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Abstract  

 

Keywords:  CFD; Finned coil heat exchangers; fin profile, STAR-CCM+, parametric study 

In the current study, a method of lessening computational expense and model design effort is 

investigated for finned coil heat exchangers (FCHXs) by using STAR-CCM+ as simulation 

tool. The simulation model prediction accuracy, in terms of the air side thermal-hydraulic 

characteristics of a staggered tube, true-to-industry (TTI) sized FCHX model, is compared to 

a repeatable, representative segment (RS) model of the same FCHX across a wide air flow 

continuum ranging between laminar to fully turbulent. The level of confidence of these models 

is validated based on a comparison with previous experimental data from a renowned source 

using the Colburn j-factor and Fanning friction factor (f-factor) as reference and illustrate a 

reasonable agreement. The RS model type is found to be a suitable approach, limiting 

computational expense compared to the TTI model, which showed a minor improvement of 

the heat transfer and pressure drop predictions by only ρȢρψϷ and ρȢψσϷ, respectively. 

In order to reduce simulation model design effort in the next phase of the study, the model 

prediction results of a plain fin RS model are compared to a wavy fin RS model. Wavy fin 

FCHXs are commonly found in industry and create a few extra design challenges for 

simulation purposes when compared to a plain fin FCHX. The results of a plain fin RS model 

is found to yield large inaccuracies compared to the wavy fin RS model and beckons the need 

to parametrically test the effects of geometrically modifying a plain fin RS model in order to 

increase model prediction accuracy. Detailed analysis of the effect on the heat transfer and 

pressure drop performance is done by evaluating related parameters such as the fin pitch, 

longitudinal tube pitch and transverse tube pitch.  

The increase in fin pitch is found to cause an increase in heat transfer performance (in terms 

of the Nusselt number) due to a substantial hydraulic diameter increase, although a decrease 

in the heat transfer coefficient and pressure drop is seen. A decrease in the longitudinal and 

transverse tube pitches causes an increase in heat transfer and pressure drop performance, 

whereby the effect of the transverse tube pitch is found to yield the closest results comparison 

in relation to the wavy fin RS modelôs results. The average prediction accuracy for the entire 

flow range was found for the heat transfer to be predicted with an error deviation of σȢςςϷ and 

pressure drop of τȢττϷ, which was acceptably accurate. 

Although the variation in transverse tube pitch proved to be acceptable for this study, more 

research has to be done in future to confirm this finding using a wavy fin model incorporating 
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a variation of waviness heights (and waviness angles) and a different set of geometrical 

parameters before a final conclusion can be made.  
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Chapter 1  : Introduction  

1.1. Background  

1.1.1. Heat transfer enhancement motivation  

Various methods of heat transfer enhancement have been employed in an effort to produce 

more efficient heat exchangers (HXs) for well over a century. The study of enhanced heat 

transfer has gained serious momentum during recent years due to increased demands by 

industry for heat exchange equipment that is less expensive to build and operate than 

standard heat exchange devices (Stone, 1996). A strong motivation for the development of 

improved methods of enhancement is the savings in materials and energy use. It is imperative 

that the HXs are especially compact and lightweight when designing cooling systems for 

automobiles and spacecraft. Applications like these, as well as numerous others, have led to 

the development of various enhanced heat transfer surfaces (Stone, 1996).  

Enhanced heat transfer surfaces can be used for three purposes. The first purpose is to make 

HXs more compact in order to reduce their overall volume, and possibly their cost. The second 

is to reduce the pumping power required for a given heat transfer process, and a third, to 

increase the overall UA (overall heat transfer coefficient) value of the HX. Manipulation of the 

UA value is possible in either of two ways: (1) to find an increased heat exchanger rate for 

fixed fluid inlet temperatures, or (2) to reduce the mean temperature difference for the heat 

exchange; this leads to an increased thermodynamic process efficiency, which can result in a 

saving of operating costs (Stone, 1996). 

Passive and active enhancement techniques are the two categories most implemented in 

industry today. Passive methods require no direct application of external power and employs 

special surface geometries or fluid additives which cause heat transfer enhancement. Active 

schemes, on the other hand, requires external power for operation such as electromagnetic 

fields and surface vibration (Bergles, Webb and Junkan, 1979). 

The most popular commercial enhancement technique used in industry today is the passive 

scheme (Stone, 1996). Problems that are associated with vibration or acoustic noise, and 

costs involved, have cause little commercial interest for active techniques (Kaka­, Shah and 

Aung, 1987). This study deals only with a passive enhancement technique on the gas-side 

with the focus on heat transfer enhancement using a wavy fin surface geometry. 
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1.1.2. Compact HXs  and evaluation of heat transfer enhancement  

In forced-convection heat transfer between a gas and a liquid, the heat transfer coefficient of 

the liquid may be 10 to 50 times greater than that of the gas. Specially-configured surfaces 

can be implemented to reduce the gas-side thermal resistance. This is the motivation behind 

the design of a category of HXs with reduced size and greatly enhanced gas-side heat 

transfer, which are referred to as ñcompactò. A compact HX is defined as a HX which 

incorporates a heat transfer surface having a high ñarea densityò (Stone, 1996). 

There are many different techniques that can be used to make HXs more compact. Figure 1.1 

shows three general types of extended surface geometries used to increase gas-side heat 

transfer coefficients with (a) being in the scope of this study (Bergles, Webb and Junkan, 

1979). 

 

 

Figure 1.1: (a) Finned coil HX with flat fins, (b) individually finned tubes, (c) plate-fin HX (Bergles, Webb and Junkan, 

1979) 

In an industrial heat exchange application, one has a large number of options to choose from 

when considering a special surface geometry. How can one compare the performance 

improvement given by various enhanced surfaces? Certainly, the heat transfer coefficients, or 

dimensionless heat transfer parameters (i.e. Nusselt number, Colburn j-factor, etc.) yielded by 

each enhanced surface can be used to judge the relative heat transfer enhancement. But this 

will only give a partial indication of performance. Increased fluid flow friction and pressure drop 

are both the results of enhanced surfaces even though a greater heat transfer coefficient is 

generated. Sometimes, the benefits gained from heat transfer enhancement are not great 

enough to offset the increased friction losses (Bergles, Webb and Junkan, 1979). Clearly, 
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then, a minimum penalty on pumping power is of priority with the performance goal being to 

gain maximum enhancement of heat transfer. However, this balance is difficult to quantify in 

a manner that allows straightforward comparisons between enhanced surface geometries 

(Stone, 1996). 

The basic performance data for an enhanced surface are often shown as curves of the Colburn 

factor, and the Fanning friction factor, plotted against the Reynolds number. Kays and London 

(1998) did experiments on a large range of different compact surfaces in one of the first 

comprehensive collections of data on enhanced surfaces for compact HXs (Kays and London, 

1998, 3rd edition). The book of Compact Heat Exchangers (1998) has been considered one of 

the best references for HX and cold plate design since it was first published in 1955 

(Lytron.com, 2019). Kays and Londonôs Colburn and friction factor data have been used in 

many thermal design software programs and probably used by thousands of thermal 

engineers over the past five decades (Lytron.com, 2019).  

1.1.3. Finned coil heat exchanger s (FCHXs) 

The continuous FCHX class is the type of compact HX this study will focus on being the 

popular choice in industry. FCHXs are widely used in the heating-ventilation-air conditioning 

and refrigeration (HVAC&R) industry. Compared to other types of HXs, FCHXs are easier and 

more cost effective to manufacture and to maintain. This makes it one of the most commonly 

used types of HXs in the industry (Lu et al., 2011).  

The capacity and configuration of FCHXs can be determined to accommodate application 

requirements for a specific HX. The construction of FCHXs involves using coil penetrated, 

wavy fin plates that are connected from start to finish. The fin plates might also vary in terms 

of waviness, since an increase in fin area impacts the thermal-hydraulic performance of the 

HX.   

Each type of HX is classified according to the method of heat exchange between two or more 

fluids/gases. When considering an FCHX, the primary fluid flows through the coil and 

secondary fluid, typically air, flows over the fins perpendicular on the outside of the coil (Sun 

et al., 2014).  

Application specific parameters dictate the physical size of the HX needed. The layout and 

configuration of FCHX parameters such as the fin pitch, fin width, tube pitch and tube 

diameters impact the heat transfer and flow characteristics of the fluids. The fins can be plain, 

corrugated or wavy, perforated or louvered, and the tubes are typically circular, flat rectangular 

or elliptical (Kong et al., 2016). 
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1.1.4. Computational Fluid Dynamics (CFD)  history and modelling  

Researchers have done a great number of studies on various aspects of FCHXs using CFD 

software as a simulation tool (Aslam Buttha et al., 2012). The aspects that were investigated 

include the effects of varying component characteristics on air flow patterns, heat transfer 

areas and pressure drop across the HX.  

The field of CFD has rapidly become one of the most powerful and effective tools to be 

incorporated in the testing and simulation of designs in todayôs industry. The first milestone 

achieved in the field of CFD was a 50-page paper written to the Royal society by Richardson 

(Richardson, 1910).  In the study, hand calculations were done at a pace of 2000 operations 

per week. The development of CFD software as we know it today started in the early 1970ôs 

(Khalil, 2012). CFD software can be implemented to simulate various scenarios of fluid- or gas 

flows. It is widely used in industry including fields like Aerospace & Aeronautics, Automotive, 

Building HVAC, Chemical, Energy & Power Generation, Manufacturing & Process 

Engineering, the Oil & Gas Industry as well as Product Development & Design (Patel, 2013). 

As a mathematical summary, CFD is generalized as a numerical method for the calculation of 

nonlinear differential equations that describe fluid flow.  

Implementation of CFD software has a big impact on saving time and money when used for 

project development and improvement. Addition of CFD in the development stage of a project 

or study enables early detection of design problems and in return drastically reduces the 

development time. An example of such a project is the design and development of Ilmorôs 

Indycar engine which was developed approximately 50% faster with a reduced prototype cost 

of 75% (Tobe, 2019). 

Therefore, CFD software has many advantages and can be a powerful item in an engineerôs 

toolbox. The simulation accuracy, however, depends on the userôs insight into the parameters 

of the project and his/her understanding of the simulation software used. Assuming that the 

mentioned criteria are met, a model must be designed not requiring a large amount of 

computational time to ensure that quick and effective model adjustments can be made 

(Pretechnologies, 2019). 

1.1.5. Model complexity  

For many years, there have been debates in the CFD community regarding the adequacy of 

model complexity when approaching different HX applications of the HVAC&R industry. At first 

glance, it may seem like a perfect solution to incorporate a True-to-industry (TTI) HX model 

with full complexity and complete in physical size to provide accurate results. In this study, a 
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TTI model will refer to the multi-channeled, multi-tube row and -fins model of the HX surface 

which closely resembles the type of FCHX as found in industry. In the beginning stages of 

CFD software, it had come to the attention of CFD users that a smaller, simplified or 

representative segment (RS) model might be simulated in applicable scenarios and has been 

moreover emphasised in the applications of modern-day problems. The RS model, therefore, 

serves as a computational domain selected as an encapsulated volume of the TTI FCHX 

model whilst being a repeatable (longitudinally or transversely) building block thereof. This 

method can provide a solution with acceptable accuracy to typical flow problems with 

computational expense kept at a minimum (Rossetti, Minetto and Marinetti, 2015). 

On the other hand, over-simplification of a model can be done by not including complex fin 

patterns and using plain fins. This will impact the properties of the FCHX including heat 

transfer and pressure drop (Rossetti, Minetto and Marinetti, 2015). Further investigation is 

thus needed in order to sensibly adapt these simplification and parametric sizing techniques 

in compact HXs (specifically continuous FCHXs). After sufficient research has been done to 

prove the effectiveness of these techniques, the answers for creating less time-consuming 

simulation models will become more transparent. 

1.2. Problem  statement  

The simulation of a TTI FCHX is computationally expensive and results in a longer 

convergence time. The need has been identified to investigate the effect of the implementation 

of a geometrically simplified, RS model on the accuracy of the air-side heat transfer and 

pressure drop predictions.  

1.3. Purpose  of this study  

The focus of this study will be to investigate whether a TTI FCHX model can be geometrically 

simplified into a RS model; whilst still yielding an acceptable level of accuracy of the air-side 

thermal-hydraulic performance with regards to a trusted referenceôs TTI FCHXôs experimental 

data.  

Thereafter, whilst employing the outcome of a geometrically simplified model, the study will 

further determine the validity of simulating a geometrically modified plain fin model as a 

representation of a wavy fin model. The air-side heat transfer and pressure drop data of the 

wavy fin model will be used as reference to determine the validity of geometrically modifying 

a plain fin model.  
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1.4. Method ology  

Kays and London, Compact heat exchangers, 3rd ed. (1998) will be implemented as the 

experimental data reference for heat transfer and pressure drop. This is done as a measure 

of validation, as the resource is an internationally recognised book and the flagship of various 

compact HX test data as described in section 1.1.2. This reference will support the purpose of 

this study by providing accurate experimental test data. 

The data presented for FCHXs in Compact heat exchangers, 3rd ed. written by W.M. Kays 

and A.L. London (1998) illustrates experimental results for geometrically defined FCHX 

surfaces. These geometric parameters can be used to create an FCHX of any desirable 

volume, within the geometric constraints, by use of a geometric sizing method. This method 

involves choosing the number of tube rows and number of fins in order to adhere to application 

specific requirements. The Colburn j-factors and friction factors vs. Reynolds number 

experimental data illustrated within Compact Heat Exchangers, 3rd ed. (1998) are, therefore, 

applicable to any geometrically sized version of the represented HX surface with identical 

parameters.  

In order to investigate whether the TTI model of a FCHX can be geometrically simplified into 

a RS model, a plain fin approach will be implemented as the available test data from Kays and 

London only consists of plain fin FCHX experimental data. Hence, to test the validity of a RS 

FCHX model approach, the accuracy of the simulation results between the TTI model and RS 

model, with the same geometric parameters, will be compared with reference to Compact heat 

exchangers, 3rd ed. (1998). The simulations will make use of the same experimental input 

data, which is defined in the following chapters. To be within the scope of this study, the FCHX 

surface ψȢπ σȾψὝ from Compact Heat Exchangers, 3rd edition (1998) is selected. 

The CFD approach in this study will be performed using STAR-CCM+ as the simulation tool, 

due to its all-inclusive processing capabilities, making it the only software needed to complete 

the required simulations. 

After the validity of the RS model has been investigated and validated, the results will 

determine the approach used in the next phase of the study. If the RS modelling approach is 

proved as viable, plain and wavy fin RS FCHX models with the same design parameters will 

be simulated (with the only variation being the fin surface). If the prediction accuracy of the 

RS model is found to be less than acceptably accurate, TTI models will be implemented.  

Due to the popularity of wavy finned FCHXs in industry, a further investigation of the study will 

entail the comparison of the heat transfer and pressure drop results between a geometrically 
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identical plain fin and wavy fin model (thus only varying fin surfaces). This comparison will give 

rise to a better understanding as to whether a plain fin model approach would suffice as an 

acceptably accurate representation of a wavy fin modelôs results. The geometrical parameters 

of the models will continue to resemble the geometry from Compact heat exchangers, 3rd ed. 

(1998). The wavy finôs waffle height is selected to be a representation of a general value as 

found in industry defined by Panse (2005).  

Due to the added complication of creating an FCHX with wavy fins with the exact profile in the 

design phase, a need has been identified to investigate a faster design method. Hence, this 

method will eliminate the need to design wavy fin profiles by implementing a plain fin model 

approach. It is then imperative to realize that the plain fin model approach can be expected to 

yield large inaccuracies with reference to a wavy fin model and therefore needs to be 

geometrically modified to yield acceptable accuracy.  

This faster design method would then include varying related geometric parameters of the 

plain fin model, such as the fin pitch, longitudinal and transversal tube pitch in order to 

minimise result inaccuracies and is applied using a parametric approach. Each geometric 

modification includes three variations (chosen within model restrictions) whereby the effect on 

the heat transfer and pressure drop of each variation is evaluated and compared to the base 

plain and wavy fin model results.  

The logic behind the parameter variation is to achieve the same nature of air flow which is 

created within the wavy fin FCHX model as the fin waviness leads to more turbulent flow; and 

ultimately more heat transfer and a higher pressure drop as penalty.  

1.5. Study chapter layout  

Table 1.1 illustrates the chapter layout of the study. 
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Table 1.1: Study chapters layout 

Chapter Heading Short description 

1 Introduction. Introductory chapter. 

2 Literature study. Research of similar 

studies. 

3 Computational model 

development and theory. 

How the simulation 

model was constructed 

together with supporting 

background theory. 

4 Full and segment modelsô 

validation, results and 

discussion. 

Model validation, 

discussion and remarks 

of a true-to-industry 

scaled FCHX and 

scaled-down (both plain 

fins) comparison. 

5 Model comparisons. Attempt to replicate wavy 

fin model heat transfer 

and pressure drop 

results by modification of 

plain fin model design 

parameters. 

6 Conclusion. Final study conclusion. 

 

In the following chapter, the literature that is applicable to the studyôs scope will be further 

discussed. 
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Chapter 2  : Literature study  

2.1. Introduction  

FCHXsô thermal-hydraulic performance has been the key focus of many CFD related studies over 

the last few decades due to the wide application of this HX type (Aslam Bhutta et al., 2012). To 

generate a better understanding of the scope related work that has been done on this type of HX, a 

literature review is presented in this chapter.  

The topics that are reviewed in this chapter are divided into two main groups, namely the effects of 

geometric parameter variation and simulation model related topics. Previous studiesô findings with 

regards to geometric effects of the fin spacing, -thickness, -length, -profile, tube arrangement, -

spacing, -rows and -diameter are reviewed. This is followed by the approaches implemented by 

previous studies with regards to simulation model topics such as the computational domain, mesh, 

turbulence modelling and steady or unsteady flow modelling.  

2.2. Effects of geometric parameter variation  

Following in this chapter, the findings of studies with a similar scope are grouped into the effect of 

each respective FCHX geometric parameter on the air-side heat transfer and pressure drop. 

Important aspects to note in terms of this study are the geometric effects of the fin spacing (2.2.1), 

fin profile (2.2.3) and tube spacing (2.2.5) as these aspects will be further investigated in Chapters 

4 and 5.  

2.2.1. Fin spacing  

The fin pitch is connected by a widespread of studies to pressure drop and thus also the heat transfer 

performance. These studies have been done to find the optimal fin pitch and ultimately increase HX 

performance. An optimal configuration would thus have a high heat transfer with a low-pressure 

drop.  

When Bhuiyan, Amin and Islam increased the fin pitch, both the heat transfer and pressure drop 

decreased, but the pressure drop decreased at a higher rate than the heat transfer. This caused a 

better FCHX efficiency in return when considering the effectiveness factor (ὮȾὪ ). A decreased fin 

pitch resulted in a decrease in HX performance due to a more streamlined air flow. This was also 

found to be true by Karmo et al. in their study (Bhuiyan, Amin and Islam, 2013; Panse, 2005; Borrajo-

Peláez et al., 2010; Karmo, Ajib and Khateeb, 2013). Using flue gas instead of air, Erek et al. also 

saw that when the fin pitch was increased, the static and total pressure drops decreased (Erek et 

al., 2005).  

In the study of Romero-Méndez et al. it was found that the nature of the flow clearly changed as the 

fin pitch was varied. When the fin spacing was increased, vortices were formed and in the 
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downstream region of the tube, the wake was dominant. With an increase in fin spacing, a separation 

zone was formed behind the tube which was closed at first but opened up to the downstream fluid. 

It was found that the front of the tube participated much more in the heat transfer process than the 

back. The fin spacing where a peak was found for the Nusselt number at the horseshoe vortex 

strongly influenced the Nusselt number and pressure drop. The Nusselt number was very small in 

the wake region but experienced an increase when the fluid exchange with the downstream flow 

occurred (Romero-Méndez et al., 2000). 

The study from Lu et al., found an optimum value for achieving the best thermal-hydraulic 

performance at 6-8 fins per inch at a fixed flow rate condition (Lu et al., 2011). This is because higher 

fin pitch may have resulted in fully developed flow and deteriorated the overall performance, while a 

substantial rise of heat transfer caused by vortices and unstable air flow were observed when fin 

surfaces were considerably removed. 

2.2.2. Fin thickness  and length  

Kong et al. tested the effect of fin thickness on the heat transfer of an FCHX. The study found that 

an increase in the thickness of the fins resulted in an enhanced heat transfer rate. When increasing 

the thickness, the extra cost of material needs to be considered as well as a higher pressure drop 

(Kong et al., 2016; Lu et al., 2011). It was also seen that the Nusselt number slightly decreased as 

the fin thickness increased (Borrajo-Peláez et al., 2010). 

Borrajo-Peláez et al. found that increasing the length of the fin caused the Nusselt number to 

decrease due to more aluminum that needed to be cooled. This in effect decreased the convection 

heat transfer coefficient (Borrajo-Peláez et al., 2010).  

2.2.3. Fin profile  

Various studies were performed on the effect of different fin profiles and the effects thereof on air 

flow patterns. Increasing air turbulence has been linked to an increase in heat transfer performance 

but also in an increased pressure drop (Panse, 2005). 

For wavy versus plain fins it has been found that the flow structure for plain fins comprises of flow 

recirculation zones that is located in the trailing edge of the tubes as air flows over the tubes. The 

wavy fin model showed no recirculation zones, since the flow is guided by the wavy corrugations. 

The plain fin model obtained a much higher percentage difference for the heat transfer and pressure 

drop characteristics between the staggered and in-lined tube configurations as compared to the wavy 

fin model (Panse, 2005). 

In the study of Jang and Chen the wavy fin arrangement demonstrated a Colburn j factor and friction 

factor of φσχρϷ and χυρπςϷ higher than the plain fin arrangement, respectively. For a four-

row wavy fin arrangement the maximum Nusselt number was found on the second tube from the air 
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inlet while the Nusselt number for the plain fin arrangement decreased in order from the first to the 

fourth tube (Jang and Chen, 1997). 

From the study of Gholami et al. the results revealed that the wavy fins could considerably advance 

the thermal efficiency of the FCHX with a slight pressure loss penalty. The computational results 

indicated that the average Nusselt number for the FCHX with wavy fins could be increased up to 

ςπϷ over the baseline case and the corresponding pressure difference decreased up to ρωϷ. The 

results also showed that the average value of performance in one wavy and three wavy fins and 

elliptical tube HXs increased up to υϷ and ρυϷ over the baseline case, respectively (Gholami, Wahid 

and Mohammed, 2017). 

2.2.4. Tube arrangement  

The tube arrangement of an FCHX plays a crucial role in the thermal-hydraulic performance. Studies 

have been performed to investigate the impact of a staggered tube arrangement versus an in-lined 

tube arrangement.  

It was found that for laminar and transitional air flow, staggered tubes produced better flow mixing 

and therefore higher heat transfer and pressure drop characteristics than the in-lined arrangement 

(Bhuiyan, Amin and Islam, 2013; Jang, Wu and Chang, 1996).  

In the study of Ay et al. the advantage of implementing a staggered tube configuration was made 

clear as the heat transfer coefficient was ρτσςϷ higher in the staggered configuration compared 

to the in-lined configuration (Ay, Jang and Yeh, 2002). Because of a better mixed air flow, smaller 

recirculation zones were obtained in the trailing edge of the tubes of a plain fin staggered tube 

arrangement than that of a plain fin in-lined configuration (Panse, 2005).  

From Jang et al., (1996), however, the pressure drop of the staggered tube configuration was ςπ

ςυϷ higher than the opposing in-lined configuration (Jang, Wu and Chang, 1996).  

2.2.5. Tube spacing  

The tube spacing has been found to have a large impact on the heat transfer and pressure drop. An 

increase in the longitudinal- and transversal pitch caused a decrease in the heat transfer and 

pressure drop performance due to a less compact air flow (Bhuiyan, Amin and Islam, 2013; Panse, 

2005). Bououd, Hachchadi and Mechaqrane, and Bhuiyan, Amin and Islam found that small 

transversal and longitudinal tube pitches presented a higher air velocity at the minimum flow area 

and a stronger flow disturbance which ensured better heat transfer with a higher pressure drop as a 

penalty (Bououd, Hachchadi and Mechaqrane, 2018, Bhuiyan, Amin and Islam, 2013). 
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2.2.6. Tube rows  

The number of tube rows also contributes toward the overall HX performance. From the study of 

Panse as well as Tutar and Akkoca it was found that for wavy fin staggered tube configurations that 

the effect of the number of tube rows becomes very little beyond four rows. When the tube rows are 

increased from 1 to 6, an increase in pressure drop is seen to occur without any effect on the heat 

transfer for more than 4 tube rows. A four-row tube configuration may be regarded as the optimum 

choice for the balance between heat transfer and pressure drop performance (Panse, 2005; Jang, 

Wu and Chang, 1996; Tutar and Akkoca, 2004). 

2.2.7. Tube diamet er 

Kong et al. tested the effect of the tube diameter and found that an increase in the diameter also 

caused an increase in heat transfer and pressure drop (Kong et al., 2016). In the study of Borrajo-

Peláez et al. it was seen that a bigger tube diameter increased the convection heat transfer and 

caused a growth in the Nusselt number. The mechanical performance, however, decreased as the 

friction coefficient grew drastically (Borrajo-Peláez et al., 2010). Lu et al. also concluded that an 

increase in tube diameter resulted in decreased FCHX performance (Lu et al., 2011). In a study done 

on much larger tube diameters, Bououd et al. also found that the heat transfer increased by 67% 

when the tubeôs external diameter was increased from 20mm to 35mm (Bououd, Hachchadi and 

Mechaqrane, 2018). 

2.3.  Simulation model aspects  

Following in this chapter, the modelling approaches of studies with a similar scope are grouped. All 

aspects mentioned in this section are important to ensure acceptably accurate simulations are 

created within the following chapters. 

2.3.1. Computational domain  

The computational domain is the main control volume used for simulations in the chosen CFD 

program. The boundary conditions, physics, mesh, etc. are applied to this volume/area where all 

processing by the software code takes place. It is important to have a visual of the domain, as it 

serves as a platform to better understand the simulation process and provide an interpretation of the 

results. The domain is constructed using Computer Aided Design (CAD) software like Solidworks, 

AutoCAD Inventor etc. or can be internally constructed using a CFD package. 

 

In order to save simulation time, many studies created only a RS model of a TTI scaled FCHX. These 

studies include: Tahseen, Ishak and Rahman, 2015; Borrajo-Peláez et al., 2010; Lu et al., 2011; 

Erek et al., 2005; Romero-Méndez et al., 2000; Bhuiyan, Amin and Islam, 2013; Panse, 2005; Jang, 
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Wu and Chang, 1996; Tutar and Akkoca, 2004; Khudheyer, et al., 2011; Darvish Damavandi, 

Forouzanmehr and Safikhani, 2017 etc. 

2.3.2. Mesh 

Creating a mesh for the specified domain is one of the most critical aspects of running a successful 

simulation. Failure to generate the correct mesh with the correct cell sizes may cause divergence of 

the residuals and ultimately produce inaccurate results (Sadrehaghighi, 2019). Making use of 

different meshing software brought about a wide variety of meshing techniques and approaches that 

was utilized by different studies.  

The CFD software generates a grid that is applied to the domain which divides the domain geometry 

into much smaller non-overlapping volumes referred to as cells. The meshing operator decides 

whether the cells are tetrahedral, hexahedral, etc. depending on the objective of the simulation and 

geometric shapes. Polyhedral cells are in most cases the best option (Ferguson, 2005). It is a general 

rule that the smaller the cells generated with meshing, the more accurate the final results; 

considering the correct cell types are used (Mavriplis, 1995). In return, creating smaller cells means 

that more cells are needed to fill the entire geometry volume which requires considerably more 

computational resources to facilitate. In order to ensure a balance is in place between model 

accuracy and the number of cells used, a mesh dependency test needs to be created and evaluated 

in the initial stages. The different meshing techniques from a few studies are shortly discussed below. 

Bhuiyan et al. created a mesh of unstructured-triangular cells that was aligned with the direction of 

flow in order to reduce false diffusion. Coarser mesh cells were adopted in the extended areas in 

order to conserve computational resources. A gradual variation in cell size in and after the fin region 

was implemented to avoid the undesirable effect of a sudden grid width change (Bhuiyan, Amin and 

Islam, 2013). 

Romero-Méndez et al. used eight node brick elements with linear interpolation to mesh the domain 

that was created. The nodes in the mesh were renumbered using the Renumber command within 

the CFD code (FIDAP) for a reduced size of the global coefficient matrix (Romero-Méndez et al., 

2000). 

Erek et al. created the mesh using four hexahedral volume elements along the thickness of each 

half fin and twenty elements in the air region in between. The domain was designed and meshed 

using Gambit and was then exported to Fluent (Erek et al., 2005). 

In the study by Borrajo-Peláez et al. the mesh was divided into different zones. This step was done 

to avoid distortion of the elements that form the grid since distortion has a negative influence on the 

convergence, stability and computing time of the numerical simulations (Borrajo-Peláez et al., 2010). 

The type of mesh cell that was implemented was not mentioned. 
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Lu et al. implemented an unstructured grid system that was generated using the ñAuto meshò function 

provided by simulation software STAR-CD for the air-flow channel. The solid part was meshed using 

a structured grid (Lu et al., 2011).  

Yashar et al. found that the geometric spacing pattern with the best accuracy had a geometric 

transition factor of 1.25. Fine nodes were used closest to the FCHX wall for the upstream and 

downstream air regions (Yashar et al., 2011). 

Karmo et al. tested more complex shaped fins and had to make use of a quadrilateral mesh. Grid 

refinement was also required in areas where steep gradients could occur (Karmo, Ajib and Khateeb, 

2013). 

Sun et al. implemented hexahedral shaped cells to mesh the domain. The areas near the tubes were 

refined to compensate for possible temperature gradients and high velocities (Sun et al., 2014). 

Yaïci et al. used an optimised solution-adaptive mesh refinement to predict the air flow field 

behaviour. More cells were added at locations where substantial flow changes were expected, for 

example near the walls. The calculation domain was half of the body based on symmetry 

considerations. Using unstructured grids mesh generator, the final mesh was composed around 

ρ ρπ elements (Yaïci, Ghorab, and Entchev, 2016). 

Lui et al. implemented a pave mesh scheme in the fin planes except near the tube wall. At the region 

next to the tube walls, a map refined mesh was used to accurately calculate the viscous effects of 

the boundary layer. The square and simple upstream and downstream regions were meshed using 

a structured map mesh scheme. The computational domain was discretised by nonuniform grids 

with the grids of the fin coil region being finer and those in the extension domains being coarser (Liu, 

Yu and Yan, 2016). 

Jabbour et al. created a polyhedral mesh that allowed identification of the physical phenomenon that 

exists on the inside of the FCHX segment. The tube thickness was divided into 4 to 7 cells, and the 

junction between the tube and fins was divided into 4 to 7 cells in width and 2 to 6 cells in height. 

The air was meshed using refinement around the tubes and fin leading edges to detect the physical 

phenomena that took place in these regions (Jabbour et al., 2019). 

Ünal, Atlar and Gören applied a non-matching block-structured mesh arrangement with quadrilateral 

elements as proposed by Lilek et al. This allowed the generation of smaller sub-domains to obtain a 

more effective mesh. In order to accurately resolve the boundary layer and the viscous sub-layer, 

particular attention was paid to the fluid region around the tubes. An O-type mesh structure was 

applied to achieve the required density for high-resolution demanding flow gradients. A fine H-type 

mesh was applied for the far wake region in order to resolve the effect of the Karman Street, and 

finally, the remaining region of the domain was constructed with a much coarser H-type mesh (Lilek 

et al., 1997). 
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2.3.3. Turbulence modelling  

Modelling turbulence can be one of the most daunting tasks and is still not fully understood (Solmaz, 

2019). The accuracy of a simulation is very dependent on the choice of turbulence model and has 

been the topic of many studies (Ünal, Atlar and Gören, 2010). It is thus essential to choose the most 

appropriate flow model (laminar or turbulent) when simulating a certain flow regime. 

Sodja found that using a RANS (Reynolds Averaged Navier-Stokes) turbulence model drastically 

reduced the computational costs required by solving the averaged equation system. It was proved 

that LES (Large-eddy Simulation) was not as efficient as a RANS turbulence model as RANS models 

have a computing time of only about υϷ of the LES models (SODJA, 2019). 

Various studies have found that when predicting both the friction factor and heat transfer, the laminar 

flow model produced the most accurate results within the laminar flow regime and the k-ɤ turbulence 

model was more accurate in the transitional- and turbulent flow regimes due to a better wall treatment 

(Panse, 2005; Khudheyer, et al., 2011; Darvish Damavandi, Forouzanmehr and Safikhani, 2017; 

Jabbour et al., 2019; Hansen, 2008).  

From the study of Ünal, Atlar and Gören the SST (k-ɤ) model predicted the flow field characteristics 

of a near-wake region across a circular cylinder in turbulent flow the most accurately (Ünal, Atlar and 

Gören, 2010). The qualitative and quantitative comparisons revealed more successful predictions 

for the adverse pressure gradient, a massive flow separation, and vortex shedding than any other 

turbulence model. 

In some studies, the k-О turbulence model was chosen for heat transfer- and pressure drop 

simulations of turbulent flow due to the modelôs good convergence rate and being less memory-

intensive (Khudheyer et al., 2011; Sun et al., 2014). This Turbulence model does not, however, 

perform well in the area close to the wall (Jousef, 2019). 

2.3.4. Steady - and transient  flow  

The selection of a steady- or transient flow has a very large impact on the convergence speed of the 

simulation and requires the user to have experience in the field. The steady flow model is 

implemented when simulating constant flow and heat transfer regimes that do not vary with time and 

requires steady flow phenomenon, constant boundary conditions and constant device (in this case, 

the HX) behaviour. The transient flow model is implemented when simulating time-varying flow and 

heat transfer through an iterative implicit process at each time step.  

If the simulation absolutely requires the implementation of a transient flow model the convergence 

of the simulation would be increased by an extensive amount and ultimately defeat the purpose of 
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this study. Simulations for flow from ὙὩ συππ ὸέ τπππ was found to require unsteady implicit 

simulations and was therefore not done in this study due to prevent extra computational expense 

(Fjallman, 2013). Experience in the field would indicate to the user whether or not such a model is 

necessary and could therefore only be implemented once the criteria are met whilst running the 

simulations. 

Numerous studies were investigated for the use of the steady- and/or unsteady models and the 

majority were found to implement the steady state flow model (Bhuiyan, Amin and Islam, 2013; 

Bououd, Hachchadi and Mechaqrane, 2018; Jabbour et al., 2019; Jang and Chen, 1997; Kong et 

al., 2016; Panse, 2005; Romero-Méndez et al., 2000; Tahseen, Ishak and Rahman, 2015).  

In the next section, a brief description of the experimental setup and testing procedure used for the 

applicable FCHX surface from Compact heat exchangers, 3rd ed. (1998) is given. This will serve as 

a guide to a better understanding of the validation process followed in Chapter 4.  

2.4. Kays and London test system and procedure  

This section will provide a basic understanding of the testing equipment that was used; and 

procedures that were followed in 1949 by the authors of the book, Compact Heat Exchangers, 3rd 

ed. (1998). This set of experimental data is later used in this study as a form of reference in order to 

perform a reliable validation of simulation results. It is therefore important to replicate the 

experimental conditions (i.e. the tube wall temperatures, air flow range, air inlet temperatures, etc.) 

as closely as possible. 

The heat transfer characteristics of a HX surface, for application to fluids, can be expressed by the 

conventional nondimensional relation of the Colburn j-factor versus Reynolds number. The friction 

characteristics can be generalised using the Fanning friction factor versus Reynolds number. Air can 

be used as a test medium, and the relations given by the experimental results allow extrapolation to 

be done to any fluid for which the necessary properties are known (Kays & London, 1950).  

Kays and London considered many different testing techniques, including transient and steady-state 

heat transfer techniques. The technique that was best suited for the testing procedure was a steady-

state system implementing condensing steam on the one side of the test core. The steam side was 

set at a sensibly uniform temperature with a thermal resistance generally less than 5 ï 10 per cent 

of that of the air side.  

Figure 2.1 illustrates the testing diagram for the experiments performed by Kays and London. 
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Figure 2.1: Experimental setup (Kays and London, 1950) 

The authors of the study stated that a steam system was provided to supply slightly superheated 

steam to the test core (point nr. 7 on diagram), and instrumentation was provided so that the energy 

loss of the condensing steam could have been measured and compared to the separately 

determined energy gain of the air. The energy balance, therefore, provided a continuous partial 

check on the accuracy of the instrumentation (Kays & London, 1950).  

Test data for air flow between ψππ ὙὩ ψπππ and an inlet temperature of σπᴈ were tested 

together with steam temperatures varying between ρπυᴈὝ ρρυᴈ. The steam was 

provided to the test core using the setup illustrated in Figure 2.2. 

 

Figure 2.2: Steam system (Kays and London, 1950) 
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The wet steam for the steam system was generated in a boiler at a pressure which could be regulated 

from 30 to 100 psig. The steam then entered the regulatory system at boiler pressure. The steam 

was strained where the pressure was reduced to between 15 and 30 psig removing most of the liquid 

phase in a centrifugal separator. A small amount of water was injected to provide a close control on 

the desired 3 to 5ᴌ  superheat on entry to the top of the test core. A considerable excess of ñblowò 

steam was passed through the core to prevent the build-up of a thick film of condensate on the 

transfer surface (Kays & London, 1950). 

2.5. Summary  

In summary, the information that was retrieved from the examined studies assisted in identifying an 

appropriate simulation methodology and selection of the best suited FCHX model parameters 

implemented in this study. Model construction of both the TTI model as well as RS models will be 

done using the same key aspects. The following is a summary of the physical model parameters and 

simulation model characteristics that will be constructed and chosen in Chapter 3: 

 

Similar to most studies, the air flow range will be between ρππὙὩ σρππ (air velocities ranging 

between πȢσ άȾί ὺ ρπȢυ άȾί depending on the model) as exceeding this range will start 

causing inaccuracies due to a lack of communication time between neighbouring mesh cells within 

the air flow. To counter these inaccuracies would require the simulation to be done using an Implicit 

unsteady approach, but doing this would slow the residual conversion speed drastically. The 

simulation will thus be chosen as ñsteadyò which implies that an implicit unsteady model will be 

avoided due to longer convergence times.  

 

Using the information obtained in the literature study from section 2.2.3, it is clear that the heat 

transfer and pressure drop values increase as waviness is added to the fins. The geometrical 

parameters of the plain fin model (fin pitch, longitudinal and transversal tube spacing) will therefore 

be adjusted using a parametric approach to reproduce the heat transfer and pressure drop results 

of a wavy fin model as stated in Chapter 1. The ideal method of inducing more turbulence within the 

plain fin model is by implementation of an increased fin pitch, and a decreased longitudinal and 

transversal tube pitch as literature have found. 

 

One of the most important aspects to take into consideration for the study is that of the mesh. This 

is a critical part of the study as when not performed correctly, will produce erroneous results. The 

mesh type to be used depends on the complexity and thickness of the fins being simulated. This has 

been chosen to be a mesh of Polyhedral type cells due to a faster convergence rate and less cells 

required as compared to hexahedral and tetrahedral cells, as well as prism layer mesh cells next to 

the predefined walls (Jabbour et al., 2019; Symscape, 2019). Refinement is required using smaller 
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cells in areas where steep gradients can be expected and prism layer cells between the air- and fin 

regions in order to capture the thermal boundary layer. It is also critical to perform a mesh 

independency test (MIT) to ensure the simulations can be run as effectively as possible.  

 

A steady-state flow will also be implemented with all simulations in Chapter 4 and 5 as previously 

mentioned. The turbulence model that will be implemented is the SST (k-ɤ) model which is a sub-

group of the RANS models. Being very important to the scope of this study, the heat transfer and 

pressure drop characteristics must be captured at an acceptable accuracy level in regions such as 

the near-wake of the tubes and the air-fin boundary layers. This turbulence model will thus be the 

best approach as indicated by Panse, 2005; Khudheyer et al., 2011, Darvish Damavandi, 

Forouzanmehr and Safikhani, 2017 and Jabbour et al., 2019. 

In the next Chapter, the development of the models is discussed together with the accompanying 

background theory. 
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Chapter 3  : Computational model development  and theory  

In the previous chapter, a literature study was performed to get an extensive insight into some work 

that has already been put into the CFD simulations on continuous FCHXs. Following in this chapter, 

the development of the computational model and rationale thereof is discussed to ensure a coherent 

understanding. Then, where applicable, the relevant background theory associated with certain 

simulation models is provided. 

The following section describes relevant dimensionless numbers important to assist in 

comprehending previous studies performed within the field, and the simulation results as depicted 

in Chapters 4 and 5. 

3.1. Reynolds number, Colburn ▒-factor and Fanning Friction factor █ 

The validation in Chapter 4 is performed by creating two plain fin models (a TTI FCHX model and a 

representable segment thereof; RS model) according to the dimensions (surface ψȢπ σȾψ Ὕ) as 

found in Compact heat exchangers (Kays and London, 1998, 3rd edition); an internationally 

recognised source. The validation will be done using an experimental test result graph which 

comprises the Colburn-Ὦ factor and friction factor Ὢ versus the Reynolds number.  

The Colburn Ὦ-factor, also known as the Chilton-Colburn Ὦ-factor analogy, is one of the most 

successful analogies used today defining the relationship between heat, momentum and mass 

transfer. As part of the dimensionless group, the Colburn j-factor is classified as a ñmodified Stanton 

number to take into account the moderate variations in the Prandtl number for πȢυ ὖὶ ρπ in 

turbulent flowò (Shah and Sekuli©c, 2012). It is defined as 

Ὦ Ὓὸ Ȣὖὶϳ
 Ȣ

              (3.1) 

Where ╢◄ is the Stanton number (equation 3.2), ╟► the Prandtl number (equation 3.3), ╝◊ the 

Nusselt number (equation 3.4) and ╡▄ the Reynolds number (equation 3.5). These dimensionless 

numbers will be briefly discussed. 

The Stanton number is used to represent the heat transfer coefficient without dimensions, thus being 

part of the dimensionless group. The Stanton number is the ratio of convected heat transfer (per unit 

duct surface area) to the enthalpy rate change of the fluid reaching the wall temperature (Shah and 

Sekuli©c, 2012). The primary advantage of the j-factor is its use in determining the heat transfer 

coefficient (found in equation 3.2) in the design and performance prediction of HXs, particularly 

compact HXs. It is defined as: 

Ὓὸ
 

         (3.2) 
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Where ▐ is the heat transfer coefficient, ╖ is the mass velocity, ╒▬ is the specific heat capacity 

and ╤□╪● is the maximum free-flow velocity.  

Comprehension of the heat transfer coefficient Ὤ is critical as it serves as an important connection 

between the simulation results and the Colburn j-factor for the FCHX airside. The heat transfer 

coefficient is a quantitative characteristic of convective heat transfer between a fluid medium (air and 

water) and the surface (aluminium fins and copper tubes) covered by the fluid (Kurganov, 2019).  

The Prandtl number is used solely as a fluid property modulus and is defined as the ratio of 

momentum diffusivity to the thermal diffusivity of the fluid: 

ὖὶ        (3.3) 

Where ὺ is the kinematic viscosity, ‌ is the thermal diffusivity, ‘ is the dynamic viscosity and Ὧ is the 

thermal conductivity. 

It is important to note the range of Prandtl number for different substances, with gasesô range being 

applicable to this study (Shah and Sekuli©c, 2012). See Table 3.1 below: 

Table 3.1: Prandtl range for various substances (Shah and Sekuli©c, 2012) 

Prandtl number range Substance 

0.001 ï 0.03 Liquid metals 

0.2 ï 1 Gases 

1 ï 13 Water 

5 ï 50 Light organic liquids 

50 -  Oils 

2000 -  Glycerine 

 

The Nusselt number is also a dimensionless representation of the heat transfer coefficient. It is 

defined as the ratio of the convective conductance Ὤ to the pure molecular thermal conductance 

Ὧ
Ὀ  for an internal flow: 

ὔό
 

      (3.4) 
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Where Ὀ  denotes the hydraulic diameter. 

When predicting fluid flow patterns, the dimensionless Reynolds number (Re) plays a prominent role 

in foreseeing the patterns in a fluidôs behaviour (Simscale.com, 2018). The three flow regimes, 

known as laminar-, transitional- and turbulent flow, can be predicted using the Re number whilst 

using the hydraulic diameter (Ὀ ) as reference. By calculating the Re number in advance, one can 

determine which numerical flow model to implement as the Re number is seen as one of the main 

controlling parameters in all viscous flows. It is defined as the ration of the inertia forces to the viscous 

forces, or 

ὙὩ
 

 
         (3.5) 

And, 

Ὃ
Ȣ

      (3.6) 

Ὀ  is defined as 

Ὀ τ                (3.7) 

Where ὃ is the minimum free-flow cross-sectional area, regardless of where this minimum occurs 

(Kaka­, Liu and Pramuanjaroenkij, 2012). ὒ is defined as the flow length of the HX matrix,  ” defines 

the air density and ὖ is the minimum flow passage perimeter. Once the Reynolds number is 

determined, the heat transfer coefficient and friction factor Ὢ can be calculated. In Chapter 4, the 

Reynolds number is calculated using the hydraulic diameter method as Compact Heat Exchangers, 

3rd ed. (1998). This is changed in Chapter 5 whereby the fin spacing is used as the hydraulic 

diameter. Panse (2005) also used this method to calculate Reynolds numbers. 

The flow patterns over the fin- and tube surfaces depend on the Reynolds number. Capturing these 

flow patterns is essential to running successful simulations due to the impact thereof on heat transfer 

and pressure drop. The choice of laminar/turbulent models and meshing strategies that will capture 

these flow patterns within the boundary layer are further discussed in sections 3.3 and 3.4. 

Various occurring flow phenomena for different Reynolds numbers (ὙὩ) over tubes are illustrated 

in figure 3.1 below. These flow patterns and vortices are expected to be seen in the simulation results 

of Chapters 4 and 5. 
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Figure 3.1: The effect of the Reynolds number on the flow past a cylinder (White, 1991) 

The flow behind the tubes with a Reynolds number of 65 and above is seen to break away or 

ñseparateò from the rear surface, forming a broad, pulsating wake. It is important to note that the 

wake comprises pairs of vortices and sheds alternately from the upper and lower part of the rear 

surface. This type of vortices is known as Kármán vortex streets and defined as a stable configuration 

for vortex pairs in the paper by Kármán (Kármán, 1911). It is seen that as the Reynolds number 

increases, the wake becomes more complex and turbulent (White, 1991). 

The Fanning friction factor is a dimensionless number used as a local parameter in continuum 

mechanics calculations and is defined as the ration between the local shear stress and local flow 

kinetic energy density (Simscale.com, 2018). To determine the friction factor Ὢ, equation 3.8 is used 

as follows: 

Ὢ
Ў Ȣ 

 Ȣ
         (3.8) 

Where Ўὴ denotes the pressure drop across the HX and: 

ὈὬ
                                   (3.9) 

Because of the significant need to improve the performance of HXs, many variations of compact 

HXs were researched and further developed. Regarding HX parameters, a variety of studies did a 

great amount of experimental and numerical work to enhance heat transfer and reducing pressure 

drop to achieve the maximum HX efficiency. When considering an air-cooled HXôs thermal efficiency, 
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the reduction of thermal resistance on the airside is of utmost importance as mentioned in Chapter 

1 (Yuan et al., 2000).  

A method has been developed in the 1940ôs to quantify this heat transfer capability with pressure 

drop in mind, and is described as the goodness factor. The ratio of the Colburn factor and the 

Fanning friction factor is plotted versus the Reynolds number . This factor is therefore an excellent 

alternative to quantifying a HX efficiency by describing a HX with a certain surface having a higher 

ὮȾὪ Ὢὥὧὸέὶ as good because it will require a lower free-flow area and hence a lower frontal area 

(Fugmann, Laurenz and Schnabel, 2019). Equation 3.10 calculates this factor. 

ὋέέὨὲὩίί ὪὥὧὸέὶὮȾὪ      

 (3.10) 

3.2. Model development  

In this section, the rationale and reasoning behind the simulation model development is provided. 

This entails the construction of a TTI FCHX model, and two RS models. The TTI FCHX model and 

RS model thereof are both constructed with plain fins based on the HX surface specifications from 

Compact heat exchangers, 3rd edition (1998). More attention will be placed on the wavy fin RS 

models in Chapter 5 but it can be noted that the model development thereof was identical to the 

plain fin RS model. 

The model development was done by using a plain fin RS model as a visual aid and represents the 

construction of all three model types implemented in this study. Construction of the TTI- and RS 

models were fundamentally identical, but where differences were encountered a definitive 

explanation was given. 

Focus is also put on how the repeatable, flow passage (for the RS model) was identified and, using 

an AutoCAD system, transformed into the models to be used for simulation purposes.  

3.2.1. Model identification  

For the FCHX configuration investigated, warm water flows inside the tubes and is cooled down by 

air flowing on the outside, unmixed across the staggered finned coil. The materials used for the 

construction of the HX include copper for the tubes and aluminium for the fins, but it should be noted 

that the water and copper tubes will not be created to limit computational expenses. More detail is 

provided later in this section on the approach that will be followed without the copper tubes- and 

water regions. 

In order to follow the pre-determined, international standards for identifying the different physical fin- 

and tube parameters, the parameters are briefly discussed following figure 3.2.  
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Figure 3.2: FCHX international physical dimensioning system for staggered tube configuration (Thulukkanam, 2013) 

Where ὒ, ὒ, ὒ represent the HX length, -depth and -height respectively; ὖ,ὖ represent the 

transverse- and longitudinal tube pitch; Ὕ  is the thickness of the header; ὨȟὨȟὨ represent the 

inner-, outer- and effective fin diameter at the collar (Thulukkanam, 2013). A good understanding of 

these parameters and the role thereof in the FCHXôs physical assembly is critical. The correct 

implementation of these parameters will govern the repeatability of the model. 

Having a thorough understanding of the manufacturing process of an FCHX should assist in the 

correct development of the simulation models. Typically, as manufactured in the industry, the 

aluminium of the fins mechanically wraps the copper coil that contains the warm water (as illustrated 

in Figure 3.3). The copper coil is thus completely contained within the aluminium fins in such a 

manner that only aluminium has contact with the air. This helps prevent the copper from oxidising 

due to air with a relatively high humidity and becoming less effective after a long time. Heat transfer 

is the main decisive factor with cost considerations coming in at second. The combination of using 

aluminium for the fins and copper for the coil offers the most effective heat transfer at the most 

effective cost (Capital Coil & Air, 2018). Most fins are mechanically rolled into the specified profile (if 

needed) and have a lot of variations depending on the application. 

 

Figure 3.3: Fin to coil mechanical fitting illustration 
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Where Ὠ, Ὠ and Ὠ denote the coil inner- and outer diameter as well as the diameter where 

convection takes place respectively. The parameters Ὂ, Ὂ and ὸ represent the fin spacing, fin pitch 

and fin thickness respectively. Full thickness fins and multiple segments (air flow passages) were 

constructed as a single model for the construction of the TTI FCHX model. Both the plain- and wavy 

models representing a segment of the FCHX (i.e. the RS models) focused on one of these air 

passages with half-thickness fins adjacent on both sides.  

Less focus is put on how heat energy is transferred from the water to the fins as the experimental 

results from Compact heat exchangers, 3rd edition (1998) focus only on the airside of the HX. A tube 

wall temperature was therefore set as representation of the copper coil containing warm water in 

order to model an FCHX that is commonly found in the industry as performed by numerous studies 

in the past (Tahseen, Ishak and Rahman, 2015; Borrajo-Peláez et al., 2010; Lu et al., 2011; Erek et 

al., 2005; Romero-Méndez et al., 2000; Bhuiyan, Amin and Islam, 2013; Panse, 2005; Jang, Wu and 

Chang, 1996; Tutar and Akkoca, 2004; Khudheyer, et al., 2011; Darvish Damavandi, Forouzanmehr 

and Safikhani, 2017, etc.). A constant wall heat flux is therefore achieved for both the TTI- and RS 

models and is viable assumption because of the high temperatures and flow rates implemented 

within the experimental procedure. 

For the FCHX RS models, selecting the computational domain must be representative and 

repeatable segment of the TTI FCHX model. The domain section includes the three main air regions, 

namely the upstream-, main- and downstream air regions as illustrated in figure 3.4.  

 

Figure 3.4: Side view of plain fin air flow passage and domain regions 

The upstream air region is designed with the purpose to represent the air entering the main region 

in order to enable the leading fin edge effect within the air flow pattern. Only serving a single purpose, 

the upstream air region does not have to take up a considerable amount of computational resources 

and is therefore restricted in cell count. The main air region contains the aluminium, adjacent half-
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fins and tube (staggered configuration) positions where turbulence is induced. The success of the 

whole simulation depends on the main air regionôs thermal-hydraulic performance and needs to be 

modelled with an acceptable accuracy. Following the main air region is the downstream air region 

where the turbulent air flow patterns are further developed. The downstream air region is designed 

to be five times the length of the upstream air region to capture all relevant flow patterns and air 

outlet temperature variations (Lu et al.,2010).  

3.2.2. Computational domain construction  

The design parameters, domain materials and measurements of the HX with a surface ψȢπ σȾψὝ 

from Compact heat exchangers, 3rd edition (1998) are illustrated in figure 3.5 and tabulated below 

using table 3.2. 

 

Figure 3.5: Surface 8.0 - 3/8T physical dimensions (Fchart.com, 2018)  

Figure 3.5 illustrates the basic geometric parameters of the FCHX surface. It can be seen that only 

two rows of tubes are used for visualisation purposes whereby the transverse- and longitudinal tube 

pitches are displayed as 25.4mm and 22mm, respectively. Other important information is also given 

to describe the fin pitch and thickness in more detail, as well as valuable data of different HX related 

areas. These geometric parameters as a collective are described in the book of Compact heat 

exchangers, 3rd edition (1998) as a HX surface.  

It is important to note that the construction of the wavy- and plain fin models was based on an 

identical set of geometric parameters and only differed by fin surfaces (surface 8.0 ï 3/8T). The plain 

fin model construction was used as the base model and consisted of the parameters as shown in 

Figure 3.5. The wavy fin model consisted, therefore, of a wavy fin surface with a popular waffle height 

as found in industry and is further discussed in Chapter 5 (Panse, 2005).  

The plain fin RS computational model is illustrated in Figure 3.6. All computational domain models 

in this study (RS and TTI) were constructed using Solidworks AutoCAD software.  
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Figure 3.6: Plain fin RS FCHX model (Surface 8.0 - 3/8T) 

It was deemed sufficient to create a TTI FCHX model with a front facing area of ρππάά ρππάά 

which ensured the implementation of multiple air flow passages. This model therefore comprises of 

120 plain fin segment models and is illustrated in Figure 3.7. 

 

Figure 3.7: TTI plain fin FCHX model computational domain (Surface 8.0 - 3/8T) 

It can be seen that both computational domains consist of a fins/tubes part and an air part. The air 

part was set to transparent in both figures 3.6 and 3.7 for visualisation purposes. These models are 

thus set for the import process into STAR-CCM+ as Parasolid file types. 




























































































































