed that all cases of f/f0
0.33 

exhibit a slow and gentle development as the Re increases. No discernible difference 

between cases is observed at low Re, especially cases A to case D (except case E). With 

increasing Re, the disparity becomes more noticeable. It is shown that increasing 𝑑ℎ/𝑋𝐿, 

increases f/f0
0.33, implying that increasing 𝑑ℎ produces a higher friction penalty. Fig. 5.9 

and Fig. 5.10 depict the tendency more intuitively with increasing Re, the difference 

between cases with other 𝑋𝐿, and 𝑑ℎ becomes noticeable. Due to a more prominent 

disruption to the main flow at high Re and intensified flow recirculation behaviors an 

increase in 𝑑ℎ or 𝑑ℎ/𝑋𝐿, leads to an increase in f/f0
0.33 at a given Re. 

          The f/f0
0.33 for all examples of case A-E also increases when Re is greater than 1000-

16000. An ineffective separation caused by an unfavorable pressure gradient and 

reattachment characteristics leads to a low f/f0
0.33, suggesting that the SCWSP-VGs in the 



 

channel behave such a smooth surface at low Re. Increases in Re cause a clear rise in 

f/f0
0.33 as the flow separates from and returns to itself more frequently. For a given value of 

Re, the intensity of the core streamflow flow decreases the SCWSP-VGs' impact.     

 

 

 

 

 

 
Fig. 5.11 Static Pressure profile inside the PPC domain with SCWSP-VGs for case A-E at 

Re = 2000. 

 

          As a result, compared to the smooth duct/channel, the slope of resistance behavior 

f/f0
0.33 increases with Re in the PPC. Furthermore, as previously stated, the situation with 

the least or lowest SCWSP-VGs has the least resistance to developing Re. Due to the 

minor geometry change, situations D and E have the most in common with smooth duct, 

which causes f/f0
0.33 to drop with increasing Re for values of Re greater than 4000.  

5.4.3 Standard correlation of Nusselt number and Friction factor 

        Numerical values for the PPHX's Nu and f are compared in Fig. 5.7 and Fig. 5.9 with 

those of the Dittus-Boelter [119], Gnielinski [120], Blasius correlations [121], Filonenko 

[121], Petukhov [121], and straight elliptical channel. It is typical to employ the Blasius 

equation Eq. (5.12) and Eq. (5.13) and the Filonenko equation Eq. (5.14) to determine 

turbulent flow in a straight elliptical channel. In this case, the experimental values are 

within the allowable range. Based on the computational information, it is seen that the 

trends of the Nu and f of the PPC with SCWSP-VGs are in good agreement with the 

experimental results of Tran et al. [76]. In contrast, the slope of Nu and f with Eq. (5.10)-

Eq. (5.15) for transition SST k-𝜔 gives not significant results except at higher Re. 
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Dittus-Boelter correlation [119]: 

 

Nu = 0.023Re0.8Pr0.4 (5.10) 

  

Gnielinski correlation [120]: 

 

Nu = 
(𝑓 8)(𝑅𝑒−1000)𝑃𝑟⁄

1+12.7(𝑓 8⁄ )1 2⁄ (𝑃𝑟2 3⁄ −1)
 [0.5 ≤ Pr ≤ 2000, 3000 ≤ Re ≤ 5×106]      (5.11) 

 

Blasius correlation (1) [121]: 

 

f = 0.3164Re-0.25 (Re ≤ 2×104)   (5.12) 

 

Filonenko correlation [121]:  

 

f = (1.82lnRe-1.64)-2 (104 ≤ Re ≤ 108) (5.14) 

 

Petukhov correlation [121]: 

 

f = (0.790lnRe-1.64)-2 (3000 ≤ Re ≤ 5×106) (5.15) 

 

5.4.4 Influence of SCWSP-VGs and 𝐗𝐋 on Colburn j-factor 

Colburn j-factor, j = Sr/Pr2/3 (5.16) 

 

          Fig. 5.12 and Fig. 5.13 showed the calculated and simulation results of the Colburn 

j-factor against the various Re values. It can be observed that the velocity flow reveals a 

'periodic' behavior profile in the longitudinal trend. The flow is significantly improved 

between the upper-center-lower SCWSP-VGs. Due to the SCWSP-VGs obstruction, a 

high-velocity zone is developed between the center and upper- lower SCWSP-VGs in the 

direction of fluid flow. As computational results, a central relatively high-velocity region 

is generated in the fluid straight flow path. Moreover, a reverse in fluid flow originated 

near the SCWSP-VGs region because of back pressure flow. The back pressure is mostly 



 

produced by the pressure downstream over the system pressure. Further, to recognize in 

detail the effect of velocity distribution on the thermal performance of PPHX with 

SCWSP-VGs, the Colburn j-factor, and the Re variation are shown in Fig. 5.12 and Fig. 

5.13. The Colburn j-factor is calculated based on the St (Stanton number), Re (Reynolds 

number), and Pr (Prandtl number). The enhancement rate of Colburn j-factor at Re = 

1,000 and 16,000 is 15.49% (case A), 6.98% (case B), 3.26% (case C), 7.23% (case D) 

and 11.94%(case E) and 5.8% (case A), 6.98% (case B), 6.71% (case C), 7.23% (case D) 

and 13.68% (case E). 

 

 

Fig. 5.12 Variation of calculated Colburn j-factor against Re for 𝑟 = 0.076-0.043 

and 𝑋𝐿 = 64-96 mm. 

 

 



 

 

Fig. 5.13 Variation of Numerical Colburn j-factor against Re for 𝑟 = 0.076-0.043 and 

𝑋𝐿 = 64-96 mm. 

 

5.4.5 Calculation of normalized drag coefficient and RAF (Reynolds 

analogy factor) 

Normalized Drag Coefficient (refer to Eq. 3.20) = Cx/Cx0
0.33 (5.17) 

  

Fig. 5.14 presents the dimensionless drag coefficient distribution Cx/Cx0
0.33 in the PPHX. 

For all cases A-E, the ratio Cx/Cx0
0.33 first increases (at Re = 4000), and then fluctuations 

become a constant value when Re is more significant than 6000. It is shown that the 

highest form of drag is found in the 𝑑ℎ 𝑋𝐿⁄ = 0.076 for 𝑋𝐿 = 64 mm (case A), while the 

lowest form drag is found in the 𝑑ℎ 𝑋𝐿⁄ = 0.043 for 𝑋𝐿 = 96 mm (case E). It can be 

observed that the drag is higher in the PPC with a lower 𝑋𝐿 than decreasing with a higher 

𝑋𝐿 with decreasing the diameter of SCWSP-VGs from 𝑑𝑐𝑤𝑠 = 8-10 mm.  



 

 

Fig. 5.14 Variation of Cx/Cx0
0.33 against different Re for 𝑟 = 0.076-0.043 and 

𝑋𝐿 = 64-96 mm. 

 

        The maximum enhancement of the relative drag ratio Cx/Cx0
0.33 is from 0.92-1.18 

(case A), 0.89-1.12 (case B), 0.87-1.10 (case C), 0.87-1.07 (case D), 0.86-1.04 (case E) 

from 1000 ≤ Re ≤ 16000. Based on the computational information, the relative drag 

increases with the 𝑋𝐿, of the SCWSP-VGs. In the authors' opinion, the increment in 

Cx/Cx0
0.33 in the lowest and highest 𝑋𝐿, respectively, are also due to the interaction between 

the upper-center-lower staggered arrangement of the circular welding spot and the area 

captured by the SCWSP-VGs over the entire XL in the PPC.  

        The pillow plate's thermo-hydraulic performance factor or heat-transfer efficiency 

can be described by its ratio of heat-transfer improvement to drag improvement. Most 

researchers and authors [86,122,123] employ one of the following criteria: (St/St0/Cx/Cx0), 

(St/St0/Cx/Cx0)
0.5, and (St/St0/Cx/Cx0)

0.33 [124]. The condition of the computational 

simulation is associated with velocity and temperature gradients flowing through the 

internal PP with sufficient accuracy. As a result, (St/St0/Cx/Cx0)
0.33 is selected as the 

thermo-hydraulic evaluation factor. The expression (St/St0/Cx/Cx0)
0.33 is used in this 

computational simulation. The relationship between the heat-hydraulic efficiency 



 

(St/St0/Cx/Cx0)
0.33 and the Re is shown in Fig. 5.17. In other words, we plotted the average 

quantity dependences and different heat transfer ratio criteria on the various PPC 

configurations in Fig. 5.15. For case A-E, this dependency is monotonic, approaching its 

higher at Re = 1000-2000 while increasing with the Re. The heat transfer augmentation 

factor St/St0 is higher at Re = 2000. The separation and reattachment are less effective with 

low Re, causing low convective heat transfer. 

 

Fig. 5.15 Variation of RAF against different Re for 𝑟 = 0.076-0.043 and 𝑋𝐿 = 64-96 

mm. 

 

       From Re = 1000 to Re = 6000, St/St0 > Cx/Cx0  in every case. With an increase in the 

Re, RAF rapidly grows towards unity or more significant than unity. A lower value in RAF 

is not substantial for cases D and E. Due to a minor increment in the drag for the PP 

surfaces with 𝑋𝐿 = 80 mm to 96 mm (cases C and E) RAF > 1 on the Re range less than 

4,000. Mean values of the drag development, the heat transfer development, and the RAF 

values of the relative drag and heat transfer coefficient for any cases, and the 



 

corresponding Re shown in Fig. 5.15 are determined by the mean values of Cx/Cx0, St/St0, 

and RAF over the Re based on the boundary layer length.   

      Case A and B with SCWSP-VGs provide the lead values of the average heat transfer 

ratio due to the most excellent values of the relative drag coefficient being considered 

higher than the relative heat transfer coefficient. The relative transfer coefficient for cases 

B and C is on the surface with SCWSP-VGs due to uninterrupted mainstream flow regions 

between the upper and lower SCWSP-VGs. However, their relative drag coefficient is 

considerably more significant than the surface without SCWSP-VGs. Case A and B have 

greater heat-hydraulic efficiency values thanks to the lowest values of (Cx/Cx0)
0.33. The 

drag created by SCWSP-VGs was significantly reduced due to the decrease in the 

streamlined curvature generated near the surface of the SCWSP-VGs and the wall of the 

channel. The heat transfer coefficient is highly stable here. It improves the surfaces' heat 

transfer and hydraulic efficiency. 

       The (St/St0/Cx/Cx0)
0.33 is more significant than unity for all cases A-E against the Re. 

This quality is the greatest for case E, (St/St0/Cx/Cx0)
0.33 = 1.88/1.09, and the least for case 

A (St/St0/Cx/Cx0)
0.33 = 1.65/0.93. For cases B, C, and D, the expression (St/St0/Cx/Cx0)

0.33 

equals 1.74/1.02, 1.78/1.00, and 1.80/1.03, respectively, at Re = 1000/16000. 

 

5.4.6 Performance evaluation criteria of PPHE with SCWSP-VGs 

Performance evaluation criteria [117],  

 

(PEC) = (Nu/Nu0)/(f/f0)
0.33 (5.18) 

 

The (Nu/Nu0)/(f/f0)
1/3 of cases A-E is presented in Fig. 5.16 against Re. It can be 

distinguished that the PEC is directly dependent on Nu and f. The (Nu/Nu0)/(f/f0)
1/3 values 

of most working points are higher than 1, indicating outstanding thermal efficiency 

compared with smooth cases against additional flow resistance. 

     The highest and lowest (Nu/Nu0)/(f/f0)
1/3 are 1.68 and 1.39 for cases A and E, 

respectively, at Re = 1,000. The PEC of individual cases first increases and then descends 

with a growing Re, leaving the highest rate when Re varies from 1,000-2,000. These peak 

values occurred from cases A to E configuration when 𝑑ℎ 𝑋𝐿⁄  and 𝑋𝐿 drops. It is indicated 

that the (Nu/Nu0)/(f/f0)
1/3 of all cases decreases with the increase in Re. It is also shown 



 

that a lower 𝑑ℎ 𝑋𝐿⁄ , offers a higher (Nu/Nu0)/(f/f0)
1/3 at a given Re. The maximum 

(Nu/Nu0)/(f/f0)
1/3 occurs at Re = 1000 and 2000. But when Re increases further (4000-

16000) for all cases A-E of 𝑑ℎ/𝑋𝐿= 0.076-0.043, the (Nu/Nu0)/(f/f0)
1/3 starts decreasing. 

The thermal performance is higher for case A = 64 mm while lower in case E = 96 mm. 

Because the 𝑑ℎ/𝑋𝐿, higher in case A, while lower in case E. Results attributed that the 

lower the value of 𝑋𝐿, the higher the value of (Nu/Nu0)/(f/f0)
1/3 at low Re. The overall 

conclusion is that the decrement in thermal efficiency with increasing 𝑋𝐿 is not efficient at 

higher Re = 4000-8000. As for the effects of 𝑋𝐿, unlike (Nu/Nu0)/(f/f0)
1/3, it occurred in 

Fig. 5.16 that a lesser 𝑋𝐿 brings about a greater (Nu/Nu0)/(f/f0)
1/3 at a given Re than a 

higher 𝑋𝐿, which might be affected a more leading role in (Nu/Nu0)/(f/f0)
1/3 compared to a 

straight elliptical channel one. 

 

Fig. 5.16 The variation of (Nu/Nu0)/(f/f0)
1/3 against different Re for 𝑟 = 0.076-0.043 and 𝑋𝐿 = 

64-96 mm. 

 



 

5.4.7 Comparison of the effect of SCWSP-VGs with some previous VGs  

        Based on the literature, several investigations study various types of VGs devices 

used in a solar receiver heat exchanger such as multiple V-baffle [125], groove and 

perforated-delta wing [126], winglet and wavy-groove [127], perforated winglet [128], V-

baffle [129], V-shaped ribs and grooves [130], punched V-ribs and chamfer [131], 

multiple-ribs [132], delta winglet [133], turbulators [134].  

      Depending on their purpose, these distinct VGs devices have varied parameters. 

Specific criteria for one technology may not be relevant for another. It is challenging to 

compare VGs equally because of their diverse range of methodologies. Additionally, there 

is not enough information in the literature on these topics combined. In contrast to other 

conventional HXs with VGs, the thermal performance of PPHX with SCWSP-VGs is 

more significant and exciting for scientists and researchers to study. 

      Moreover, by referencing Fig. 5.9-5.15, the impact of SCWSP-VGs in guiding more 

fluid flow into the wake region. Examining these figures, it becomes apparent that Nu is 

increased downstream of the SCWSP-VGs on most areas of the PP surface. This suggests 

that the longitudinal vortices generated by SCWSP-VGs contribute to stronger fluid 

mixing, enhancing heat transfer on the channel surface. The changes observed in these 

figures underscore the role of SCWSP-VGs in influencing fluid flow patterns and, 

consequently, improving surface heat transfer characteristics. 

 

 

 

 

 

 

 
 

 

 

 



 

Chapter - 6: Summary, Conclusion, and Future 

scope 
 

In essence, this thesis explores the realm of thermal engineering, focusing on the 

significant impact of Pillow-Plate Heat Exchangers across industries. Our work aims to 

enhance efficiency and sustainability through numerical analysis, paving the way for an 

eco-friendlier future. By combining analytical techniques with cutting-edge computational 

methods, we seek to innovate PPHE designs, driving energy savings and industrial 

progress. We strive to optimize PPHE performance through a comprehensive approach, 

addressing challenges such as pressure drops and production costs while maximizing heat 

transfer efficiency. Ultimately, our research contributes to improving heat exchanger 

technology, fostering environmental responsibility and industrial advancement. 

6.1   Summary and conclusion 

      Heat exchangers are essential components across various industries, including 

HVAC&R, food processing, pharmaceuticals, and power generation. Among them, 

Pillow-Plate Heat Exchangers (PPHEs) represent a creative advancement in thermal 

engineering, known for their superior heat transfer efficiency, flexibility, and compact 

design. With their distinctive wavy surfaces and adaptability to different applications, 

PPHEs offer significant potential to replace or supplement traditional heat exchangers, 

enabling enhanced energy savings, lower environmental impact, and increased industrial 

productivity. However, achieving optimal performance requires a deeper understanding of 

their complex fluid dynamics and heat transfer mechanisms. This research aims to push 

the boundaries of heat exchanger efficiency and sustainability through innovative PPHE 

designs, employing advanced computational and experimental methods to maximize their 

potential. 

     Developing efficient, compact, and cost-effective heat exchangers is critical in an era 

where industries strive for both energy efficiency and environmental sustainability. 

Traditional heat exchangers often struggle to maintain a balance between high thermal 

performance, low pressure drop, and operational cost-effectiveness. PPHEs address many 

of these limitations with lightweight structures, customizability, and the ability to operate 

in extreme conditions. However, improving their performance requires overcoming 

several challenges, including the optimization of flow behavior and thermal efficiency. 



 

This research is motivated by the need to develop high-performance PPHEs tailored for 

modern industrial needs, such as refrigeration, condensers, evaporators, and room heating 

applications. 

      Despite their advantages, PPHEs present several research challenges and knowledge 

gaps. One major challenge is managing fluid flow resistance and pressure loss without 

compromising heat transfer efficiency. Enhancing turbulence-induced mixing while 

minimizing pressure drops is critical to achieving this balance. Additionally, optimizing 

geometric parameters such as channel height, welding spot configuration, and plate design 

is crucial for improving overall performance, yet there is limited research exploring the 

interaction between these factors. Numerical and experimental limitations further 

complicate the development process, as current computational models often struggle to 

accurately predict the complex fluid flow and turbulence within the wavy channels, while 

experimental validations remain resource-intensive and difficult due to the intricate 

geometry and diverse operational conditions. Moreover, selecting appropriate materials 

and customizing PPHEs to meet specific industry requirements, such as in food processing 

or pharmaceutical manufacturing, add further complexity to the optimization process. 

      This research influences ANSYS Fluent to perform numerical simulations and 

optimize PPHE designs, providing new insights into their thermal and flow behavior. The 

study demonstrates that optimizing geometric parameters, such as channel dimensions and 

welding spot arrangements, enhances heat transfer through vortex formation and lateral 

mixing. The transition Shear Stress Transport (SST) k-ω turbulence model accurately 

captures secondary flows and turbulence, which are crucial for improved thermal 

performance. Additionally, strategies for reducing pressure drop are developed through 

validated CFD models, which balance flow resistance and heat transfer efficiency. The use 

of tetrahedral mesh improves computational efficiency by capturing intricate geometry 

details, enabling parallel processing and solver compatibility. 

 

The key findings from chapters 4 and 5 are listed below for quick reference. 

1. As a result of SCWSPs, more turbulence is created, causing the continuous 

development of ‘elliptical vortices’ that affect flow from lower to higher 

streamwise length for Cases 𝐿𝐴,1−𝐸,25. 

2. The Nu increases in the individual 𝐿𝐴−𝐸 but decreases with increasing the 𝐿𝐴−𝐸 

= 256-384 mm, while friction factor (f) decreases significantly with Re 



 

increases in both individual and overall Cases A-E. Compared to without 

SCWSPs channels, with increasing 𝑑ℎ 𝑋𝐿⁄ = 0.041-0.078, and decreasing the 

𝐿𝐴−𝐸 = 256-384 mm, the thermal efficiency (𝜂𝑒𝑓𝑓) of PPHE provides 

significant results at lower Re than at higher one.  

3. The 𝑆𝑔,𝑇
̇ , and 𝑆𝑔,𝐹

̇  increases with the longitudinal length of SCWSPs and 𝑑𝑐𝑤𝑠 

= 8-12 mm with 1000 ≤Re ≤16,000. That means the temperature and velocity 

gradient dominates the thermal and frictional entropy generation in the lower 

and higher longitudinal streamwise length with SCWSPs than the straight 

elliptical channel. The 𝑆𝑔,𝑇
̇  is increased from 5.41% to 22.38%, while 

𝑆𝑔,𝐹
̇ decreased from 28.92 % to 15.76% at Re = 16,000 for Cases A-E, or vice-

versa compared with the straight elliptical channel at Re = 16,000. 

4. Thermal exergy and frictional exergy destruction increase with the streamwise 

length of the Pillow-plate type HEs, while a slight increment or variation 

occurs with the increasing the 𝑑𝑐𝑤𝑠 = 8-12 mm. 

5. The maximum peak of Bejan number (Be) is occurred at Re = 1000 for all the 

Cases 𝐿𝐴,1−𝐸,25 = 256-384, and then it decreases continuously with Re and the 

maximum and minimum 𝑁𝑆 occurred is 0.29 and 0.12 at Re = 1000 and 16,000, 

respectively, for case 𝐿𝐸compared to other cases 𝐿𝐴−𝐷. 

6. Based on computational numerical simulation, the exergy efficiency value is 

minimal in the case of a ‘sinusoidal wavy surface’ of the Pillow-plate type HEs 

relative to the straight elliptical channel (without SCWSPs). The maximum 𝜂𝑒𝑥 

is found to be 43.07 % compared to the other Cases 𝐿𝐵−𝐸. The range of 

maximum exergy (𝜂𝑒𝑥%), efficiency enhanced by 38.74 %-43.07 % for all the 

Cases 𝐿𝐴 (𝑑𝑐𝑤𝑠 = 8-12 mm, 𝑟 = 0.074-0.078) at Re = 1000-16,000 and thermal 

performance factor (𝜂𝑒𝑓𝑓)  is 1.54 in the 𝑟 = 𝑑ℎ 𝑋𝐿⁄  = 0.044 at Re = 1000, 

respectively. 

7. Further research is recommended on heat transport techniques, especially on 

vortex generation, thermal enhancement ratio, and drag coefficient, given the 

complexity of PPHE computational models. 

8. Due to middle and central SCWSP-VGs, more turbulence flow created causes 

the continuous development of 'OERV', affecting the primary and secondary 

flow from lower to higher 𝑋𝐿. 



 

9. Heat transfer is greatly improved due to the SCWSP-VGs-generated multiple 

longitudinal vortex arrangement in the PPC, which leads to a long path with a 

sinusoidal wavy profile and relatively intense turbulent mixing between the 

channel's surface and the mainstream core flow zone. 

10. The Nu fluctuates by increasing the arrays of SCWSP-VGs. The Nu increases 

in the individual 𝑋𝐿 for Re from 1000-16000 but decreases with increasing the 

𝑋𝐿 = 64-96 mm, while ∆𝑝 decreases with 𝑋𝐿. The f decreases significantly with 

Re increases in both individual and overall cases. In addition, the value of Nu is 

higher in case A = 64 mm compared to other cases B-E. Interestingly, the value 

of Nu% in case A = 64 mm and case B= 72 mm is almost the same at lower Re 

= 1000-2000. The computational simulation provided good prediction results 

on the performance of a wavy surface in a PPC. Predicted results have shown 

good agreement with experimental results. 

11. The highest and lower Nu/Nu0 are 1.74 and 1.19, respectively. The Nu/Nu0 first 

increases and then becomes constant against the Re rise, leaving the highest 

value with Re between 1,000 and 2,000. More significant heat transfer 

augmentation is reached when a higher 𝑑ℎ 𝑋𝐿⁄ , is used. Increases 𝑋𝐿 results in 

higher Nu/Nu0 at lower Re after that it decreases and becomes linear with 

higher Re. The f/f0 increases with the Re. Based on this computational study's 

non-dimensional parameters including Nu/Nu0, f/f0, and Colburn j-factor 

provided more significant results for the cases.  

12. Compared to straight elliptical channel, with increasing 𝑑ℎ 𝑋𝐿⁄ = 0.043-0.076 

and decreasing the 𝑋𝐿 = 96-64 mm, the Nu/Nu0)/(f/f0)
1/3 of PPHX provides 

significant results at lower Re than higher one. The (Nu/Nu0)/(f/f0)
1/3 values for 

PP-type HXs vary from 1.39-1.68. The (Nu/Nu0)/(f/f0)
1/3 value increases with 

the 𝑑ℎ 𝑋𝐿⁄ , ratio and decreases with increases in the 𝑋𝐿. Cases A and B yield 

the maximum (Nu/Nu0)/(f/f0)
1/3 value. The 𝑑ℎ 𝑋𝐿⁄  = 0.076, 0.066, and 0.058 are 

recommended for practical applications. The (Nu/Nu0)/(f/f0)
1/3 values increase 

with 𝑑ℎ 𝑋𝐿⁄ , and decrease with increasing 𝑑ℎ 𝑋𝐿⁄ , ratio. The overall conclusion 

is that the enhanced wavy surface shows more significant potential than the 

smooth surface. 

Overall, the utilization of enhanced wavy surfaces, facilitated by SCWSPs and SCWSP-

VGs, presents promising potential for improving heat transfer efficiency in pillow-plate 



 

Heat Exchangers (PPHE). These advancements could yield substantial benefits in waste 

heat recovery, energy conservation, and cost reduction in various industrial applications, 

including two-phase flow systems, HVAC, and cooling processes, demanding further 

exploration and application. 

6.2  Future scope 

Further research on Pillow-Plate Heat Exchangers (PPHEs) is required, particularly 

focusing on exploring curved or curvature-based designs under various flow scenarios to 

enhance performance. Implementing multiple improvement strategies can further boost the 

efficiency of PPHEs, making them more effective for extracting high thermal flux in 

micro-power and micro-electronic cooling applications. Additionally, the combination of 

pillow-plate structures with dimpled features has shown promising results, indicating the 

need for further studies to optimize these configurations and better understand their 

potential benefits. 
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Appendix 1 

 

The cost estimation and analysis of PPHE 

The preliminary efforts to estimate the cost of various Pillow-Plate Heat Exchangers 

(PPHEs) involved determining a parameter that relates the heat transfer rate (Q) within the 

thermo-plate channels to the required pumping power (Wpump) [20]. This parameter, 

defined as the ratio Q/Wpump, serves as a metric to evaluate the operating cost efficiency of 

different heat exchanger geometries. It enables comparison of various thermo-plate 

designs, especially across a range of fluid Reynolds numbers with flat channels. However, 

this ratio alone provides only a partial picture and is insufficient for a comprehensive cost 

assessment. The total cost of PPHEs consists of two primary components [48]: capital cost 

(CC) and operating cost (OC). 

      The capital cost accounts for material procurement and manufacturing expenses, while 

the operating cost reflects the energy consumed by the electric motor throughout the 

equipment's lifecycle. Pillow Plates offer a cost advantage over traditional shell-and-tube 

heat exchangers (STHX) due to their relatively low production costs. Their construction 

involves welding two metal sheets, typically using resistance or laser welding techniques. 

The exact price of PPHEs varies based on several factors, including the size, material, and 

customization requirements. Common materials include AISI 304, AISI 321, AISI 316L, 

and AISI 316Ti, with pricing for specific configurations as follows: AISI 304 material in 

dimensions of 100 ft × 1/16 mm × 1.59 mm, 50 ft × 3.18 mm × 0.085 mm, and 50 ft × 

6.35 mm × 5.3 mm (L × O.D × I.D) costs Rs. 48,000, Rs. 24,000, and Rs. 27,000, 

respectively. 

     When it comes to welding, the choice between resistance and laser welding 

significantly affects both capital and operating costs. Laser welding is generally more 

energy-efficient, requiring only 35 kW of power compared to the 350kW needed for 

resistance welding, of which 180 kW is absorbed by the process. Although laser welding 

requires a higher initial investment for the plant setup, it offers a lower life cycle cost, with 

operational savings that offset the initial expense over time. Additionally, laser welding 

enhances the mechanical and corrosion resistance of the welded materials, particularly in 

thermally affected zones, which improves the heat exchanger’s durability and long-term 

performance. Compared to conventional heat exchangers such as shell-and-tube or plate-



 

and-frame designs, PPHEs have not been extensively studied in terms of capital cost 

breakdowns. Available literature highlights several factors that influence the capital cost 

of PPHEs, including PPHE type, material selection, the number of thermoplates, heat 

transfer area, and welding method [31,48,53,143,144]. Among these, the geometry and 

orientation of thermoplate channels play a crucial role in determining performance and 

cost. For example, longitudinal channel designs offer higher heat transfer rates than other 

configurations, which allows for a smaller heat transfer area and subsequently lowers 

material and manufacturing costs [37]. 

      The adoption of CNC-assisted laser welding technology has further improved the cost-

efficiency of PPHEs by accelerating the welding process, enhancing quality, and reducing 

the expenses associated with quality testing [48]. Another effective strategy to reduce 

costs is to minimize welding length by using larger thermoplate dimensions, which 

decreases the need for multiple smaller plates. Additionally, replacing austenitic stainless 

steel with alternative materials such as aluminum alloys has shown promising results in 

cost reduction. Aluminum offers superior thermal conductivity, lower density, and reduced 

material costs, making it an attractive option for low-pressure applications. However, 

aluminum's lower mechanical strength limits its use in high-pressure environments 

[26,53,143]. 

    Despite these advancements, the development of a standardized or definitive method for 

estimating the capital cost of PPHEs remains a challenge. Most cost approximations rely 

on the price of thermoplate materials, but these estimates often involve significant 

uncertainty [48]. Research continues to explore correlations between PPHE material, 

geometry, and manufacturing processes to improve the accuracy of capital cost 

predictions. 

 

Wpump = 
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OC = ∑
(𝐸𝐶)(𝑊𝐻𝑝𝑢𝑚𝑝)(𝑊𝑝𝑢𝑚𝑝)

(1+𝑖)𝑛
𝑛−𝑦𝑒𝑎𝑟
𝑛  

(2) 

 

Where,  𝜂𝑝𝑢𝑚𝑝 is the pump efficiency, EC is the energy cost per hour, WHpump is the annual 

pump working hours, i is the annual interest rate, and n-year is the lifetime of the PPHE. 



 

Geometric characteristics of PPHEs play a crucial role in minimizing operational costs by 

reducing pressure drops in both channels. For example, transversal PPCs generally have 

lower pressure losses than longitudinal ones under similar operating conditions [21,67]. 

Widening the gaps between adjacent I-channels can also reduce pressure loss in the O-

channel, thereby lowering operating costs [35,135]. However, larger gaps in the O-channel 

can negatively impact the thermal performance of PPHEs, so finding an optimal balance 

between channel spacing and performance is critical [135]. 
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