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ABSTRACT 

Energy efficiency has become a growing concern in a world driven by a fossil fuel economy. 

Recuperated micro-gas-turbine systems offer the possibility of high efficiency power generation 

for low output power systems. To this end, increasing the performance while decreasing the cost, 

the weight and the volume of heat exchangers such as recuperators has become a critical research 

focus. Recent work done by Brayton Energy Canada (BEC) has renewed interest in Wire Mesh 

Heat Exchangers (WMHE) by introducing a new production method that uses cells of stacked wire 

mesh sheets that have a thick external shell deposited by cold spray. Fins are then machined in this 

external shell, creating a heat exchanger.  

Net shaped pin fins were successfully deposited using Cold Gas Dynamic Spraying (CGDS or 

simply cold spray) as an additive manufacturing technique to replace the plate fin arrays currently 

used. This new development is envisioned to save costs while providing higher heat transfer 

efficiency than traditional fin arrays. Increasing the performance of such fin arrays would yield 

higher heat exchanger efficiencies and increase the total efficiency of the gas turbine system.  

The present thesis provides a description of the research performed, as well as the results thereof, 

with regards to the performance of pin fin arrays produced using cold spray. A review of the 

relevant literature is performed to establish the motivation of this study and to describe the relevant 

work that has been performed by other authors in this respect. The research objectives are to 

evaluate the thermal and hydrodynamic performance of these fin arrays and relate those to 

the flow structures arising from fluid motion between these extended surfaces. Furthermore, 

the proposed approach and the experimental equipment that will be used are described in this work. 

The research objectives were successfully met, with the results obtained from this work presented 

in the form of peer-reviewed publications.  
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Significant social and economic pressures are being felt over the world to reduce the environmental 

impact and the global dependence on fossil fuels. While “green” and environment friendly 

approaches such as wind and solar power are gaining momentum, the higher cost associated with 

these alternative methods still deter most countries when it comes to power generation. Because 

of this, cleaner and more efficient ways to burn fuel are a main focus when it comes to hydrocarbon 

based power generation.  

Distributed power generation offers a novel approach to reduce power losses, as electricity has to 

be carried over shorter distances to the end users, thus reducing losses in power lines. This method 

also has the advantage of protecting the grid against widespread electrical failure, as generators 

are substantially smaller than typical power plants and accordingly they individually serve a 

smaller population [1, 2]. For this purpose, compact and high efficiency power generation methods 

must be developed for distributed power generation to be successful. Micro-turbines are an 

example of a viable candidate for the development of a high efficiency distributed power 

generation system. 

Micro-turbines are small scale, single stage and single shaft gas turbines generators. Commercial 

models currently available can produce from 25 kW to 250 kW and provide the combined 

advantages of low emissions, high reliability and decent efficiency in a compact generator [3]. A 

schematic diagram of a basic gas turbine generator is shown in the following figure. 



2 

 

 

Figure 1: Simple, Open System Gas Turbine Diagram  

The simplest micro-turbine designs often have thermal efficiencies below 20%, compared to diesel 

and gasoline engines which typically operate between 30-35% thermal efficiencies over the same 

power production range [4]. The real advantage of micro-turbines becomes obvious when a heat 

exchanger (also called a recuperator) is added to the system (see Figure 2). The waste energy from 

the exhaust gases of the turbine can be used to pre-heat the inlet gases before the combustion 

chamber, increasing the thermal efficiency of the system well over 50% [4]. This increase in 

performance can be understood by noting that less fuel needs to be burned to obtain the same 

combustion temperature, due to the re-use of the outlet gas’ thermal energy. Furthermore, the waste 

heat could also be used for plant processes requiring heating, local hot water production or for air 

conditioning purposes. In this case, net efficiencies on the order of 80% are attainable by such 

systems, called combined heat and power systems [3]. 
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Figure 2: Single Shaft, Open System Recuperated Gas Turbine Diagram  

Recuperators play a vital role to a successful micro-turbine design, and often represent from 20-

25% of the cost and 20-35% of the volume of a micro-turbine package [4]. Typically, unit cost and 

volume are closely tied together, as material costs are one of the main contributors to the total 

package cost. Decreasing package volume could also reduce other operating costs, such as capital 

costs associated with land ownership or rental. Furthermore, increasing recuperator efficiency by 

5 to 10% can improve the overall thermal efficiency of the gas turbine system by the same amount 

[4]. Currently, state-of-the-art recuperators operate from 75% to 85% efficiencies. 

A new design of compact heat exchangers, referred to as a Wire Mesh Heat Exchanger (WMHE), 

was developed as a solution for common high efficiency compact heat exchanger problems. The 

concept of using a metallic wire mesh as a conductive material inside a cellular metal sandwich 

structure was first investigated in the late 1980s [5, 6]. The first configuration developed using this 

concept was the folded wire mesh geometry, shown in Figure 3. The folded wire mesh geometry 

is produced by successively folding wire mesh textiles and brazing thin sheets to these folds to 

create a pressure barrier. The disadvantage of this technique is that there is a limited quantity of 

heat that can be transferred to the brazed plate due to the small contact area per fold combined 
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with the maximum number of times the wire mesh can be folded per unit length. This limitation, 

in addition to the large cost associated with this technique, calls for a production method which 

can reduce both cost and volume while maintaining high heat transfer properties. 

 

Figure 3: Folded Wire Mesh Heat Exchanger Configuration [7] 

To this end, Brayton Energy Canada (BEC) has patented a new method for producing WMHE. 

The innovation in this approach is that instead of folding the wire mesh onto itself, sheets are 

stacked and then cut perpendicular to the stacking direction, yielding thin wafers of wire mesh 

textiles. These wafers are then sealed by brazing a metallic sheet to its external surfaces. Finally, 

fins are machined into this sheet to make the other heat transfer extended surface. These steps are 

illustrated in Figure 4. The heat exchange occurs between the fluid going through the mesh and 

the fluid flowing in the machined fin array. 

Brazed Plate 
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Figure 4: Successive Steps in the Production of BEC's WMHE Unit Cell 

This process yields heat exchanger unit cells which can then be stacked, attached to manifolds and 

sealed to form full heat exchangers. The size and number of cells used in a full heat exchanger unit 

is tailored to the application specifications. 

This new design for producing WMHE does offer some areas for improvement. Currently, the cost 

associated with brazing a metal sheet to the wire mesh is very high and labour intensive. To replace 

this process, research has been done where a thick and dense metallic coating is deposited using 

thermal or kinetic spray processes, as demonstrated in the work of Assad et al. [8], to replace the 

brazed sheet as a flow separator. Once this coating has been applied, fins are machined on the outer 

surface to produce fins with simple geometries as the second stage heat transfer enhancing 

extended surface. This process is limited to producing plain continuous rectangular fins which 

typically have a low heat transfer capacity, which is further reduced by problems such as axial 

conduction [9].  

It is envisioned that using a mask to shield the substrate from cold spray deposition, one could 

produce near-net shape pin fin arrays with superior thermal and hydrodynamic performance. This 

Flow Separator 
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solution could solve several of the issues presented previously regarding the performance of plain 

continuous rectangular fin arrays, namely by reducing axial conduction due to the interrupted 

nature of the pin fins, increasing the fin array’s local convective heat transfer coefficient by 

increasing the amount of fluid mixing and reducing the production costs by the removal of the 

labour intensive and costly post-processing machining steps, as well as the brazing step.  

1.2 Motivation of Research and General Objectives 

This study was motivated by the possibility offered by Cold Gas Dynamic Spraying (CGDS or 

simply cold spray) to create near-net shape pin fin arrays. As detailed previously, pin fin arrays 

have the potential to increase the efficiency of heat exchangers, while reducing production costs 

due to the removal of post-processing steps. The production and optimization of pin fin arrays thus 

becomes a critical research priority to increase heat exchanger efficiencies. The focus of the 

proposed study would be the description and study of various parameters affecting the thermal and 

hydrodynamic performance of these fin arrays. This will allow design engineers to select the 

proper parameters to obtain maximal heat transfer efficiency depending on the application 

constraints on volume, pressure loss, production costs, etc. To achieve this objective, the following 

specific studies are mandated: 

a) Determine the effect of varying the pyramid’s base angle, the fin density and the fin height 

on the thermal and hydrodynamic performance of the fin array at intermediate Reynolds 

numbers (250 – 3000), relevant to the commercial applications. 

b) Determine the effect of using different type of pin fin geometries and arrangements on the 

flow structures and the performance of the array, while demonstrating the superior 

performance of pins fins when compared to plain rectangular (continuous) fins. 
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c) Visualize the flow structures at varying Reynolds numbers to identify regions of increased 

fluid turbulence and to observe the recirculation structures believed to exist in the pin fin’s 

wake. 

d) Measure the different turbulence quantities in the regions of interest and correlate these 

metrics to the thermal and hydrodynamic performance of the fin arrays 

1.3 Thesis Outline 

The content of this thesis has been organized into nine chapters. The first chapter offers an 

introduction to the subject covered in this work, with the relevant background information 

presented. The motivation of research and the general objectives of this work are also briefly 

presented, along with a brief outline. 

The second chapter provides a detailed review of the relevant literature pertinent to the research 

performed. This includes a thorough review of different heat exchangers types and geometries as 

well as describing the recent advances in the development of new fin geometries and investigations 

regarding the performance of fin arrays.  Furthermore, the methods used for the assessment of the 

performance of heat exchangers are discussed. A brief overview of thermal and kinetic spray 

techniques as well as of additive manufacturing is presented. Finally, several methods of flow 

structure characterization are reviewed, with a section regarding the characterization of flow in fin 

arrays and around pyramidal structures. 

The third chapter details the general and the specific objectives of the proposed thesis, namely the 

evaluation of the performance of pyramidal pin fin arrays and the characterization of the flow 

structures encountered in this type of fin array. 



8 

 

The fourth chapter details the experimental equipment and procedures used to achieve the 

aforementioned objectives. The masked CGDS technique used to produce the pyramidal fins is 

described, as well as the equipment used to evaluate the geometry of these arrays. Furthermore, a 

description of the thermal and hydrodynamic performance test apparatus is made.  Finally, the 

flow visualization technique and the equipment employed for this type of research is described. 

The fifth, sixth, seventh and eighth chapters detailed the results obtained as a fruit of this 

endeavour. The results are presented as five separate peer-reviewed papers, with each article 

addressing a part of the specific objectives detailed in chapter three. A brief introduction for each 

paper describes the work contained therein. 

Finally, chapter nine summarizes the major conclusions and contributions of this work, as well as 

presenting the author’s suggestions for future work regarding the topic of pin fin production using 

cold spray as an additive manufacturing technique.  
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CHAPTER 2 REVIEW OF RELEVANT LITERATURE 

In this chapter, a review of the relevant work done in fields related to the topics covered in this 

thesis is completed. The first segment of this chapter is dedicated to the basic function and types 

of heat exchangers, as well as covering the features that make BEC’s WMHE design unique. The 

problems and opportunities that arise from these differences are also discussed. The second section 

of this literature review focuses on the recent advances in the characterization of various 

geometries of fin arrays. The following section will detail the theoretical work that has been 

published with regards to the performance of compact heat exchangers and fin arrays, namely the 

heat transfer and hydrodynamic properties of these features. The fourth part of this chapter consists 

of a review of the basic principles behind thermal and kinetic spray processes, with a focus on the 

cold spray process since it is the production method employed for the samples used in this study, 

followed by a brief introduction to additive manufacturing. Finally, several flow visualization 

techniques will be discussed. 

2.1 Heat Exchangers 

2.1.1 Types of Configuration  

Heat exchangers come in a variety of shapes, sizes and configurations. There are three main types 

of configurations, sorted in order of increasing effectiveness: parallel flow, cross-flow and counter-

flow. For heat exchangers, regardless of their configuration, the effectiveness (ε) is defined as the 

ratio of energy transferred to the maximal amount of energy that can be transferred between the 

two working fluids, which is represented schematically in Figure 5. An effectiveness computed to 

a value of one implies that there is no thermal resistance between the two fluids and that perfect 

heat transfer is achieved between them. 
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휀 =
𝑞

𝑞𝑚𝑎𝑥
=

(𝑇𝑖 − 𝑇𝑜)max ℎ,𝑐

(𝑇ℎ,𝑖 − 𝑇𝑐,𝑖)
 (Eq 1) 

In Eq 1, (Ti - To)max h,c represents the maximal value of temperature difference either within the hot 

side or within the cold side while (Th,i – Tc,i) represents the temperature difference between the 

inlet of the hot fluid and inlet of the cold fluid, respectively. This definition can be used regardless 

of the heat exchanger configuration. 

 

Figure 5: Efficiency Definition for Two Fluid Flow Heat Exchanger 

Parallel flow heat exchangers allow the highest temperature gradient between the hot and cold 

fluids at the inlet but suffer from a lower efficiency than the other heat exchanger configurations. 

This limit is due to the small temperature difference maintained after the second half of the heat 

exchanger’s length, as it can be seen in Figure 6. Another limitation arises from the fact that the 

maximal temperature attained by the cold fluid for an infinite length heat exchanger is the exit 

temperature of the hot fluid. 
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Figure 6: Temperature Distribution as a Function of Position for a Parallel Flow Heat Exchanger [10] 

The counter-flow heat exchanger does not suffer from the same drawbacks as the parallel flow 

heat exchanger. This configuration can reach the highest efficiencies of all three configurations 

when optimally designed [10]. One of its main advantages is that the cold fluid outlet temperature 

may surpass the hot fluid’s outlet temperature. The thermal gradient for this configuration is less 

steep than for the other configurations, but it is almost constant along the heat exchanger’s length, 

as shown in Figure 7. 

 

Figure 7: Temperature Distribution as a Function of Position for a Counter-Flow Heat Exchanger [10] 

The third type of heat exchanger is the cross-flow heat exchanger. The term cross-flow comes from 

the fact that the two fluids flow perpendicularly to each other. This configuration is very common 

in heat exchangers with cellular designs because its effectiveness is typically higher than a parallel 
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flow heat exchanger while maintaining a smaller envelope and a less complex manifold design 

than the counter-flow configuration. 

Depending on the heat exchanger’s configuration, different relations are used to determine the 

effectiveness (ε) as a function of the number of transfer units (NTU) and the fluids’ thermal 

capacity ratio (Cr, defined as the smaller thermal capacitance of the two fluid, divided by the larger 

thermal capacitance of the two fluids). The results of analytical work are shown in the following 

table, adapted from “Fundamentals of Heat and Mass Transfer” [10]. The equations in this table 

demonstrate that regardless of the pair of NTU and Cr chosen, the counter-flow configuration will 

always have the highest effectiveness, as shown in Figure 8. More details regarding the calculation 

of the number of transfer units and of their significance in quantifying heat transfer are provided 

in chapter 2.3.1. 

Table 1: Effectiveness Relation with NTU and Cr for Various Heat Exchanger Configurations 

Configuration Equation 
Equation 

number 

Parallel flow 휀 =
1 − exp[−𝑁𝑇𝑈 ∙ (1 + 𝐶𝑟)]

1 + 𝐶𝑟
 (Eq 2) 

Single Pass Cross-Flow, 

Fluids Unmixed 

휀 = 1 − exp [
1

𝐶𝑟
∙ 𝑁𝑇𝑈0.22

∙ {𝑒𝑥𝑝[−𝐶𝑟 ∙ 𝑁𝑇𝑈0.78] − 1}] 

(Eq 3) 

Counter-Flow 휀 =
1 − exp[−𝑁𝑇𝑈 ∙ (1 + 𝐶𝑟)]

1 − 𝐶𝑟 ∙ exp[−𝑁𝑇𝑈 ∙ (1 + 𝐶𝑟)]
 (Eq 4) 

 



13 

 

 

Figure 8: Effectiveness as Functions of (a) the Thermal Capacity Ratio; (b) of the Number of Transfer Units 

2.1.2 State-of-the-Art Heat Exchangers 

Shell and tube heat exchangers are some of the most common geometries used in industrial 

applications due to their low complexity [9].  Figure 9 shows a typical configuration for a shell 

and tube heat exchanger. In this counter-flow design, a fluid flows through the shell side without 

mixing with the fluid that flows in the tubes. Heat is transferred from the shell-side fluid to the 

tube-side fluid or vice-versa through convection to the tube walls.  To increase the amount of heat 

transferred, baffles are installed on the shell side to increase the amount of turbulence and the dwell 

time of the fluid, while minimizing the amount of low flow volume sections. The turbulence in 

turn increases the convective heat transfer of the shell-side fluid to the tube walls. Typically, there 
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is no heat transfer enhancing features on the inside of the tubes, limiting the efficiency of this 

process. The efficiency of such exchangers is proportional to the length of the exchanger, meaning 

that very large heat exchangers must be used to attain high efficiencies [11]. Furthermore, axial 

conduction along the length of the tubes can reduce the efficiency of these heat exchangers by 5 

to 10% [9]. 

 

Figure 9: Typical Shell and Tube Heat Exchanger Diagram (Modified from [7]) 

Other types of heat exchangers remedy this limitation with the use of heat transfer enhancing media 

for both the hot and cold fluid sides of the heat exchanger. Examples of these would be packed 

bed geometries or stacked plate heat exchangers (Figure 10 (a) and (b)). Both types of heat 

exchangers share a similar design, where stages of heat transfer enhancing media are sandwiched 

between parting plates to form cells, which are then stacked and joined to form heat exchanger 

units (Figure 10 (c)). The structure is maintained together usually either by sintering, brazing or 

welding [12]. The main advantage of this type of design is the very high efficiency levels that can 

be attained by these geometries [12]. Using convection enhancing features on both sides of the 
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heat exchanger allows heat transfer efficiencies of up to 85% to be reached [12]. The main 

problems with this type of design are that the joints are prone to failure, which can cause fluid 

leakage, as well as the significant manufacturing costs associated to the brazing or welding 

operations. Furthermore, a significant efficiency loss is encountered when using this type of fins 

and is attributed to axial conduction due to the continuous nature of the heat transfer enhancing 

features [12]. 

An innovative design of compact heat exchangers using wire mesh as the heat transfer extended 

surface was developed as a solution for common high efficiency compact heat exchanger 

problems. This type of heat exchanger is commonly referred to as Wire Mesh Heat Exchangers 

(WMHE). The concept of using a metallic wire mesh as a conductive material inside a cellular 

metal sandwich structure was first patented in 1989 [5, 6].  

                             

 

Figure 10: (a) Packed Bed Core; (b) Stacked Plate Core; (c) Heat Exchanger Casing [7] 

(a) (b) 

(c) 
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The first configuration developed using this structure was the folded WMHE, shown in Figure 11. 

The folded wire mesh geometry is produced by folding wire mesh textiles on themselves and 

brazing metallic sheets to the tips of the folds to create a parting plate which prevents the hot and 

the cold fluid from mixing. The disadvantage of this technique lies with the fact that only a limited 

quantity heat transfer area between the mesh textile and the brazed plate can be created due to the 

small contact area per fold combined with the maximum number of times the wire mesh can be 

folded per unit length. This limitation, in addition to the large cost associated with brazing, makes 

this type of heat exchanger uncommon in industrial applications. 

 

Figure 11: WMHE with folded wire screen and brazed metallic sheets [8] 

Other interesting and promising types of heat exchangers were developed using a similar principle 

as WMHE but with different types of internal heat transfer medium, such as metal foam heat 

exchangers encased in a metallic skin deposited using wire-arc or plasma spray, as investigated by 

Salimi Jazi et al. and Azarmi et al. [13, 14]. In this case, thermal spray processes are used to seal 

commercially available nickel foam bricks with Inconel 625 to create fully enclosed heat 

exchangers. No heat transfer enhancing features are used on the outer surface of the heat 

exchangers. 
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2.1.3 BEC’s WMHE Design 

The design brought forward by BEC consists of unit cells stacked in parallel with each other to 

form a heat exchanger core. Two manifolds deliver the hot and cold fluids to the entrance of the 

unit cells, while two more manifolds handle the discharge of hot and cold fluids to the unit cells, 

respectively. A cell has two extended surfaces types to increase the amount of heat transferred. 

The finned surface is called external side, while the wire mesh surface is usually called internal 

side, due to its appearance when looking at a single unit cell (see Figure 12). The two extended 

surfaces are separated by a parting plate, which ensures that the hot and cold fluids cannot come 

into contact or mix with each other. The inlet and outlet manifold configuration creates a heat 

exchanger in a counter flow configuration. 

 

 

 

Figure 12: BEC's WMHE Designs: (a) Plate Fin Internal Surface; (b) Pin Fin External Surface 
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These cells are then stacked and sealed to form heat exchanger units. The size and amount of cells 

used in a heat exchanger unit is tailored to the application specifications. 

2.2 Advances in the Study of Fin Arrays 

The first authors to publish an extensive study on the use of fin extended surfaces in compact heat 

exchangers were Kays and London, in a study which described and characterized over 100 types 

and configurations of extended surface for use in compact heat exchangers [9]. This landmark 

publication is now considered a basis to the study of compact heat exchangers and contains design 

data and correlation curves for the thermal and hydrodynamic performance of many types of plate 

fin and pin fin arrays. In their work, Kays and London also developed the ε–NTU method and the 

first method for quantifying the gains of using finned surfaces by computing the j-factor (a 

complex non-dimensional number used to measure the heat transfer efficiency, calculated by 

dividing the Nusselt number by the Reynolds number and the cubic root of the Prandtl number) 

on a volumetric basis to obtain a volume goodness factor. 

Pin fin research was spearheaded by Žukauskas when he published his work on the heat transfer 

and hydrodynamic properties of banks of tubes [15]. His study of banks of tubes, which is 

analogous to circular cross-section pin fin arrays, yielded what is now the basis of the explanation 

of the mechanism behind the performance gain of pin fins when compared to plain rectangular 

continuous fins. Indeed, Žukauskas proposed that the flow structures of a fluid flowing in a bank 

of tubes could be separated in three regimes. A laminar regime can be identified from very low 

Reynolds numbers (with the tube diameter used as the characteristic length: ReD) to approximately 

1000, where the flow is dominantly laminar and attached to the tube surface, with large scale 

recirculation regions behind the heat transfer features. The sub-critical regime starts at ReD = 500 

and extend to ReD = 200 000, with the flow structure being largely laminar but becoming 
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increasingly turbulent, especially in the fin’s wake due to flow detachment from the fin surface. A 

small overlap between the regimes is found between Reynolds numbers of 500 and 1000, where 

the flow is in a transitional state. The exact point of this transition depends on the tube array 

geometry. The critical regime would extend from ReD = 200 000 until the limits of the studied 

Reynolds numbers and would be characterized by a completely turbulent flow.  

Many other researchers have devoted time and resources comparing different fin geometries and 

cross-sections in order to determine which type of fin is the most efficient and also to quantify this 

gain in efficiency [16-31].  One approach was to use simulation to determine the properties both 

of plate fin and pin fin heat exchangers [16, 17]. Comparisons were made using different efficiency 

criterions which lead to the same conclusion that pin fins have a better overall heat transfer surface 

efficiency when compared to plain rectangular continuous fins. The flow structures were also 

extensively studied numerically to understand the mechanism of this gain, which is attributed to 

the increased turbulence and the periodic disruption of the boundary layer caused by the 

discontinuous features of pin fin arrays. Experimental validation of the numerical comparisons 

between the various pin fin geometries such as square, circular, ellipsoid and drop shaped, for 

example, was also performed more recently by Yang et al. [18]. Due to their increased 

performance, pin fins have replaced traditional continuous fin shapes such as rectangular or wavy 

fins in critical applications due to their higher heat transfer rate [9, 10]. The increased heat transfer 

attained by pin fins is often partially offset by higher pressure losses through the fin array, but 

yields a better overall performance than their continuous counterparts [15, 16, 18-20]. Sahiti et al. 

[16, 19, 20] have demonstrated that pin fins offer the best performance for a given pumping power 

and heat exchanger volume compared to other fin array configurations.  
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Various pin fin array parameters have been investigated over the past thirty years. The relative 

height parameter (H/D, where H is the fin height and D is the pin fin diameter) of circular pin fins 

was one of the first parameters to be detailed by Brigham and Van Fossen [21, 22]. Their study 

revealed that for cylindrical staggered fins, longer pin fins (H/D > 4) tend to transfer more heat 

than shorter ones. Sparrow et al. [23, 24] and Metzger et al. [25] have also extensively studied the 

heat transfer characteristics of cylindrical pin fins in the inline and staggered configurations. A 

major conclusion from these studies is that the pin fin surface convective heat transfer coefficient 

was approximately 100% larger than that of the end wall. Different pin fin geometries have been 

investigated by Li et al. and Chen et al. [26, 27]. It was determined that the heat transfer of drop 

shaped and ellipse shaped pin fins is increased when comparing to similar circular cross-section 

pin fins. Furthermore, both types of fins also present less pressure loss than their circular 

counterparts. Although their performance is superior, this ellipse and drop shaped fin geometries 

are rarely used due to the increased production costs. Grannis and Sparrow [28] have developed 

correlations for the friction factor of fluid flow through diamond shaped pin fin arrays. Square 

base pin fins have also received some attention by You and Chang [29], who used numerical 

simulations to study the performance of inline square base pin fins in a rectangular channel and 

have provided correlations for the Nusselt number this type of geometry at different fin densities. 

Şara [30] has also studied several geometric parameters of staggered rectangular base pin fins such 

as fin spacing and shroud clearance and provided correlations for these parameters. Jeng and Tzeng 

[31] have also experimentally confirmed correlations found in the literature regarding the inter-fin 

pitches of square pin fins in both inline and staggered configurations. It was found that the 

performance of some configurations of square base pin fins can exceed that of similar size 

cylindrical cross-section pin fins under the same flow conditions. 
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2.3 Heat Transfer Performance Characterization 

When it comes to compact heat exchangers, several factors are considered to be important, such 

as the heat transfer and hydrodynamic properties, as well as its cost and envelope volume. The 

heat transfer and hydrodynamic properties of heat exchangers were extensively researched, with 

results of the relevant works summarized in this chapter. For this purpose, heat transfer relations 

for the prediction of heat exchanger efficiency will be discussed first, followed by the equations 

used to calculate the efficiency decrement caused by axial conduction. Afterwards, the equations 

describing the thermal performance of fins and their pressure loss will be detailed. Finally, the 

different efficiency indices proposed in the literature will be discussed.  

2.3.1 Heat Exchanger Properties with the ϵ-NTU Method 

Several methods can be used to determine the performance of a heat exchanger, such as the ϵ-NTU 

method, the finite difference method and the log-mean temperature difference approach. The log-

mean temperature difference approach is the simplest of the three methods, but consequently its 

applications are much more constrained by the simplifying hypotheses used. The log-mean 

temperature difference method requires that the inlet and outlet temperatures of both fluids be 

known prior to the analysis. The finite difference method is the approach that yields results closest 

to reality, but this accuracy comes at the price of increased computational power requirements.  

This method also becomes much more complex when estimating losses due to axial conduction is 

a concern. A two-dimensional model must be constructed, which again greatly increases the 

computational requirements. The alternative is the ϵ-NTU method which yields moderately 

accurate results with a simpler calculation procedure. It has the advantages of being relatively 

simple to model, while requiring a modest quantity of calculations to be performed. Another 

advantage is that simple approximations for the axial conduction losses can be used, and a finite 
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element method can be applied in conjunction to this approach to increase the accuracy of this 

method. Additionally, for certain configurations of heat exchangers, not enough data is known on 

the fluid inlet and outlet conditions to use the log mean temperature difference approach. The ϵ-

NTU method is less constrained in this way, as an iterative process can be used to circumvent this 

difficulty. By first guessing the efficiency and performing the calculations to obtain a new 

efficiency, one can use the result of the calculations as the next guess, until the results converge.  

The ϵ-NTU method is based on the idea that, for any heat exchanger, the heat exchanger 

effectiveness ϵ is solely a function of NTU, Cr and the heat exchanger’s configuration where Cr is 

the ratio of heat capacity rates of the two fluids and NTU is the number of transfer units. As 

previously stated, the equation linking the effectiveness of a counter-flow heat exchanger and the 

number of transfer units is:  

휀 =
1 − exp[−𝑁𝑇𝑈 ∙ (1 + 𝐶𝑟)]

1 − 𝐶𝑟 ∙ exp[−𝑁𝑇𝑈 ∙ (1 + 𝐶𝑟)]
 (Eq 5) 

 The number of transfer units can be found from the following equation: 

𝑁𝑇𝑈 =
𝑈𝐴

𝐶𝑚𝑖𝑛
 (Eq 6) 

where U is the thermal conductance term of the heat exchanger, A is the associated heat transfer 

area and Cmin is the minimal value for the heat capacity of the fluids. To illustrate the two fluid 

heat exchanger’s function and determine the thermal conductance, a thermal circuit diagram such 

as the one in Figure 13 is built. 
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Figure 13: Thermal Circuit Diagram for a Two Fluid Heat Exchanger Unit Cell  

As shown in the previous figure, to diminish the temperature potential Th -Tc, a heat flux per unit 

area q” flows from Th to Tc by the way of the finned outer extended surface and the meshed internal 

extended surface, represented here by the thermal resistances Rh and Rc, and the plate that separates 

both, Rw. With this diagram, one can construct the basic heat transfer equations for this case: 

𝑞 = 𝑈𝐴 ∙ (𝑇ℎ − 𝑇𝑐) (Eq 7) 

With the parameter UA calculated with the following relation: 

𝑈𝐴 = (𝑅ℎ + 𝑅𝑤 + 𝑅𝑐)−1 (Eq 8) 

The thermal resistance to convective heat transfer (in this case 𝑅ℎ and 𝑅𝑐) can easily be calculated 

knowing the convective heat transfer coefficient: 
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𝑅𝑐𝑜𝑛𝑣 =
1

𝜂𝑜 ∙ ℎ ∙ 𝐴
 (Eq 9) 

where h is the convective heat transfer coefficient, 𝜂𝑜 is the efficiency of the heat transfer surface 

and A is the associated heat transfer surface area. In the same manner, the conductive resistance 

(𝑅𝑤) term can be calculated with the following relation: 

𝑅𝑐𝑜𝑛𝑑 =
𝐿

𝑘𝑚 ∙ 𝐴
 (Eq 10) 

where L is the length of the conduction path, 𝑘𝑚 is the conductivity of the material and A is the 

cross-sectional area associated with this resistance. Substituting equations 9 and 10 into equation 

8 yields: 

𝑈𝐴 = [(
1

𝜂𝑜 ∙ ℎ ∙ 𝐴
)

ℎ

+ (
𝐿

𝑘 ∙ 𝐴
)

𝑤
+ (

1

𝜂𝑜 ∙ ℎ ∙ 𝐴
)

𝑐

]

−1

 (Eq 11) 

The heat transfer area, extended surface efficiency and conductive length are all solely functions 

of the heat exchanger’s geometry, while the thermal conductivity is a material property. These 

properties can be evaluated if the heat exchanger’s design properties are known. The convective 

coefficient, however, is dictated by the fluid mechanics of the heat transfer extended surfaces. 

Finding the convective coefficient for a metallic mesh extended surface is a fairly complex 

analytical procedure that will not be covered in this work, but the author refers to work done by 

A. Corbeil [3] for further reading, details and derivations of the final formulas. Conversely, the 

convective coefficient for a fin array is usually found experimentally or numerically and is usually 

given in a non-dimensional form such as a function of Nusselt number, which itself is a function 

of Reynolds number. When the convective coefficient is determined, U can be calculated and a 

NTU value can be obtained.  
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It is now evident that to increase a heat exchanger’s effectiveness, one must strive to increase the 

number of transfer units. To this end, the thermal conductance UA must be increased as much as 

possible, which can be achieved in one of three ways for the convective heat transfer contribution: 

by increasing the amount of available heat transfer area, by increasing the fin array efficiency or 

by increasing the convective coefficient through disruption of the fluid’s boundary layers such as 

creating recirculation zones and turbulences in the flow. The determination and augmentation of 

this convective coefficient for the pin fin side of this equation is the focus of this work and will 

lead to the increase of the total performance of the heat exchanger. 

2.3.2 Finned Surface Heat Transfer Performance 

Fins arrays are used to increase convective heat transfer between a surface and a fluid. Since 

building these fins require an additional effort, assessing the performance of the fin array versus 

an unfinned surface helps determine the gain that could be obtained from building such an array.  

Studying a typical fin array’s thermal resistance circuit delivers insight on how its performance is 

calculated. The following figure shows this diagram, and the simplified model proposed by 

Incropera [10]. 

 

Figure 14: Thermal Resistance Diagram [10] 
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This simplified resistance model accounts for the different convection paths, as well as the fin 

efficiency parameter and allows the creation of a relation between the finned surface’s efficiency 

and its thermal resistance. The associated thermal resistance, in turn, is indicative of the fin array’s 

performance. The thermal resistance can be calculated using the following equation: 

𝑅𝑓 =
1

𝜂𝑜 ∙ ℎ ∙ 𝐴𝑡
 (Eq 12) 

In this equation, the parameter 𝐴𝑡 designates the total finned and unfinned surface of the heat 

transfer surface, while the 𝜂𝑜 parameter represents the total surface’s efficiency and h represents 

the convective coefficient.  

To assess a finned surface’s properties against another surface, one only has to compare their 

thermal resistance values. A lower thermal resistance value indicates a surface will transfer more 

heat per unit area and is preferable when dealing with fins. Ideally, a negligible thermal resistance 

is optimal, but this rarely can be obtained. Finally, knowing the thermal resistance of the finned 

surface allows one to compute the heat flux associated with a temperature difference between the 

fluid and the base of the finned surface. 

The convective coefficient can also be obtained using empirical relations relating the Nusselt 

number (Nu) and the Reynolds number. To determine the convective coefficient for a given 

Nusselt number, the following equation is used: 

ℎ =
𝑁𝑢 ∙ 𝑘𝑓𝑙

𝑑ℎ
 (Eq 13) 

where 𝑘𝑓𝑙 is the fluid’s thermal conductivity and 𝑑ℎ is the hydraulic diameter of the flow passage.  

The Nusselt number is usually given in an equation of the form [10]: 



27 

 

𝑁𝑢 = 𝐶 ∙ 𝑅𝑒𝑥 ∙ 𝑃𝑟𝑦 (Eq 14) 

where 𝐶 is a proportionality constant, while x and y are curve fitting exponents.  

2.3.3 Axial Conduction in a Heat Exchanger 

Axial conduction is the result of a temperature gradient existing in the longitudinal direction of the 

wall or continuous fin of the heat exchanger from the hot section towards the cold section. This 

negatively affects the performance of the heat exchanger because it diminishes the temperature 

difference between the two flows, effectively reducing the heat transfer potential. This effect is 

magnified when the resistance to conduction is low along the wall length, as it is the case for plain 

rectangular fins. A schematic diagram of this effect is presented in Figure 15.  

 

Figure 15: Schematic Diagram of Axial Conduction for Continuous and Discontinuous Features 

Kays and London suggest approximating the relative reduction of effectiveness (λ) of continuous 
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𝛿휀

휀
≈ 𝜆𝑟 =

𝑘𝑚 ∙ 𝐴𝑘

𝐿𝐻𝑋 ∙ 𝐶𝑚𝑖𝑛
 (Eq 15) 

where 𝛿휀 is the differential loss of effectiveness, 휀 is the actual effectiveness of the heat exchanger, 

km is the thermal conductivity of the fin material, 𝐴𝑘 is the cross-sectional area of the heat transfer 

extended surfaces, 𝐿𝐻𝑋 is the length of the heat transfer enhancing features and 𝐶𝑚𝑖𝑛 is the lowest 

thermal capacitance between the two working fluids. This equation demonstrates that for compact 

heat exchangers using plain rectangular fins or similar continuous features, axial conduction is a 

significant problem, more so than in shell and tube exchangers, for example. Indeed, the ratio of 

conduction area (Ak) to the heat exchanger length (𝐿𝐻𝑋) is much larger for compact heat exchangers 

than for traditional heat exchangers, due to the fact that the design objective for compact heat 

exchangers is to increase the conduction area as much as possible while minimizing the length of 

the heat exchanger as much as possible.  

Discontinuous fins do not have this disadvantage, however, due to the fact that there is a negligible 

temperature gradient between the leading and trailing edges of one fin due to the short length of 

the fins in the streamwise direction.  This decrement in efficiency can also be encountered due to 

the thermal gradient that exists in the parting plate used to separate the hot and the cold fluid. 

2.3.4 Pressure Losses in Heat Exchangers 

The pressure losses most commonly encountered in a heat exchanger can be categorized under 

three different types: constriction pressure losses, heat transfer medium pressure losses and 

expansion pressure gains.  This is illustrated in Figure 16 for a plate fin heat exchanger. The change 

in pressure between 1 and 2 are named inlet pressure losses (ΔPi), which are due to the flow 

constrictions when entering the heat transfer medium (in this case a plate fin array). This is 

followed by a linear decrease in pressure with distance ΔPf between points 2 and 3 which is 
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attributable to the skin friction which viscously dissipates the flow’s energy in the boundary layers 

attached to the fin walls. Finally, a pressure gain due to the flow expansion between points 3-4 are 

expressed as the outlet pressure gain (ΔPo). The inlet and outlet pressure changes are not the focus 

of this work, as proper designs for headers minimize the negative effects of these changes in 

pressure.  

 

Figure 16: Pressure Losses in a Heat Exchanger [3] 

The pressure loss encountered in a fluid flowing through a longitudinally continuous surface such 

as plain rectangular fins is calculated using the Darcy friction factor (f) definition [9]: 

𝛥𝑃𝑓 = 𝑓 ∙
𝐿𝐻𝑋

𝑑ℎ
∙

𝜌�̅�2

2
 (Eq 16) 

where ρ is the fluid’s density and �̅� is the mean stream velocity. This relation is slightly modified 

to accommodate non-continuous surfaces, such as pin fin arrays [9]: 

𝛥𝑃𝑓 = 𝑓 ∙ 𝐿𝐻𝑋 ∙ 𝐹𝐷𝐿 ∙
𝜌�̅�2

2
 (Eq 17) 
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The parameter 
𝐿𝐻𝑋

𝑑ℎ
 is replaced by 𝐿𝐻𝑋 ∙ 𝐹𝐷𝐿, which is equal to the number of fin columns the flow 

has to cross from the entrance of the heat transfer surface to its exit.  

For this type of heat exchangers, the contraction and expansion of the flow at the entrance and exit 

of the fin array can be calculated with: 

𝛥𝑃𝑖,𝑜 = 𝑘 ∙
𝜌�̅�2

2
 (Eq 18) 

The k factor is determined experimentally for different contraction and expansion cases, but can 

vary from fractions to hundreds, depending on the severity of flow impediment.  

For most cases of experimental work, the term ΔP is usually measured using pressure transducers 

and is usually not computed. 

2.3.5 Efficiency Index 

As demonstrated previously, the assessment of the performance of a heat exchanger is a tedious 

task. Comparing the performance of different types and geometries of heat exchangers, however, 

becomes even more difficult due to the range of different criteria used to determine this. To ensure 

the most efficient surface is used in a given application, one must select a performance criterion 

which adequately describes both the thermal and hydrodynamic performance of the heat 

exchanger. For this purpose, several authors have proposed efficiency indices or performance 

evaluation criteria for the determination of efficiency. 

One of the first methods proposed for assessing and comparing the performance of heat exchangers 

was proposed by Colburn [32]. His approach was to directly compare the Colburn J-factor for heat 

transfer to the Colburn J-factor for fluid friction in the following manner: 
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𝐽𝐻

𝐽𝑀
=

𝑁𝑢
𝑅𝑒 𝑃𝑟1/3

𝑓
2

 (Eq 19) 

Plotting this factor as a function of the Reynolds number or the flow rate would yield curves that 

could be compared to one another. Picking the curve with the highest j-factor ratio at a given flow 

rate would allow one to select the most efficient surface under the testing conditions. This 

comparison would represent the heat exchanger with the least required frontal area for a given heat 

transfer and pressure loss and is considered an area goodness factor. Colburn’s approach was 

modified by London and Ferguson [33] to make this criterion a volume goodness factor, which 

instead selects the heat exchanger that takes up the least amount of volume for a given heat transfer 

and pressure loss. This was achieved by plotting the convective coefficient (h) of the extended 

surface as a function of the required pump power (e), normalized by the heat exchanger’s entire 

wetted area, from the heat exchanger’s 𝐽𝐻and 𝐽𝑀 factors. This method was more appropriate to the 

comparison of compact heat exchangers as the volume was taken into account instead of the 

exchanger’s frontal area, but tended to overestimate the gains of using a heat exchanger with a 

higher h/e curve [16].  

Several efficiency factors have also been proposed in recent years which assess the performance 

of a given heat exchanger extended surface using the Nusselt number and the friction factor, 

following the reasoning of London and Ferguson. Early propositions included using an 

effectiveness parameter based on comparing Nusselt number of heat transfer surfaces divided by 

the Nusselt number of a comparable size unfinned channel at a given flow rate [21, 30]. This 

criterion, however, only takes into account the thermal performance of a heat transfer surface and 

not its hydrodynamic performance. Other authors have proposed variations of this parameter by 

dividing it by the friction factor ratio of the fin to a bare plate [34]: 
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𝑁𝑢

𝑁𝑢𝑏𝑎𝑟𝑒

𝑓
𝑓𝑏𝑎𝑟𝑒

 
(Eq 20) 

This criterion has the advantage of comparing both components of heat exchanger performance. 

This index has a tendency to overestimate the contribution of friction losses, meaning that plain 

channels are typically considered more efficient than finned surfaces when using this parameter 

for design. It has thus been proposed to moderate the contribution of the friction factor by applying 

a 1/3 exponent to this parameter.  This was justified by noting that the important parameter for a 

heat exchanger is actually the thermal performance over the required pumping power. This 

parameter is plotted as a function of Reynolds number, so consequently both contributions 

(thermal performance and pumping power) should have a similar dependence on Reynolds 

number.  Since the Nusselt number is approximately proportional with Re and the pumping power 

is approximately proportional to the friction factor and the cube of Re, then logically the following 

parameters could be used [12, 35]: 

𝑁𝑢

𝑁𝑢𝑏𝑎𝑟𝑒

(
𝑓

𝑓𝑏𝑎𝑟𝑒
)

1/3

 𝑜𝑟 
𝑁𝑢

𝑓1/3
 

(Eq 21) 

These methods do not take into account variations in driving temperature differences that arise 

from the use of various configurations of heat exchangers, however. Using the J-factor, the Nusselt 

number or the convective coefficient also presents difficulties for comparing with the literature as 

the values obtained are sample geometry dependent and the values published cannot be adapted 

without knowing the intimate details of the calculation procedure of the source. 

To remedy this shortcoming, Soland et al. have proposed an efficiency indicator which is based 

on the driving temperature difference as a function of the required power input to drive the fluid 
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[36]. This was achieved practically by comparing the number of transfer units (NTU) to the 

pumping power (e), normalized by the total heat exchanger volume (𝑉). The advantage of this 

method is the ease of computation and its independence with testing conditions. Indeed, these data 

are independent of the heat exchanger geometry, which allows other authors to directly compare 

their results to the curves produced in the literature without knowing the exact details of geometry 

of the test sample in question.  

Recently, Sahiti et al. have proposed an efficiency indicator which better predicts the effectiveness 

increase attainable when changing heat exchanger parameters by using more dimensional 

parameters for the determination of the pumping power and the thermal performance [16]. The 

thermal conductance is plotted against the required pumping power and are both normalized by 

the total heat exchanger volume in the following manner: 

𝑈𝐴𝑣 =  
1

𝑅𝑒𝑞 ∙ 𝑉
=

ℎ ∙ 𝐴𝑡 ∙  𝜂𝑜

𝑉
 (Eq 22) 

𝑒𝑣 =  
�̇�𝑓 ∙  ∆𝑃𝑓

𝜂 ∙ 𝑉
 (Eq 23) 

In the previous relation, 𝑒𝑣 is the pumping power per unit volume, �̇�𝑓 is the volumetric flow rate 

of the fluid, 𝜂 is the fan efficiency while 𝑉 is the volume of the heat exchanger. This method is 

found to predict the performance more accurately than the previously proposed methods, which 

tend to over predict performances of pin fin heat exchangers [16]. Furthermore, the data 

presentation allows one to perform the comparisons without requiring the details of the geometry 

and of the calculations of the surface to compare with, which is typical of approaches that compare 

non-dimensional numbers such as the J-factor or the Nusselt number. 
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2.4 Thermal Spray Techniques  

Thermal spray techniques are coating processes that differ from other coating techniques such as 

directed vapour deposition or electrochemical plating as they are non-atomistic processes. Instead 

of being deposited on the substrate material on a molecular level, the deposition is done using 

relatively large clusters of molecules that consist of solid, micron sized powders, which are usually 

heated to a molten or semi-molten state and projected onto a substrate’s surface at varying speeds 

depending on the process used. Figure 17 shows a tree of the most commonly used thermal spray 

techniques. 

 

Figure 17: Thermal Spray Processes (Adapted from [37]) 

Kinetic spray processes such as CGDS rely on the transfer of momentum from a high pressure 

inert gas (usually helium or nitrogen) to relatively cold particles, which are deposited onto a 

substrate’s surface. The high-pressure driving gas is heated and subsequently accelerated to 

supersonic speeds using a converging-diverging (DeLaval) nozzle, where its kinetic energy is 

imparted to the particles by drag effects [38, 39]. A schematic of the cold spray process is shown 

in Figure 18, where the main components of a cold spray system are illustrated.  
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Figure 18: Schematic of Cold Spray Process 

Upon colliding with the substrate, the particle’s kinetic energy is converted to plastic deformation 

of the particles and substrate, which induces adhesion. In the cold spray process, this impact 

between the particles and the substrate occurs at relatively low temperatures, which is typically 

less than half the material’s melting temperature in Kelvin. In cold spray, the particle’s mechanical 

deformation is attributed to the adiabatic shear instabilities created during the impact, which causes 

the material to viscously flow outwards from the center of the particle [40]. For this process, 

metallurgical bonding to the substrate is attributed to localized high pressure waves breaking oxide 

layers and promoting intimate contact between the particle and the substrate [41], while for other 

thermal spray processes the adhesion is sustained by the solidification of the melted particles on 

the substrate’s surface. 

2.5 Additive Manufacturing 

2.5.1 Three-dimensional Printing 

Additive manufacturing and 3D printing are subjects which have attracted a massive amount of 

interest over the past decade. This interest was sparked by the potential cost savings and the 

Powder 

Feeder 

DeLaval Nozzle 
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reduced environmental impact that near net shape production of parts could provide, due to the 

minimized amount of wasted material, when compared to more traditional material removal 

shaping methods [42]. Furthermore, certain features can be manufactured with additive 

manufacturing which are hard, even impossible, to make with traditional methods such as 

machining or casting [42]. 

The additive manufacturing processes that have obtained the most success recently consist of using 

a robotic control to move a nozzle which deposits layers of molten polymers, which are 

successively deposited to build a part up, layer by layer [43]. The robotic control is guided by a 

computer generated 3D model, which is converted to a layer by layer map of where deposition 

should occur. The buildup speed is limited by the output capacity of the nozzle, with particles 

being typically in the range of 50 to 100 microns in diameter, creating layers with similar 

thicknesses [43]. The parts built in this manner have limited structural strength but usually have 

good integrity with adequate spatial resolution [43]. If the tolerances are very strict, it is possible 

to over deposit and use a post-processing step such as machining. The main drawback of such 

technique is the low build rate of the parts, with larger parts requiring unrealistic timeframes for 

build-up [42, 43]. For small parts or very small batches of larger parts, this option can be very 

convenient and economically interesting [42, 43]. 

This type of technique can also be used to produce parts made of other types of materials, such as 

metals (which carries the name fused deposition modeling), where the consolidation of the part is 

obtained by heat treatments such as sintering but are still in their infancy stage [43]. Other 

techniques such as selective laser melting or direct laser sintering can be used to create metallic 

parts using additive manufacturing are also being developed, but are not yet widespread 

industrially. 
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2.5.2 Additive Manufacturing in Thermal Spray 

Additive manufacturing in thermal spray is a topic that has received very little attention previously, 

but which is a growing interest in the scientific community. Conventionally, thermal spray 

techniques have been used to deposit coatings instead of building net shape or near-net shape 

features. The first group to study this subject was led by Prinz and Weiss, who used a stackable 

and disposable mask sheets to selectively block the deposition from a plasma spray torch [44, 45]. 

This method, however, has certain disadvantages, including poor spatial resolution, part warpage 

due to thermal stresses and poor mechanical strength for a metallic part. 

In the last years, investigations have been conducted regarding the possibility of using CGDS to 

produce net-shape deposits, with the first studies concentrating on the use of masked deposition 

[46]. These investigations focused on building electrodes for solar cells, where the electrode 

consists of a continuous copper deposit. The deposits in question have a pyramidal section, which 

was explained as being due to the large carrier gas flow recirculation zones found near the edges 

of the mask due to the lack of clearance between the mask and the part that requires coating, as 

depicted in Figure 19. This leads to preferential deposition near the center of the mask opening, 

with little deposition near the mask edges. The limitations of this technique are that there is a risk 

of embedding the substrate into the mask and that the height limit of the deposit is tied to the 

thickness of the mask. 
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Figure 19: Schematic of the Deposition Process for CGDS with a mask [46] 

2.6 Flow Structure Visualization  

2.6.1 Flow Visualization Techniques 

Flow visualization techniques can be separated into three groups based on the approach for data 

collection and the type of data collected: 

i. Surface flow visualization techniques 

ii. Optical methods 

iii. Tracer particle methods 

The first type of flow visualization techniques focuses on flow structures near walls or other solid 

surfaces. One example of this uses coloured oils applied to the surface of an object in a wind 

tunnel. The oil reacts to the shear stress in the boundary layer of air at the solid surface and forms 

a pattern from which flow information can be deduced. 
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The second approach relies on differences in the optical properties between regions in a fluid to 

determine the flow structure. The optical properties observed can either be based on refraction 

differences, such as those arising from high temperature gas stream in a room temperature 

environment, or based on evaluating the color of a stream in which dye has been injected. The 

differences in refractive index can be visualized using Schlieren photography or using a 

shadowgraph while the dye concentration methods typically use laser-induced fluorescence or 

light attenuation techniques. 

The third method of flow visualization relies on the principle of tracking the displacement of tracer 

particles in the flow to determine the streamlines of the fluid or the pathline of the particles in the 

stream. To this end, particles such as smoke or fluorescent plastic pellets can be injected in the 

fluid stream at varying concentrations. Several different flow structure evaluation algorithms have 

been developed depending on the concentration of particles in the fluid under study. 

Regardless of particle concentration, the necessary equipment for using tracer particle methods is 

of the same nature, with this equipment illustrated in Figure 20. Photographs are taken with a very 

short time interval between each and pairs of pictures are analyzed together. Charge-Coupled 

Device (CCD) cameras are usually used to capture and convert the images to digital files which 

are sent to a computer. For this procedure to occur successfully, an illumination source is triggered 

simultaneously with the camera’s shutter opening using a synchronizer. This synchronizer acts as 

an external trigger source for the camera and the illumination source.  The illumination source, 

depending on the actual tracking particle method used, is usually a laser, conditioned to obtain a 

thin sheet of light to illuminate solely the zone of interest.  The data generated by the light received 

by the CCD camera is then analyzed using cross-correlation signal processing algorithms. For the 

proposed work, the Particle Image Velocimetry (PIV) method is most appropriate, as the particle 
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concentration is high enough to allow one to obtain the whole flow field with one sequence of 

images, while it is low enough to ensure that the properties and behaviour is not affected by the 

particle density [47]. With this goal in mind, small tracer particles are chosen with a density very 

similar to that of the fluid being analyzed as to minimize disturbances stemming from the seeding 

particles.  

 

Figure 20: Typical Tracer Particle Technique Apparatus [48] 

The PIV data post-processing method relies on the identification of groups of particles and tracking 

the movement of these groups, as opposed to particle tracking algorithms which only follow the 

displacement of single particles. The PIV algorithm separates the camera’s field of view into 

smaller interrogation windows, in which the particle groups’ displacement is measured. The size 

of the interrogation window must be selected to be at least twice as large as the maximum expected 

displacement [47]. Once the displacement of the particle groups has been determined, a velocity 

vector is generated for this window. The resolution, or maximal amount of information that can be 

obtained using this technique, is thus inversely proportional to the interrogation window size. 
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Larger windows allow for easier resolution of the algorithm since the particle displacements will 

be small compared to the window size, but the large size of the window limits the amount of 

velocity vectors that can be determined using this method [47]. It is thus critical to choose the 

appropriate correlation window size. 

Two methods for estimating the displacement of the particles exists for PIV analysis: auto-

correlation and cross-correlation. The first method consists of taking a single picture with a long 

exposure time and two short illuminations during the acquisition. This yields a single frame, where 

the same particle groups appear twice, in different positions, in the frame. The auto-correlation 

algorithm matches particle group positions within this single frame to determine the amount of 

motion that occurred between the illuminations, which in turn can be converted to a velocity field. 

The cross-correlation algorithm, in contrast, uses a camera capable of performing two short 

exposition times in quick succession to capture two different frames, one for each illumination 

event. The algorithm then determines particle movement from the identification of the motion 

between one frame and the next, with a known time interval between the capture of both frames. 

This requires the use of complex equipment, such as a high end camera and a synchronizer, to 

ensure that the illumination pulses coincide with the exposure time of the camera. The first method 

requires a much simpler camera setup, but is less accurate than the cross-correlation method due 

to the difficulty in correctly identifying individual particle groups [47]. 

Due to the nature of the equipment used, non-stereoscopic PIV processes are considered two-

dimensional analyses. Indeed, the very small depth-of-focus of the camera and the thin nature of 

the laser illumination limit the gathering of information to a plane [47]. This implies that PIV 

analysis is much more suited to applications which have a very small amount of displacement 

perpendicular to the analysis plane, as if there is much movement in that direction, the software 



42 

 

will not be able to find matching particle groups between camera frames and the analysis will fail 

[47]. For flow fields which have a negligible vertical component of velocity, it is possible to obtain 

a depth-composite velocity profile by using the horizontal plane for analysis and by moving the 

position of the focus of the laser optics and the camera’s focus along the vertical axis.   

When micron size flow features are to be observed, µPIV must be used instead of traditional PIV 

[49, 50]. To obtain the spatial precision required, the camera must be equipped with optics to 

enhance its resolution. This is usually accomplished by outfitting a very sensitive camera with 

microscope lenses tailored to the acquisition of small intensity fluorescence signals [49]. Due to 

the sensitivity of the apparatus, care must be taken to ensure that none of the laser’s primary signal 

is sent to the exposure plate, which is accomplished by the use of a dichroic filter, which allows 

light at the primary wavelength to pass through in one direction (towards the sample) and light 

from the fluorescent particles at the secondary wavelength back (towards the camera). This 

technique also differs from traditional PIV in its treatment of the illumination. Since the 

microscope lens has a sufficient depth-of-focus to obtain results with the desired precision, there 

is no need for complex optics to condition the light coming from the laser to a light sheet [49, 50]. 

Instead, a full volume illumination is used and the depth of the measurement plane is solely 

dictated by the camera optics [49]. Micro-PIV has the same limitation as regular PIV does with 

respect to the planar nature of the results. Once again, it is possible to obtain a depth-composed 

profile by moving the focus along the vertical axis to obtain many planes along the depth. This 

method, however, does not take into account the depth-wise velocity component. 

The Stokes number (𝑆𝑡𝑘) is used to determine how closely the particles follow the fluid’s 

trajectory. It is defined as the ratio of the characteristic time of the particle’s movement to the 

characteristic time of the fluid’s movement [47]: 
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𝑆𝑡𝑘 =
𝜏𝑢∞

𝑑ℎ
 (Eq 24) 

where u∞ is the mean fluid free flow velocity, dh is the hydraulic diameter and τ is the relaxation 

time of the particle (the time constant of the exponential decay of fluid momentum due to drag 

effects), which is calculated with: 

𝜏 =
𝜌𝑝𝑑𝑝

2

18𝜇
 (Eq 25) 

In this equation, ρp is the particle’s density, dp is the particle’s diameter and 𝜇 is the fluid’s dynamic 

viscosity. The Stokes number must be verified after the proper particle size has been selected for 

the desired resolution to insure that they appropriately follow the fluid’s motion. The criterion for 

having tracing accuracy errors smaller than 1% is to have a Stokes number less than 0.1 [47]. 

2.6.2 Flow Visualization in Heat Exchangers 

To properly understand the performance behaviour of heat exchangers, the flow structures that are 

present must be understood. Indeed, in forced convection applications, the turbulence levels and 

the local fluid velocity around heat transfer enhancing features determine the local convective heat 

transfer coefficient and play a significant part in determining the hydrodynamic losses. For this 

reason, visualizing the flow structures in heat exchangers has been a growing concern in recent 

years. 

Flow structure visualization using PIV has been performed by several authors with the goal of 

characterizing heat transfer [51-56]. Wen et al. [51] focused on the determination of the effect of 

the flow structures found in the headers upstream of a plate fin heat exchanger and the 

consequences of maldistribution of fluid on the performance of such fin arrays.  Jones et al. [52] 

used µPIV measurements to examine the flow maldistribution in microchannel heat sinks, which 
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allowed experimentally determining that maldistribution increases drastically as the Reynolds 

number is increased, thus decreasing the thermal performance of the heat exchanger. Uzol et al. 

studied both the performance and the flow structures arising from circular and elliptical pin fin 

arrays and found that the elliptical shaped fins transferred less heat at a much lower aerodynamic 

cost, which yields a better overall efficiency than their circular cross-section pin fins [53]. This 

was attributed to the early flow separation from the circular pin fin’s surface, which creates a large 

low velocity wake behind the fin, which could be identified and characterized using PIV [54]. 

Furthermore, the higher levels of turbulent kinetic energy measured in the circular fin’s wake 

helped explain the increased thermal performance of this type of geometry when compared to 

ellipses [54]. 

2.6.3 Flow around Pyramidal Structures 

Although the literature regarding sub-millimeter scale structures is lacking, flow patterns around 

large scale structures have been studied extensively due to their application in pollution control in 

cityscapes. The flow structures around pyramidal shaped structures have been investigated by 

Martinuzzi et al., who found very complex three dimensional flow geometries for scaled down 

(approximately 1 meter high) pyramids [55-57]. From these studies, several horseshoe and hairpin 

vortical structures were identified, leading to a broad low pressure zone behind the pyramidal 

structure, as illustrated in Figure 21. These flow features induce a significant amount of fluid 

mixing, stretching as far as three times the base length downstream of the pyramid.  
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Figure 21: Flow Structures Around Pyramids Indicating the Various Types of Flow Structures Encountered: 

(a) Schematized (Adapted from [56]); (b) From Flow Visualization [56]   

(a) 

(b) 

Hair Pin  
Vortex Pair 
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CHAPTER 3 RESEARCH OBJECTIVES 

3.1 General Objectives 

As stated previously, the general objective of this work is to increase compact heat exchanger 

efficiencies by using net-shaped pin fins produced using cold spray. To allow designers to properly 

select the size, geometry and configurations while maximizing the performance of the fin array 

under the given design conditions, certain specific objectives are proposed: 

a) Determine the effect of varying the pyramid’s base angle, the fin density and the fin height 

on the thermal and hydrodynamic performance of the fin array at low Reynolds numbers 

(250 – 3000). 

b) Determine the effect of using different type of pin fin geometries and arrangements on the 

flow structures and the performance of the array, while demonstrating the superior 

performance of pins fins when compared to plain rectangular (continuous) fins. 

c) Visualize the flow structures at varying Reynolds numbers to identify regions of increased 

fluid turbulence and to observe the recirculation structures believed to exist in the pin fin’s 

wake. 

d) Measure the different turbulence quantities in the regions of interest and tentatively 

correlate these metrics to the thermal and hydrodynamic performance of the fin arrays. 

These objectives can be split into two categories of specific objectives: those related to the 

evaluation of the performance of the various fin arrays and those related to the observation of the 

flow structures of the pin fins arrays described in this work. The following sections will detail 

these specific objectives and the work plan that was developed to attain these goals. 
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3.2 Evaluation of the Performance of Pin Fins Produced using Cold Spray 

The general objective is to obtain performance data for several parameters, namely the thermal 

conductance and the pressure loss through the fin array. Furthermore, demonstrating the superior 

performance of the near-net shape pin fin arrays produced by cold spray to that of several 

geometries of plain rectangular fins is performed, to prove the commercial viability of using this 

technology industrially. 

The first parameter studied was the dependence of the thermal and hydrodynamic performance to 

the flow condition which was determined by testing the fin array at different Reynolds numbers. 

For the type of wire mesh heat exchangers described previously, the Reynolds numbers are usually 

low (500 to 2000) due to the cellular nature of the heat exchanger. Consequently, the study was 

focused on determining the performance at Reynolds numbers varying between 250 and 3000. 

This range of Reynolds number covers the application range with some margin on either side. 

The next parameters that were studied are basic geometric parameters such as the fin height, fin 

base angle and the fin density. Varying the fin height and the fin base angle is achieved by 

modifying the production procedure, namely by increasing the number of spray passes. The fin 

height was varied between 1.0 mm and 2.5 mm, which was once again chosen to reflect what is 

currently required by the application. The fin base angle parameter was varied between the 

minimal angle obtained with the as-sprayed fin geometry and the maximal angle obtained by 

depositing fin material to a height greater than required, and subsequently removing the excess 

material by grinding the top of the fin to the desired height. Finally, the fin density can be varied 

by changing the mask used with the CGDS process.  This parameter was varied according to the 

type of commercially available wire mesh masks obtainable. 
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The last geometric parameters that was studied is the effect of changing the cross-section of the 

fins produced and their configuration, namely by producing square-base pyramid, diamond-base 

pyramid and cone shaped fins in the inline or staggered configuration. This is motivated by the 

fact that different types of cross-sections cause different levels of flow disturbances (and 

potentially different flow structures), which could significantly affect the thermal and 

hydrodynamic performance of the fin array even though the other geometric parameters are kept 

identical. Furthermore, using fin arrays in an in-line or in a staggered configuration could also 

change the performance of the fin array, and has been investigated to allow proper selection of the 

fin array production procedure. The combination of fin shape and configuration was also selected 

as a function of the commercial availability of the different mask geometries. 

3.3 Observation of Flow Structures of Pin Fin Arrays  

The observation of the flow structures in pin fin arrays is a fundamental necessity because the 

disruptions of the boundary layers on the fin walls and the flow structure in the fin’s wake is the 

principal mechanism for the increased performance of this type of extended surface. This is 

especially true when comparing with plate fin arrays, for which the performance increase with 

respect to an unfinned surface is attributed to the greatly increased heat transfer area. Indeed, plain 

rectangular fin arrays have a comparable average convective heat transfer coefficient to an 

unfinned surface.  

To properly understand the performance gain mechanism of pin fins such as those described in 

this work, one must visualize the movement of the fluid to understand where the critical heat 

transfer and pressure loss driving zones are located. This could allow, in turn, for the design of fin 

arrays which maximize the effect or the size of these zones and further increase the performance 

of this type of fin array.   
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Furthermore, the high convective coefficients that are usually measured for pin fin arrays could 

potentially be explained and correlated to the different turbulence quantities usually measured for 

heat exchangers, namely the turbulence intensity and the turbulent kinetic energy. Understanding 

how the performance varies with the turbulence metrics in various flow regions could allow for 

better optimization of the pin fin array performance and thus increase the heat transfer efficiency 

of this type of fin array.  
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CHAPTER 4 RESEARCH APPROACH 

4.1 Fin Production using the Masked CGDS Deposition Technique 

The CGDS system that was used for the exploratory work is a commercially available Plasma 

Giken PCS-1000, available through BEC. This machine was used to perform early trials and to 

validate the production procedure and parameters for the industrial partner. An SST-EP series 

CGDS system from Centerline was used for the in-depth research work due to its availability at 

the University of Ottawa Cold Spray Laboratory, and the lower operation costs of this smaller 

apparatus. The Plasma Giken system is optimized for large scale production, and thus is not as 

suitable as the smaller scale SST-EP system for a research endeavour. Using the latter system 

allow the minimization of cost and operation time of the Plasma Giken system. Both systems were 

used with nitrogen gas to reduce production costs of the fin arrays, when compared to production 

costs with helium gas as the propellant.  

Figure 22 shows the Centerline EP cold spray apparatus, complete with the essential components: 

the spray enclosure, the powder feeder, the control cabinet, the robot controller, the air filter and 

 

Figure 22: SST-EP Cold Spray Apparatus 

Spray 

enclosure  

Control 

cabinet  

Powder 

feeder  

Air 

filter  

Robot 

controller  

Nozzle 

assembly  



51 

 

the nozzle assembly. The spray enclosure and air filter ensure that the powders used for cold spray 

depositions are contained and properly filtered out of the atmospheric air, while the control cabinet 

is used to power on and off the system and to input the desired temperature and pressure. A 

computer is used to control the robot on which the gun is mounted to create spray patterns. Finally, 

a Thermach powder feeder is used to feed particles to the nozzle of the SST-EP system. This 

powder feeder uses pressurized nitrogen to force a measured amount of powder from the canister 

to the cold spray nozzle. Powder flow rates are controlled by means of a rotating wheel with holes 

along the rim. A hammer mechanism is used to ensure the holes are completely filled and that 

when the holes align with the flow valve, all the powder flows out into the nozzle feed line. Varying 

the speed of rotation or the number and size of the holes in the feeder wheel allows one to control 

the powder feed rate. 

Figure 23 illustrates the technique used to create square based pyramidal fin arrays using 

commercially available plain woven, steel wire mesh (McMaster-Carr, Aurora, OH, USA) to mask 

the substrate from cold spray deposition. This configuration creates a pyramidal fin array with 

peaks aligning with the holes of the screened area and little or no deposition underneath the wires. 
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Figure 23: Schematic of the Masking Technique with Resulting Pyramidal Fin Array 

The main factor that determines if adhesion occurs with the CGDS process is the particle’s normal 

impact velocity with respect to the substrate. Thus, since the CGDS flow near the edges of the 

mask holes is affected by wall (viscous) effects, particles present in the CGDS flow in the vicinity 

of the mask wires are slowed down.  As such, the particles tend to build up a coating preferentially 

on the substrate underneath the center of the mask holes. This creates a zone near the center of the 

holes where build-up is more pronounced than on the sides. This preferential build-up leads to the 

creation of an angle between the top and the base, thus forming a tapered section structure. When 

this angle becomes sharp enough, particles do not have a sufficient normal impact velocity and 

adhesion stops, with subsequent particles simply bouncing off the feature. The working principles 

of the CGDS process make it an ideal candidate for the proposed masking technique used to 
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produce pin fins.  Using other thermal spray techniques such as Plasma Spraying and High 

Velocity Oxy Fuel (HVOF) would cause issues where the mesh would either melt or be clogged 

by the molten particles in the very high temperature gas stream. Furthermore, mask distortion and 

softening could become problematic production issues that are completely avoided when using 

cold spray. 

The feedstock powder used is aluminum (99.8% Al), purchased from Centerline (Windsor) Ltd. 

(Windsor, Ontario, Canada), and distributed commercially under the name SST-A5001. The 

powder size range is characterized by a size distribution where 10% of the particles are smaller 

than 13.29 microns (D10 value), 50% of the particles are smaller than 25.35 microns (D50 value) 

and 90% of the particles are smaller than 49.58 microns (D90 value), as measured by a Microtrac 

(Montgomeryville, Pennsylvania, USA) S3500 laser diffraction analysis apparatus. Figure 24a 

presents an image of the powder taken by a Scanning Electron Microscopy (SEM) EVO-MA 10 

(Zeiss, Oberkochen, Germany). It presents an elongated, non-spherical geometry. The grain 

structure is shown in Figure 24b, as etched with Keller’s reagent. The grains have an equiaxial 

shape in the center of the particle, while the exterior is composed mostly of elongated grains. This 

type of powder was used due to its low cost and the high sprayability of aluminum, combined with 

its high thermal performance. Furthermore, the project’s industrial partner was interested in the 

performance properties of aluminum fin arrays produced by cold spray. 
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Figure 24: SEM Micrographs of SST-A5001 Feedstock Powder (a) As-Received; (b) Etched Cross-Section 

Fins were cold sprayed on aluminum substrates (Al6061 T6) with standard dimensions of 5.1 cm 

by 5.1 cm. The cold spray trials detailed in this work are done on extruded aluminum substrates 

instead of thermal sprayed coatings on the WMHE to demonstrate viability. As only the thermal 

and hydrodynamic performance of the fins are of interest, it was felt to be necessary to isolate the 

fin system from the rest of the WMHE system to reliably report the performance of the fin array 

independently from issues that may arise in the production of the WMHE which could skew the 

results. The substrates were cleaned and degreased using acetone after being cut to size. No further 

coupon preparation steps such as grit-blasting or heat treatments were performed. To determine 

the effect of changing the fin base angle for a constant height, samples are cold sprayed to a height 

larger than the target height and then ground down to the target height with using a conventional 

sanding belt with 320 grit sandpaper and water as coolant. This process yields fins with a 

trapezoidal prism shape, as illustrated in Figure 25. No other type of post-treatment of the sprayed 

samples was performed. 
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Figure 25: (a) Comparison between As-Sprayed and Ground Fin Geometry; (b) Ground Fin Sample 

4.2 Fin Array Characterization 

 Fin array samples were measured using a depth of field microscope VHX-2000 which was 

acquired from Keyence (Mississauga, Ontario, Canada) which allows building three dimensional 

images of the given samples. This non-destructive method will be used to characterize the base 

dimensions and the height of the samples to be tested, while standard metallographic procedures 

were used to obtain cross-sections of the sprayed samples. All the micrograph image analyses were 

performed using Clemex Vision Lite (Clemex Technologies Inc., Longueuil, Qc, Canada) image 

analysis software.  

4.3 Heat Transfer Efficiency Determination 

4.3.1 Performance Test Apparatus 

The performance of the various fin arrays produced was assessed using a heat transfer and pressure 

drop test apparatus designed at the University of Ottawa. A schematic of this test fixture is shown 

in Figure 26. 

(a) (b) 
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Figure 26: Thermal and Hydrodynamic Test Fixture 

The main components of this apparatus are the test section, the heating pad, the air supply and the 

data acquisition system. The air is supplied by a compressed air line, properly filtered and 

dehumidified to obtain room temperature, dry air, free from oil contamination. The air inlet flow 

rate is controlled by a needle valve and is measured with a flow meter. This air is smoothly 

expanded into a horizontal rectangular channel with a diffuser and a honeycomb flow straightener. 

The honeycomb flow straightener consists of a series of 10 mm diameter, 25 mm long flexible 

tubes placed side by side to ensure there are low levels of turbulence in the inlet air.   The 

rectangular channel’s top and bottom plates (76.2 mm wide by 457.2 mm long by 19.1 mm thick) 

are made of acrylic, and they are spaced apart using a rectangular rubber gasket, which is 

compressed to ensure there is no clearance between the fins and the shroud surface. These gaskets 

also ensure that the joint is leak-proof. A length of 457 mm of unobstructed flow ensures that the 

fluid is thermally and hydrodynamically fully developed before reaching the test section for the 

given range of hydraulic diameters and Reynolds numbers [10].  

The test sample is subjected to a constant heat flux provided by a strip heater. A conducting block 

is used to ensure that heat is evenly distributed onto the substrate’s surface. A set of differential 

pressure measurement taps is located 12.7 mm upstream (high pressure side) and downstream (low 
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pressure side) from the middle of the test section. Two thermocouples are located 6.0 mm before 

and after the test section at mid-height to record the fluid’s local average temperature. Four 

thermocouples are attached to the fin array’s base, with two on the side facing the incoming flow, 

and two on the side facing the exiting flow. On each face, one thermocouple is located on the 

centerline, while the other thermocouple is located 6 mm from the wall. All the thermocouples 

used are T-type, butt-bonded, thin gauge (32 gauge) thermocouples. Radiative heat transfer losses 

are neglected since they would account for less than 0.5% of the total heat input for similar test 

surfaces at test temperatures less than 75 °C [58, 59]. 

4.3.2 Data Analysis Method 

To analyze the raw data obtained and compare it in suitable manner, flow conditions are expressed 

using the Reynolds number. This study provides non-dimensional numbers with a characteristic 

length based on the hydraulic diameter for the comparison of different fin arrays.  

The Reynolds number based on the hydraulic diameter is given by: 

𝑅𝑒𝐷ℎ =
𝜌𝑢𝑑ℎ

𝜇
=

�̇� ∙ 𝑑ℎ

𝑊 ∙ 𝐹𝐷 ∙ 𝐴𝑓𝑙𝑜𝑤 ∙ 𝜇
 (Eq 27) 

where �̇� is the mass flow rate, 𝑑ℎ is the hydraulic diameter of the fin array, 𝑊 is the sample width, 

 𝐹𝐷 is the fin density, 𝜇 is the fluid’s dynamic viscosity and 𝐴𝑓𝑙𝑜𝑤 is the total face area the fluid 

can flow into. For the works related to pyramidal fins, the characteristic length was chosen to be 

the hydraulic diameter, as the fin array geometry promotes structures typical of internal flows. 

Indeed, due to the small size of the passages, the boundary layer growth and coalescence in this 

type of fin array is more akin to that of internal flows than to external flows. The variables 𝑑ℎ and 

𝐴𝑓𝑙𝑜𝑤  are given by: 
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𝑑ℎ =
4 ∙ 𝐴𝑓𝑙𝑜𝑤

𝑃𝑓𝑙𝑜𝑤
=

2 ∙ 𝐴𝑓𝑙𝑜𝑤

𝐻
cos (𝜃)

+ 𝑆 + 𝐻 ∙ tan(𝜃)
 

(Eq 28) 

  

𝐴𝑓𝑙𝑜𝑤 = (𝑆 + 𝐻 ∙ tan(𝜃)) ∙ 𝐻 (Eq 29) 

where 𝑃𝑓𝑙𝑜𝑤 is the flow channel’s perimeter, 𝜃 is the fin angle, 𝑆 is fin spacing from edge to edge 

and 𝐻 is the fin height. 

Figure 27 shows a thermal circuit of the fin array, with the reduction of the thermal resistances of 

the fins and the unfinned surface designated respectively by 𝑅𝑓 and 𝑅𝑢𝑠  to an equivalent resistance 

𝑅𝑒𝑞.  

 

Figure 27: Thermal Resistance Circuit of Fin Arrays (Adapted from [10]) 

The thermal conductance parameter UA can be calculated as:  

𝑈𝐴 =  
1

𝑅𝑒𝑞
= ℎ ∙ 𝐴𝑡 ∙  𝜂𝑜 (Eq 30) 

where ℎ is the convective heat transfer coefficient, 𝜂𝑜 is the overall surface efficiency and 𝐴𝑡𝑜𝑡 is 

the total heat transfer area for pyramidal fins, given by:  

Req 

Rus 

Rf 
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𝐴𝑡 = 𝐴𝑓 + 𝐴𝑢𝑠 = 𝑁𝑓 (
𝐵2

tan(𝜃) cos (𝜃)
−

𝑡2

2sin (𝜃)
) + (𝑊𝐿 − 𝑁𝑓𝐵2) (Eq 31) 

In the previous equation, 𝑁𝑓 is the number of fins in the array, 𝐵 is the fin’s length at its base, 𝐿 is 

the sample’s length, 𝐴𝑓 denotes the total fin heat transfer area, 𝐴𝑢𝑠 represents the unfinned base’s 

exposed area while 𝑡 is the fin’s top length, given by: 

𝑡 = 𝐵 − 2𝐻𝑡𝑎𝑛(𝜃) (Eq 32) 

The overall efficiency is calculated using the following equation:  

𝜂𝑜 = 1 −
𝐴𝑓

𝐴𝑡
(1 − 𝜂𝑓) (Eq 33) 

where 𝜂𝑓 is the individual fin efficiency, defined as the heat transferred by the fin over the 

maximum possible heat that can be transferred, which is numerically equal to: 

𝜂𝑓 =
2

𝑚𝐻
 
𝐼2(2𝑚𝐻)

𝐼1(2𝑚𝐻)
 (Eq 34) 

with:  

𝑚 = √
4ℎ

𝑘𝑚𝐷
 (Eq 35) 

In the previous equations adapted from Incropera’s work [10], 𝐼1 and 𝐼2 denote the first and second 

order Bessel functions, respectively, while 𝑘𝑚 is the thermal conductivity of the fin’s metal. 

The individual fin efficiency equation for triangular pin fins are used for the sprayed pyramidal 

pin fins in this work since it is the shape with the most similar geometry. The only difference 

between the two is the shape of the base, since the equation is for a circular base while the 
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manufactured fins have a square base. Therefore, 𝐷 in the previous equation is replaced by the fin 

length at the base (𝐵).  

The fin array’s convective heat transfer coefficient and Nusselt number are calculated with the 

following relations: 

ℎ =
𝑞

∆𝑇𝑙𝑚𝐴𝑡𝜂𝑜
 (Eq 36) 

  

𝑁𝑢 =
ℎ ∙ 𝑑ℎ

𝑘𝑓𝑙
 (Eq 37) 

In these equations, 𝑞 is the heating rate, ∆𝑇𝑙𝑚 is the log-mean temperature difference between the 

fluid and the fin array and 𝑘𝑓𝑙 is the fluid’s thermal conductivity. The log-mean temperature 

difference is calculated with: 

∆𝑇𝑙𝑚 =
∆𝑇1 − ∆𝑇2

ln (
∆𝑇1

∆𝑇2
)

 
(Eq 38) 

where ∆𝑇1and ∆𝑇2 are the temperature difference between the fin surface and the flow at the inlet 

and outlet respectively. The total heat input rate to the system is calculated using: 

𝑞 = 𝑚 ∙̇ (𝑇𝑜 − 𝑇𝑖) ∙ 𝐶𝑝 (Eq 39) 

where (𝑇𝑜 − 𝑇𝑖) is the fluid temperature difference between the entry and the exit of the test 

section, 𝐶𝑝 is the fluid’s thermal capacitance.  

Based on the literature review performed, the efficiency indicator proposed in Sahiti’s work [16] 

was selected. The required pumping power input was calculated according to Sahiti’s definition 

[16]: 
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e =  
�̇�𝑓 ∙  ∆𝑃𝑓

𝜂𝑓𝑎𝑛
 (Eq 40) 

In the previous relation, e is the pumping power, �̇�𝑓 is the volumetric flow rate of the fluid while 

𝜂𝑓𝑎𝑛 is the fan efficiency. A fan efficiency of 0.8 was chosen as a reasonable value to perform 

these calculations [16]. The pumping power is divided either by the fin array base (Ab) to yield the 

pumping power per unit area or by the volume (V) of the fin array to obtain the pumping power 

per unit volume. 

4.4 Particle Image Velocimetry Flow Characterization 

4.4.1 µPIV Apparatus and Equipment 

The system that was used to determine the flow structures, to measure the flow velocity and to 

determine the turbulence quantities for this work is a commercial µPIV Flowmaster3 apparatus 

available at the University of Ottawa. It was purchased from LaVision and includes the necessary 

hardware and software to perform a PIV analysis on the micron scale. The principle of operation 

is the same that is described in chapter 2.5. Figure 28 shows the Flowmaster3 apparatus and its 

components. 
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Figure 28: Flowmaster 3 µPIV Apparatus 

The pin fin array sample was mounted in an aluminum sample holder equipped with a transparent 

polycarbonate viewing window. A centrifugal pump was used to pump the fluorescent polyester 

particle doped water through the system. A precision flow meter equipped with a needle valve was 

used to adjust the flow rates to obtain Reynolds numbers varying between 500 and 2000. 

Schematics of the apparatus are shown in Figure 29 and Figure 30.  

Camera 

beam optics 

CCD 

Camera  

Sample 

Stage  
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Figure 29: Schematic of µPIV Setup 

 

Figure 30: Schematic of µPIV Test Fixture 

The camera used to record the visual information is a double pulsed CCD camera equipped with a 

microscope to condition the incoming light. It has a 5 Hz frame rate with a minimal time interval 

of 0.5 μs between two successive exposures. The camera offers a resolution of 1376x1040 pixels 

with an exposure plate of 8.9x6.7 mm and was used in conjunction with a microscope long working 
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distance objective lens with 5x magnification. This yielded a pixel width of 1.31 µm and a depth 

of field of 28 µm.  

The laser source used for sample illumination is a double pulsed Nd:YAG laser used in conjunction 

with a dichroic filter, which only allows green light (λ = 532 nm) towards the sample and the red 

light (λ = 650 nm) that is emitted by the fluorescent tracer particles back to the camera. The laser 

pulses are collinear and produce a full volume illumination in the test section, with the depth of 

focus being solely a function of the microscope optics, which were described previously. The laser 

pulse delay between successive exposures was adjusted to maintain particle displacements of five 

to ten pixels for the bulk of the fluid in each measurement zone, as the local fluid velocity 

distribution varied significantly at a given Reynolds number. 

The tracer particles used are Fluoro-Max red particles (Fisher, Waltham, MA, USA) with a particle 

diameter of 0.8 µm. These polystyrene particles have a density of 1.05 g/cm3 and a refractive index 

of 1.59 for 589 nm wavelength light at 298 K.  This particle size, used in conjunction with the 

aforementioned lens, yielded a depth of correlation of 27 µm [47, 48]. The maximal Stokes number 

(at the largest flow rate tested for the fin array with the smallest hydraulic diameter) was calculated 

to be 0.01, much smaller than the 0.1 limit for particle tracer errors of 1%. 

Water was used as the particle carrier liquid as the particles closely match the density and refractive 

index of the fluid to produce accurate results. Tests were performed at flow rates of 60 to 150 

mL/min, which corresponds to Reynolds numbers relevant to the application (between 500 and 

2000), which was used to characterize the flow conditions to ensure that the flow structures 

visualized are the same as those obtained in equivalent flow conditions for air. To reduce the 

amount of fluid that needs to go through the system at a time, samples with three flow channels 
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wide were produced with the same length as the performance sample, to determine the length for 

full development of the fluid flow. 

To reduce the amount of measurement artefacts originating from signals reflected from the fin 

array sample’s surface, the fins and sample base were painted with a layer of black ink (less than 

5 µm thick, measured from a painted fin’s cross-section), which absorbs the reflected intensity.  

4.4.2 µPIV Image Post-processing 

The raw image pairs in a set were first averaged to obtain a picture of the background intensity, as 

well as the remaining amount of the sample’s reflected light. The averaged picture was then 

subtracted from the raw images, yielding images that contained only the position of particles, with 

most of the measurement artefacts removed. These images were then post-processed using 

Flowmaster’s standard PIV cross-correlation algorithm, using a two-step process in which the 

interrogation window size is reduced from 64x64 pixels to 32x32 pixels, both with 0% overlap. 

Spurious vectors were then removed using the software’s built-in vector filter function, where 

vectors with more than three standard deviations of difference to their neighbours were removed. 

This created image sets with low amounts of measurement artefacts, suitable for analysis. The 

image sets were then processed to create maps of average velocity, turbulence intensity and 

turbulence kinetic energy with the software’s built-in functions. 

4.4.3 Data Reduction 

The different quantities measured by the µPIV analysis are presented in this section. The Reynolds 

number was calculated according to definition given previously in chapter 4.3.2. The turbulence 

intensity (𝐼) of the flow was computed as: 
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𝐼 =
𝑢′

�̅�
 (Eq 41) 

where u’ denotes the Root-Mean-Square (RMS) value of the velocity fluctuations in time and �̅� 

represents the mean velocity. 

The Turbulence Kinetic Energy (TKE) of the fluid is evaluated using Flowmaster 7’s built-in 

function, evaluated as: 

𝐾 =
1

2
(𝑢1

′̅̅ ̅2
+ 𝑢2

′̅̅ ̅2
) (Eq 42) 

where 𝐾 is turbulence kinetic energy, 𝑢1
′̅̅ ̅ is the value of the axial velocity fluctuations and 𝑢2

′̅̅ ̅ is 

the value of the transverse velocity fluctuations. This informal definition of the turbulent kinetic 

energy is attributable to the 2D nature of the μPIV measurements, where the software neglects the 

contribution of the fluctuations of the 3rd velocity component (𝑢3
′̅̅ ̅). This definition is used as the 

variations in properties in the third axis cannot be measured or adequately approximated. 

4.5 CFD Simulation 

A computational model was developed to complement the experimental studies described in 

chapter seven. This model was constructed using a commercial computational fluid dynamics 

(CFD) software: Gambit was used to create the domain geometry and mesh, while Fluent was used 

to solve the mass, momentum and energy equations in a coupled semi-implicit scheme (SIMPLE) 

for steady-state, incompressible fluid flow. The Reynolds Averaged Navier-Stokes (RANS) 

equations approach was used to model the turbulent behavior of the flow, using the realizable k-ε 

turbulence equations for three different mass flow rates (0.00136, 0.00272 and 0.00550 kg/s), 

which correspond to Reynolds numbers of 500, 1000 and 2000. Although the Reynolds numbers 
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involved potentially lie in the sub-critical regime, the use of a turbulence model (instead of a purely 

laminar model) is warranted due to the complexity of the expected flow structures and the non-

negligible contribution of turbulence, as demonstrated in the literature [60, 61]. Furthermore, as it 

will be shown in Chapter 7, the turbulence intensity levels obtained with the simulation cannot be 

neglected, especially near the surface of the heat transfer enhancing features. Fluent’s standard 

wall functions were selected, as the mesh is sufficiently fine (y+ = 0.31) to appropriately resolve 

the near-wall features of the flow. Gravity and radiative heat transfer were neglected. 

The three-dimensional solution domain is separated in a solid zone (pin fins) and a fluid zone 

(flow), with the fluid zone meshed with unstructured tetrahedral mesh and the solid zone meshed 

with hexahedral element dominated mesh. The solid zone mesh point density was set at 20 points 

per edge, while the fluid zone was set to 50 mesh points per edge. A schematic of the computational 

domain is shown in Figure 31 and the boundary conditions applied to the different surfaces are 

summarized in Table 2.  

 

Figure 31: Computational Domain: (a) for the Regular (Straight Pyramidal Fin) Model; (b) for the Modified 

(Tilted Pyramidal Fin) Model 

A cross-section of the computational domain is shown in Figure 32, with the white edges 

representing the edges of the fluid mesh elements and the red edges belonging to the edges of the 

solid mesh elements. 
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Figure 32: Cross-section of the Computational Domain with red edges representing the edges of the solid mesh 

elements and the white edges representing the fluid mesh elements 

To model the heat transfer, a constant wall surface temperature of 360 K and a fluid inlet 

temperature of 300 K were selected to reflect typical temperature differences observed in the 

thermal performance experiments. For the purpose of simplicity, the fin surface walls were treated 

as smooth conductive surfaces in the solid zone, while the bounding walls were considered to be 

smooth, adiabatic surfaces.  

Table 2: Surface Boundary Conditions for Fluent Model 

Surfaces Boundary condition Comment/ Values 

Inlet Mass Flow Inlet 

Flow normal to surface, 

turbulence intensity specified at 5% with 

hydraulic diameter of 1.019 mm, 

flow rate dependant on target Reynolds 

number, fluid temperature of 300 K 

Outlet Outflow No outlet specifications 

Top, 

Sides 
Wall Adiabatic, no-slip 

Flow Channel 

Floor,  

Pyramid Floor 

Wall 
Constant surface temperature (T = 360 K), 

no slip 

Pyramid Side 

Surfaces 
Wall Conductive, no-slip 
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The model has the same width as the µPIV experimental samples, but has a reduced length, to save 

computation time. This reduction in domain length can be achieved as it was observed 

experimentally that the large scale recirculation structures do not vary significantly as the number 

of rows increases. The dimensions used for the pyramids and passage width reflect the average 

measured dimensions of the specimens used for the µPIV study which are presented in Chapter 7. 

Figure 31 (b) shows a second computational domain that was used for modeling, with the main 

difference being that the middle row of the fin array has transverse flow passages at an 85° angle 

with the axial flow passages (instead of being purely perpendicular), following observations which 

are detailed in Chapter 7. A grid independency test was performed and it was determined that 

597,275 cells yielded satisfactory results while not being too expensive on computational time. 

Calculations were conducted until the absolute residuals of the heat, mass and momentum were 

evaluated to be less than 10-6, at which point the solution was considered to have reached 

convergence. Temperature and pressure were also monitored at the outlet to ensure that their value 

had reached a steady value that did not change with further iterations. 
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CHAPTER 5 PROOF OF CONCEPT AND EARLY CHARACTERIZATION OF 
PIN FINS ARRAYS PRODUCED BY CGDS 

The article presented in this chapter presents the early work performed regarding the production 

of pin fin arrays with CGDS. The manufacturability of such arrays is explored with the use of 

stainless steel and aluminum feedstock powders, using a Plasma Giken CGDS system. Different 

sizes of wire mesh masks were investigated and trials were performed to determine the stand-off 

distance required between the CGDS nozzle and the mask, as well as the distance required between 

the mask and the substrate for the production of near-net shape fin arrays with clean passages and 

well defined fins. Furthermore, this article details the elaboration of an in-house test fixture for the 

determination of the hydrodynamic and thermal performance of heat transfer surfaces. The results 

obtained with this apparatus for an unfinned surface were compared to data previously reported in 

the literature by Kays and London [9] and were found to agree closely, which validated the use of 

this fixture for further tests on pin fin arrays.  

Several tests were also performed regarding the production of net shape plain rectangular fin arrays 

with the CGDS process. These tests were not included in the article due to the mitigated success 

of the production of such fin arrays. As such, efforts were concentrated on improving the 

manufacturability and performance of the near-net shape pin fin arrays from then on. 

This peer-reviewed article was reproduced with the permission of the copyright owner, ASM International. 
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CHAPTER 6 FIN BASE ANGLE, HEIGHT AND FIN DENSITY EFFECTS ON 
THE THERMAL AND HYDRODYNAMIC PERFORMANCE 

The following articles detail the effects of varying the fin base angle, height and fin density on the 

thermal and hydrodynamic performance of pin fin arrays produced by CGDS. The effect of the 

base angle was studied by spraying the fins taller than the desired height and subsequently grinding 

the array down to the desired size. This process was also found to increase process consistency 

and prevent the negative effects from potential flow bypass caused by fin tip clearance with the 

shroud. A new method for data comparison is adapted from the literature [16] and is used in 

subsequent performance evaluations. Empirical correlations are proposed, linking the Nusselt 

number to the Reynolds number for the height and fin density effects.  A detailed study on the 

performance of tapered pin fin arrays to similar sized plain rectangular fin arrays is also reported, 

and a hypothesis regarding the mechanism behind the increased performance of tapered pin fins 

compared to continuous fins is emitted.  

The following peer-reviewed articles were reproduced with the permission from the copyright owner, Elsevier 

Ltd. 

. 
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CHAPTER 7 FLOW STRUCTURE ANALYSIS FOR PYRAMIDAL PIN FINS 

The focus of the following article was to establish a method to visualize the flow structures found 

in pyramidal pin fin arrays, with the goal of linking changes in flow structures to the thermal and 

hydrodynamic performance of such fin arrays. Furthermore, the turbulence intensity of the flow at 

different locations was evaluated to demonstrate that although the flow is in the sub-critical regime, 

the perturbations to the flow pattern caused by the fins are non-negligible, even though the large 

scale flow structures are well established after a few fin columns. Furthermore, after observing the 

flow structures, a slight misalignment of the axial and transverse flow channel was observed and 

studied in detail with the use of a CFD model to determine the effect on the thermal and 

hydrodynamic performance of this misalignment. 

The following peer-reviewed article was reproduced with the permission of the copyright owner, Elsevier Ltd. 
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CHAPTER 8 PERFORMANCE AND FLOW STRUCTURE CHARAC-
TERIZATION OF DIFFERENT PIN FIN GEOMETRIES 
PRODUCED BY COLD SPRAY 

The article presented in this chapter details the thermal and hydrodynamic performance of round 

base, diamond base and square base tapered pin fins. The manufacturability of fin arrays with the 

use of several commercially available masks with two different fin densities was established. The 

findings of the performance tests are supported by the µPIV analysis. This analysis also yielded 

valuable information regarding the turbulence kinetic energy and the turbulence intensity, and 

hypotheses regarding the role of these turbulence quantities on the performance of the fin array are 

proposed, in terms of the influence of the Reynolds number, the configuration of the array and the 

influence of the shape of the cross-section of the fin. 

The following article was reproduced with the permission from the copyright owner, Elsevier Ltd. 
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CHAPTER 9 CONCLUSION AND FUTURE WORK 

9.1 General Conclusions 

This thesis has presented the work performed by the author regarding the thermal and 

hydrodynamic performance of pin fin arrays produced by cold spray. This new method of additive 

manufacturing for the production of pin fins has proven to have the potential for commercial 

viability, due to the ease of manufacturing and due to the high volumetric thermal efficiency. In 

the context of this research, the flow structures arising from fluid motion around the extended heat 

transfer surfaces were also characterized and the relevant turbulence quantities were measured. 

The results obtained from these endeavours are presented in the form of peer-reviewed articles, 

which address the specific research objectives set out for this project. These research objectives 

were successfully reached within the timeframe allowed. Much work still remains to be performed 

before the analysis of the performance metrics of pin fin arrays produced using cold spray is 

complete.  

9.2 Significant Contributions of this Research 

This work contributed in many respects to the scientific literature available regarding the 

performance of pin fins and the possibility of using cold spray as an additive manufacturing 

technique, especially for the production of near-net shape fin arrays. 

The first significant contribution of this work is the proof of concept regarding the production 

of pin fin arrays using cold spray technology as an additive manufacturing technique. Indeed, 

the rapid production of fin array samples, combined with the low cost and the potential for 

automation of the cold spray process make this type of fin production a very interesting alternative 

to the complex and usually labour or time intensive operations required to obtain complex 

geometries for pin fin arrays. The potential for creating fins with a tapered geometry also presents 
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new and exciting opportunities for fin array manufacturing that have yet to be explored, in addition 

to those currently used commercially by the project’s industrial partner. 

Another contribution of this work is the extensive studies regarding the influence of the various 

geometric parameters on the thermal and hydrodynamic performance of the pin fin arrays. Indeed, 

the influence of the fin height and of the fin density were characterized and reported, with the 

results agreeing well with what was published previously in the literature. It was found that 

increasing the fin density increases the thermal performance of the fin arrays as well as the 

pressure loss, with the net effect of these two parameters showing that denser fin arrays have 

a better overall performance than less dense fin arrays, with a plateau at fin densities greater 

than 16 fpi. Increasing the fin height was also found to increase both the thermal conductance 

and the hydrodynamic losses, yielding an increased heat transfer surface efficiency as the 

fins are taller, with diminishing returns as the height increases when comparing on the basis 

of footprint area. The height did not significantly increase the thermal conductance per unit 

pumping power when compared on a unit volume basis.  The effect of varying the base angle of 

the fin’s taper was also characterized, with the results indicating that a very similar thermal 

conductance per unit pumping power can be expected when the taper angle is increased. 

The flow structures of the fluid flowing around square base pyramids, diamond base pyramids and 

cones were characterized by µPIV, with more focus being accorded to the square base pyramids. 

For both the inline and staggered fin configurations, the flow structures observed resembled those 

previously described in the literature for banks of tubes in cross-flow. For the staggered 

configuration, expanding and contracting flow channels were found, with tear-shaped 

recirculation zones located in the fin’s wake. For the inline configuration, relatively 

unperturbed flow channels are evident, with large, slow moving recirculation zones found in 



139 

 

the fin’s wake. These differences in the flow structures causes a significant difference in the 

performance of staggered and inline fin arrays, with the former configuration increasing both the 

heat transfer and the pressure loss. Globally, these increases lead to similar performance at a given 

pumping power. Evidence of flow channel misalignment was found for the inline 

configuration of square base pyramidal fins, which was investigated both by µPIV and by 

numerical simulation. This misalignment caused a transition in the fin wake flow structure from 

the classic double recirculation pattern to a single recirculation with bypass flow structure. This 

slight misalignment is most likely caused by production inconsistencies of the wire mesh masks 

used for the production of the pin fins. From the numerical simulation, it is expected that this slight 

misalignment and the associated flow structures do not significantly influence the thermal and 

hydrodynamic performance of the pin fin array, which does not compromise the commercial 

viability of using pin fin arrays with slightly skewed passages.  

Lastly, the performance metrics were tentatively correlated to the flow instability quantities 

measurable by µPIV: the turbulence intensity and the turbulent kinetic energy. It seems that for 

the pin fin arrays studied in this work, the turbulent kinetic energy values measured for the fluid 

in the fin’s wake can be directly correlated to the pressure loss of the fin arrays, indicating that the 

principal driver for the hydrodynamic performance of such pin fin arrays is the pressure 

loss resulting from form drag, with skin friction playing a minor role. The turbulence intensity 

in the flow channel and the turbulent kinetic energy of the fluid in the fin’s wake are both important 

factors contributing to increase the thermal performance of the fin array, indicating that the 

turbulence levels in the axial flow channels needs to be taken into account for the 

performance of fin arrays such as those presented in this work, even at Reynolds numbers 

usually considered to be in the sub-critical regime. Finally, the change in the slope of the 
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thermal conductance curve as a function of the Reynolds number identified between 

ReDh=500 and ReDh=1000 was explained as being due to the initially increasing contribution 

of turbulence intensity before this value, and its subsequent decrease after this point is 

reached. This turbulence contribution is measured with the turbulence intensity found in the axial 

flow channel, which correlates well with the change in slope for all samples described in this work. 

These correlations are still tentative, however, as further work should be performed to identify the 

precise transition point and the mechanism for this transition.  

9.3 Recommended Future Work 

The work contained in this thesis consists of the preliminary studies required to demonstrate the 

viability of using pin fin arrays produced using cold spray and understand some of the effects of 

the various fin geometrical parameters. Much work remains to be done regarding the 

characterization of the thermal and hydrodynamic performance of such pin fin arrays. 

Furthermore, the exploratory experiments regarding the flow structures and the links between the 

turbulence quantities and the performance of the fin arrays needs to be explored in more details. 

The first study that should be performed is to test the manufacturing limits of the masked cold 

spray technique. Soft limits were explored in this work, with respect to the constraints from the 

industrial partner and for the two cold spray apparatuses that were available for testing at the time, 

but a more in-depth study linking nozzle size, particle size distribution and mask opening size 

should be performed to better understand the multiple factors influencing production quality. For 

example, the particle size and feed rate strongly influence the maximal fin density that can be 

obtained without clogging the mask. A study which describes the maximal particle size for a given 

mask opening at a specific powder feeding rate could be performed to broaden the range of 

application and identify the maximal fin density attainable under the given conditions through 
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correlations, instead of by trial and error. Other limits such as the maximal taper angle, maximal 

height and the minimal base dimension for various fin densities could also be investigated to 

reduce the amount of material that requires to be deposited to obtain a given fin performance. 

Performing studies to identify the optimal fin to passage width ratio to optimize performance for 

a given fin density is also mandated, which could also help reducing the amount of material 

deposited. The last manufacturing study proposed is to determine the most efficient spray pattern 

possible to limit deposition on the wire mesh mask and to reduce overspray, which would once 

again reduce the amount of material required to build a given fin array and help further reduce the 

costs associated with this technique. 

Other experimental work concerning the performance of the fin array could also be performed with 

the purpose of creating correlations usable for the analytical investigation of fin array performance. 

Broadening the correlations proposed for the Nusselt number and the friction factor as functions 

of the Reynolds number for more fin densities and for a larger range of Reynolds number should 

also be performed.  

The physical properties of different materials cold sprayed into fin arrays should also be 

determined to ensure that the product survives the application stresses and temperatures, especially 

in a full configuration including the bond coat and wire mesh core. Indeed, preliminary studies 

regarding the mechanical strength of the fin arrays have been performed by the University of 

Ottawa Cold Spray Lab, but insufficient data has been collected yet to assert with certainty that 

the fin arrays could be used in commercial heat exchangers with infinite life. In particular, thermal 

cycling tests and oxidations tests should be performed at temperatures resembling those found in 

industrial applications of heat exchangers to ensure that delamination does not occur between the 
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various layers, and that the thermal conductivities of the materials do not degrade significantly in 

corrosive environments.  

Some modelling work has been performed for the purpose of the evaluation of the performance of 

the fin arrays, but much can also be performed to predict the effects of parameters that cannot 

easily be controlled experimentally, such as the fin surface’s roughness. Indeed, preliminary 

calculations regarding the fin roughness height for flow conditions such as those tested in this work 

show that the roughness elements are significant enough to affect the viscous generation of 

unsteadiness in the flow. A more in depth study of the flow structure around a single fin could also 

be performed numerically, ranging from macroscopic structures down to Kolmogorov scale 

structures, which cannot currently be resolved near the walls using experimental methods such as 

µPIV. 

Finally, the hypotheses linking the turbulence metrics and the thermal and hydrodynamic 

performance should be investigated in much detail to determine both the extent of the validity of 

the correlation between these quantities and the range of application of such correlations. 

Specifically, the transition point between the high slope and low slope regimes for the thermal 

conductance as a function of the Reynolds number curve should be precisely identified. 

Furthermore, a quantitative correlation between the turbulence intensity value increase and the 

slope increase should be computed and a verification of this correlation should be made for 

different samples with the same geometry, to ensure a strong link between these values can be 

established. The mechanism behind this increase and subsequent decrease in the turbulence 

intensity should be investigated, as it could lead to the identification of a significant thermal 

performance driving phenomenon.  Similarly, the mechanism behind the transfer of instabilities 

from the turbulence generating wake region of the fin to the relatively stable flow in the axial flow 
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channel should also be investigated further, in order to maximize this contribution. This would 

allow the growth of the thermal performance with only small corresponding increases in the 

hydrodynamic losses due to the form drag, which should yield a better overall performance for the 

fin array.  
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