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ABSTRACT

Energy efficiency has become a growing concern in a world driven by a fossil fuel economy.
Recuperated moro-gasturbine systemoffer the possibility of high effi@ncy power generain

for low output power system$o 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 workdone by Brayton EneygCanadaBEC) has renewed intereg1 Wire Mesh

Heat Exchanger®MHE) by introducing a new production methibéitusescells of stacked wire

mesh sheets that have a thick external shell deposited by coldpsagre then machined in this

external shi, creating a heat exchanger.

Net shaped pin fins were successfully deposited uSwlg Gas Dynamic Spraying (CGDS or
simply cold spraygas an dditive manufacturing technique replace the plate fin arragarrently

used This new development is envisioned to save costs while providing higher heat transfer
efficiency than traditionafin arrays Increasing the performance of such fin arrays would yield

higher heat exchanger efficiencasdincrease the total efficiency tife gas turbine system.

The present thesis provides a description of the resparédrmed, 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 aedcribeéhe relevant

work that has been performed by other authors in thiscésfhe research objectives are to
evaluate the thermal and hydrodynamic performance othesefin arrays and relate those to

the flow structures arising from fluid motion betweenthese extended surface$urthermore,

the proposed approach and the expentaesquipmenthat will be used@re describeah this work.

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

in the formof peerreviewed 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 andtheg | o b al dependence on &nd snyiioiment fuendlys . Wh
approachesuch as wind and solar poware gaining momentum, the higher cost associated with

these alternative methods still deter most countries when it canpesver generatiorBecause

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

basedbowergeneration

Distributed power generation offers a novel approach to reduce power losses, as electricity has to
be carriedbvershorter distances to the end users, thus reducing losses in power lines. This method
also has the advantage of protecting grid against widespread electrical failure, as generators
are substantially smaller than typical power plants and accordingly they individually serve a
smaller populatiofil, 2]. For this purposecompact and high efficiency power generation methods
must be developed for distributed power generation to be successful.-tMibioes are an
example of a viable candidate for tkevelopment of a high efficiency distributed power

generation system.

Micro-turbinesaresmall scale, single stage and singleftspas turbines generators. Commercial
models currently available can produce from R& to 250kW and provide the combined
advantages of low emissions, high reliability and decent efficiency in a compact gef8rakor

schematic diagram of a basic gasbine generator is shown in the following figure.
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Figure 1. Simple, Open System Gas Turbine Diagram

The simplest micrdurbine designs often hattleermalefficiencies below 20%, compared to diesel
and gasoline engines whitypically operate between 3&b% thermal efficiencies over the same
power production ranggl]. The real advantage of mietorbines becomes obvious when a heat
exchangerdlsocalled a recuperatoi§ added to the system (déigure2). The waste energy from
the exhausgasesof the turbine can be used poe-heat the inlet gasdsefore the combustion
chamber, increasing the thermal efficiency of the system well over[80% his increase in
performancecan be understood by noting tHass fuel needs to be burned to obthie@ same
combustiortemperature, due to theuse of the outlega® t h e r m &drtheemore jte gvaste
heat could also be used for plant processes requiring heating, local hot water proddactiair or
condtioning purposes. In this case, neficiencies onthe order of 80% are attainable by such

systems, called combined heat and power systgms
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Figure 2: Single Shaft, Open System Rmuperated Gas Turbine Diagram

Recuperators ply a vital role to a successful mienarbine design, and often represent from 20

25% of the cost and 2B5% of the volume of a micrturbine packagg4]. Typically, unit cost and

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

package cost. Decreasing package volume could also reduce other operating costs, such as capital
costs associated with land ownership or retatthermore, increasing recuperator efficiency by

5 to 10% can improve the overall thetra#ficiency of the gas turbine system by the same amount

[4]. Currently,stateof-the-artrecuperators operate frons% to 884 efficiencies.

A new design of compact heat exchangers, referred to as a Wire Mesh Heat Exchanger (WMHE),
was developed assmlution 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 1980€j[ The first configuration deveped using this
concept was the folded wire mesh geometry, showngare3. 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 ®tdkhnique is that the is a limited quantity of

heatthat can be transferred to theazed plate due to the small contact area per fold combined

3



with the maximum number of times the wire mesh can be folded per unit.|&igghimitation,
in addition b 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.

iy 8
\ <\/Brazed Pl at e
N

Figure 3: Folded Wire Mesh Heat Exchanger Confyuration [ 7]
To this endBrayton Energy Canada (BE@Ggas patented a new method for producing WMHE.
The innovation in this approach that instead of folding the wire mesh onto itself, sheets are
stacked and then cut perpendicular to the stacking diregfielding thin wafers of wire mesh
textiles. These wafers are then sealed by brazing a metallic sheet to its external stinfaltgs.
fins are machined into this sheet to make the other heat transfer extended surface. These steps are
illustrated inFigure 4. The heat exchange occurs between the fluid going through the mesh and

the fluidflowing in the machined fin array



Flow Separator

(c) Flow

Figure 4: Successive Steps in the Production of BEC's WMHBnit Cell

This processiglds heat exchanger unit celdich can then be stacked, attached to manifolds and
sealed to form full heat exchangers. The sizeramaberof cells used in a full heat exchanger unit

is tailored to the application specifications.

This new design for poucing WMHE does offer some areas for improvement. Currently, the cost
associaté with brazing anetal 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 cdafwgjtedusing
thermal or kinetic spray processas demonstrated the work of Asad et al[8], to replace the
brazed sheet as a flow separaf@nce this coating has been applied, fins are machined on the outer
surface to producéins with simple geomeies as the second stage heat transfer enhancing
extended surfaceThis process iimited to producingplain continuousrectangular fins which
typically have a low heat transfer capaciyhich is further reduced by pravhs such as axial

conduction [9.

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

produce neanet shape pin fin arraysith superior thermal and hydrodynamic performanidas

5



solution could solve several of the issues presented previ@gslyding the performance of plain
continuousrectangular fin arrays, namely by reducing axial condudtioa to the interrupted
nature of the pin finsincreasing thd i n ar r eogwvéective heatdrankfer coefficieny
increasing the amount of fiimixing and reducing the production costg the removal of the

labour intensive and costly pgstocessing machining stepss well as the brazing step

1.2 Motivation of Research and General Objectives

This study was motivated by the possibility offeredxpld Gas Dynamic Sprayy (CGDSor

simply cold sprayto create neanet shapein fin arrays.As detailed previously, pin fin arrays
have the potential to increase the efficiency of heat exchandaits, reducing production costs

due to the removal of peprocessing step$heproduction anaptimization of pin fin arrays thus
becomes a critical research priority to increase heat exchanger efficiehoge$ocus of the
proposed study would ltbe descriptionand studyof various parameters affectitige thermal and
hydrodynamic performance dfiesefin arrays. This will allow design engineers to select the
proper parameters to obtain maximal heat transfer efficiency depending on the application
constaints on volume, pressure loss, production costs, etc. To achieve this objective, the following

specificstudies are mandated:

a) Determine the effect of varying the pyrami .
on the thermal and hydrodynamic fmemance of the fin arragt intermediateReynolds
numbers (250 3000) relevant to the commercial applicns

b) Determine the effect of usirdifferent type ofpin fin geometries and arrangemzoh the
flow structures and the performanceof 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 stirt ur es bel i eved t o ex
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 thighesis haseen organized intoine 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

presengd, along with a brief outline.

The second chapter provides a detailed review of the relevant literature pertinent to the research
performed. This includesa thorough review of different heat exchangers types and geonaetries

well as describing theecentadvances 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 discus&datief overview of thermal and kinetic gy
techniques as well as of additive manufacturing is presehrtedlly, several methods of flow
structure characterization are reviewetth a section regarding the characterization of flow in fin

arrays and around pyramidal structures

The third chapr 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.



The fourth chapter detad 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
de<ription of the thermal and hydrodynamic performance test apparatus is made. Finally, the

flow visualization technique and the equipment employed fotypes ofresearch is described.

The fifth, sixth, seventh and eighth chapters detailed the resuiineth as a fruit of this
endeavour. fie results are presented as faaparatepeerreviewed paperswith each article
addressin@ part ofthe specific objectives detailed in chapter théeérief introduction for each

paper describes the work contairiedrein.

Finally, chapter nine summarizes the major conclusions and contributions of this work, as well as
presenting the authoroés suggestions for futur:

cold spray as an additive manufacturing techaiqu



CHAPTER 2 REVIEW OF RELEVANT LITERATURE

In this chapter, aeview of the relevant work done in fields related to the topics covered in this
thesisis completed. The first segment of tilsapteris dedicated tdhe basic function and types

of heat exchangers, as well as coverinfge t he
problems and opportunities that arise from these differeareesso discusse@ihesecondsection

of this literature review focusesn the recent advances in the characterization of various
geometries of fin arraysthe following section will detail the theoretical work that has been
published with regards to the performance of compact heat exchangefia arraysnamely the

heat tansfer andhydrodynamigroperties of theskeaturesThe 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 engplmyehe samples used in this study,
followed by a brief introduction to additive manufacturikgnally, 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, simbsanfigurations. There are three main types

of configurations, sorteahiorder of increasing effectiveneggralkl flow, crossflow and counter

flow. For heat exchanger regardless of their configuratiche effectivenesg) 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 schematicallyFigure5. An effectivenessomputed to

a valueof one implies that there is no thermal resistance betweetwth fluidsand that perfect

heat transfer is achieved between them



- - ~ ~ (Eq 1)

In Eq 1,(Ti - To)max h,crepresents the maximal value of temperature differeitker within the hot
side or within the cold sidehile (Tn,i T Tc,) represents the temperature difference between the
inlet of the hot fluid and inlatf the cold fluid, respectivelyhis definition can be used regardless

of the heat exchanger configaion.

Hot Flow
A Thi — Tho

I
Omax 1 Heat Transfer Resistance
I
A\ — T
. Cold Flow &
L >
q

Figure 5: Efficiency Definition for Two Fluid Flow Heat Exchanger

Parallel flow heat exchangearllow the highest temperatuggadient 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
e X ¢ h an g e,rasit gan beeseeg iRrigure6. Another limitation arises from the fact that the
maximal tenperature attained by the cdildid for an infinite length heat exchanger is the exit

temperature of the hot fluid.

10



Figure 6: Temperature Distribution as a Function of Position for aParallel Flow Heat Exchanger [LO|

The countefflow heat exchanger does not suffer from the same drawbacks as the parallel flow
heat exchanger. This configuration can reach the highest efficiencies of all ahfepi@tions

when optimally designed.0]. One of its main advantages is that the cold fluid outlet temperature
may surpass the hot Thethermatgdadierfor this torfiguratioa imlessr at ur
steep than for the other configurationstbui t i s al most constant al oncg

<

as shown irrigure?.

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

The third type of heat exchanger is the ciftbe® heat exchanger. The term crdigsv comes from
the fact that the two fluids flow perpendicularly to each other. This configuration is very common

in heat exchangers with cellular desi@pesause its effectiveness is typically higher than a parallel

11



flow heat exchanger while maintaining a smaller envelope and a less camgié®ld design

than thecounterflow configuration

Depending on the heat exchangeroés configurati
effectivenesq as a function othe number of transfer unitNTU) and the fluids
capacity ratioC;, defined as the smaller thermal capacitance of the two fluid, divided by the larger
thermal capacitance of the two fluid3he results of analytical work are shown in the foltoyv

tabl e, adapt eds fofo mHd d&tu naradnd.Maesduations m this falder 0 [ 1
demonstrate that regardless of the palk'dt andC; chosen, the countdlow configuration will

always have the highest effectiveness, as showigure8. More details regarding the calculation

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

in chapter2.3.1

Table 1: Effectiveness Relation with NTU andC; for Various Heat Exchanger Configurations

Configuration Equation Equation
number
AZB) "Y'y "
Parallel flow _ P @ BU ' p_o (Eq 2
p 6
Single Pass Cros&low, - P A®§‘:ﬁ Y'Y
(Ea 3

FldU d e ey T
uids Unmixe 2Qwmnd BYY p

p AGD) YI¥p 6
C terFl - . E
ounterFlow S 8 ADB0 YIp 6 (Eq 9
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a) Effectiveness() vs Thermal Capacity Ratio J@t Constant
14 Number of Transfer Units
—¢—Parallel
0.8 - Flow
¥ =f—-Cross
0.6 — Flow
' =4 Counter
flow
0.4 . .
0.01 0.1 1
G
b) Effectiveness() vs Number of Transfer Units (NTU) at
) Constant Thermal Capacity Ratio
—4—Parallel
Flow
=fi—-Cross
Flow
== Counter
flow
0 T T 1
0.01 0.1 NTU 1 10

Figure 8: Effectiveness as Enctions 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 apene of the most common geometries used in industrial
applications due to their low complexit9]. Figure9 shows a typical configuration for a shell

and tube heat exchanger. In this coufliaw design, a fluid flows through thehell side without
mixing with the fluid that flows in the tubes. Heat is transferred from the-sidelIfluid to the
tubeside fluid or viceversa through convection to the tube walls. To increase the amount of heat
transferred, baffles are installed on the shell side toaserthe amount of turbulence and the dwell
time of the fluid while minimizing the amount of low flow volume sectiof$e turbulence in

turn increases the convective heat transfer of the-siglfluid to the tube walls. Typically, there

13



is no heat trasfer enhancing features on the inside of the tubes, limiting the efficiency of this
processThe efficiency of such exchangers is proportional to the length of the exchanger, meaning
that very large heat exchangers must be tsedtain high efficienciefl1]. Furthermore, axial

conduction along the length of the tubes can reduce the efficiency ofissexchangers by 5

to 10% [9.

Straight-tube heat exchanger sfglel_las_ide
i n

(one pass tube-side)
tube bundle with ﬂ tube sheet

tube sheet .
straight tubes

] 'l I'_.r

UL

inlet plenum

winua|d i8N0

L

o L
i ™ l

tube-side . tube-gide
fluid in vid out fluid out

Figure 9: Typical Shell and Tube Heat Exchanger Diagran{Modified from [7])
Other types of he@xchangers 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 ostacked plate heat exchang€Fsgure 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 maintainedgeether usually either byirdering, brazing or
welding [19. The main advantage of this type of design is the very high efficiency levels that can

be attained by these geometries J1@sing convection enhancing features on both sides of the

14



heat exchangeallows heat transfer efficiencies of up to 85% to be reach&d The main
probdems with this type of design atkat the joints are prone to failure, which canseatiuid
leakage as well as the significant manufacturing costs associated to the brazinglding
operations. Furthermora,significantefficiency lossis encountered wireusing this type of fins

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

featureq12).

An innovative design of compaheat 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 concpt of using a metallic wire mesh as a conductive material inside a cellular

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

20 ‘\‘\\\\g

20 \\\\\\
»

56832» B

Figure 10: (a) Packed Bed Core; (b) Stacked Rate Core; (c) Heat Exchanger Casing [}
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The first configuration developed using this structure was the folded Wglhtivn inFigure1l.

The folded wire mesh geometry is produced by folding wire mesh textiles on themselves and
brazing metallisheets 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 blaizedanm 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 hnauzkes

this type of heat exchanger umemon in industrial applications.

I\

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

Facesheets

Other interesting and promising types of heat exchangers were developed using a similar principle
as WMHE but with differenttypes of internal heat transfer medium, such as metal foam heat
exchangers encased in a metallic skin deposited usingavarar plasma spray, as investigated by
Salimi Jazi et aland Azarmi et al[13, 14]. In this case, thermal spray processes are tossehl
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.

16
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The design brought forwarly BEC congsts 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 ttischargeof 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 uhitseglFigure 12). The two extended
surfaces are separated by a parting plate, which ensures that #red coldluids cannot come

into contactor mix with each otherThe inlet and outlet manifold configuration creates a heat

exchanger in a counter flow configuration.

@ External
' Flow Outlet
Manifold
External
Heat
Transfer
\ . Surface
External : Internal Heat
Flow Inlet Transfer Surface
Manifold
b
(b) External Surface

Internal

Parting Plate Surface

External Surface

Figure 12 BEC's WMHE Designs: (a) Plate Fin Inernal Surface; (b) Pin Fin External Surface
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These cells are then stacked and sealed to fornekelaanger 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
exchangersvereKays and London, i studywhich describé and characterizkover 100 types

and configuration®f extended surface for @gn compact heagxchangers [9 This landmark
publication is now considered a basis to the study of compact heat exchangers and contains design
data and correlation curves five thermal and hydrodynamic performancenahy types of plate

fin and pin fin arrays. In theiwork, Kays and_ondon also developed thieNTU method and t

first method for quantifying the gains of using finned surfaces by computingftutoj (a

complex nondimensional 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

Pinfnrsear ch was spearheaded by Gukauskas when
and hydrodynamic properties of banks of tulps]. His study of banks of tubes, which is
analogous to circular crosgction pin fin arraysyielded what is now the bagi§the explanation

of the mechanism behind the performance gain of pin fins when compared to plain rectangular
continuoud i n s . I ndeed, Gukauskas proposed that t he
of tubes could be separated in three regimelanfinar regime can be identified from very low
Reynoldsnumbergwith the tube diameter used as the characteristic leRgihto approximately

1000, where the flow is dominantly laminand attached to the tube surfavéth large scale
recirculation regjions behind the heat transfer featurdse $Subcritical regime stag atRe, = 500

and extend tdRe> = 200 000, with the flow structure being largely laminar but becoming

18



increasingly tur bul e rduetoflensdptaciomera fromgtin sunfacéeAh e f |
small overlap between the regimsdound between Reynolds numbers of 500 and 1@0@re

the flow is in a transitional state. The exact point of this transition depends tubtharray
geometry.The critical regime would extend froRe> = 200 000until the limits of the studied

Reynolds numberand would be characterized by a completely turbulent flow.

Many otherresearchers have devoted time and resources comparing different fin geometries and
crosssections in order to determine whitype 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 fn ard pin fin heat exchangers [16,]1C€omparisons were made using different efficien
criterions which lead to the same conclusion that pin fins have a better overall heat transfer surface
efficiency when compared to plain rectanguantinuousfins. The flow structures were also
extensively studied numerically to understand the meshaof 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 ohtineericalcomparisons
between the various pin fin geetnies such as square, circular, ellipsoid and drop shaped, for
example, was also performed more recently by Yang e{18]. Due to their increased
performancepin fins have replaced traditional continuous fin shapes such as rectangular or wavy
fins incritical applications due to their higher heat transfer t&(. 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 contineousterparts [15, 1618-20]. Sahiti et al.

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

and heat exchanger voluroempared to other fin array configurations

19
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Various pin fin array parameters have bawerestigated over the past thirty yearseTrielative

height parameter (H/Qvhere H is the fin height andiB the pin fin diameter) of circular pin fins

was one of the first parameters to be detaile®@bgham and VarFosseri21, 23. Their study
revealed that for cylindrical staggered fitangerpin fins (H/D > 4) tend to transfer more heat

than shorteones. Sparrow et dR3, 24 and Metzger et a[25] have also extensively studied the

heat transfer characteristics of cylirgdd 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[@6, 27. It was determined that the heat transfer of drop
shaped and ellipse shaped pin fins is increageeh comparing to similar circular cressction

pin fins. Furthermorepoth typesof fins also presentess pressure losshan their circular
counterpartsAlthough their performance is superior, this ellipse and drop shaped fin geometries
are rarely used due to the increased production d@sasinis and Sparrow [2®ave developed
correlations for the frictin factor of fluid flow through diamond shaped pin émays Square

base pin fins have also received soaitention by You and Chang [29vho used numerical
simulations to study the performance of inline square base pin fins in a rectangular channel and
have provided correlations ftte Nusselt numbehis type of geometrgt different fin densities

k a r g hap @8s0 studied several geometric parameters of staggered rectangular base pin fins such
as fin spacing and shroud clearance and provided atores for thes parameters. Jeng and Tzeng

[31] havealso experimentally confirmed correlatis found in the literature regarding the irfiar

pitches ofsquare pin fingn both inline and staggered configuratiomiswas found that the
performance of soe configurations of square bap& fins can exceed that dcfimilar size

cylindrical crosssectionpin fins under the sanfeow conditions.
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2.3 Heat Transfer Performance Characterization

When it comes toampact heat exchangers, sevdaators are considerdd be importantsuch

asthe heat transfer antdydrodynamicproperties, as well ass cost and envelope volumé&he

heat transfer antlydrodynamicpropertiesof heat exchangemsere extensively researched, with
results of the relevantorks summarized ithis chapterFor this purposeheat transfer relations

for the prediction of heat exchanger efficiency will be discussed finliwed by the equations

used tocalculate the efficiency decrement caused by axial conduction. Afterwards, the equations
de<gribing 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 X-NTU Method

Several methods can be used to deitggrthe performance of a heat exchanger, such asNifi&)

method, the fing difference method and the logean temperature difference approdkte log

mean temperature difference approach is the simplest of the three methods, but consexjuently it
appliations are much more constrained by the simplifying hypotheses Tikedlogmean
temperature difference method requires that the inlet and outlet temperatures of both fluids be
known prior to thanalysisThe finite difference method is the approach theltds 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 twalimensional model must beonstructed, which agaigreatly increaseshe
computational requirement3he alternative is th&NTU method which yields moderately
accurate results with a simpler calculation procedure. It has the advantages of being relatively
simple to model, whileequiring 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 accthicy of
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 approagh. The
NTU method is less constrained in this way, as an ierarocess 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 X-NTU methodis based on the idea thdbr any heat exchanger, the heat exchanger
effectiveneskis solely a function oNTU,Ccand t he heat exchanQgier 6s
the ratio of heat capacity rates of the two fluids &idJ is the number of transfer itg. As
previously stated, the equation linking the effectiveness of a ceflmieheat exchanger and the

number of transfer units is:

p AGDl Y9p 6

- = E
p 6 A@D)YIp 6 (a9
The number of transfer units can be found from the following equation:
oo, YO
0 Y'Y =— (Eq 6

whereU is thethermal conductance term of the heat excharyes the associated heat transfer
area andCminis the minimal value for the heat capacitytioé fluids. To illustrate the two fluid
heat exchangerdés function and de tuiediagrammsecht h e

as the one ifrigure13is built.
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Figure 13: Thermal Circuit Diagram for a Two Fluid Heat ExchangerUnit Cell
As shown in the previous figure, to diminish the temperature pot@intieit, a heat flix per unit
areaq dlows fromThto Tc by the way of the finned outextendedurfaceand the meshed internal
extended surfaceepresented helwy/ the thermal resistanc& andR., and the plate that separates

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

R YOD'Y Y (Eq 7

With the parametddA calculated with the following relation:
Yo Y Y Y (Eq 8
The thermal resistance to convective heat trarigfehis caséy andY can easily be calculated

knowing the conwetive heat transfer coefficient

23



p
Ve (Ea9)

whereh is the convective heat transfer coefficient,s the efficiency of the heat transfer surface
andA is the associated heat transfer surface area. In the same manner, the conductive resistance

(Y term can be calculated with the following relation:

5
Y —_— Eq 1
05 (Eq 10

whereL is the length of the conduction pat, is the conductivity of the material ardis the
crosssectional area associated with this resistance. Subsgitequations 9 and 16to equation

8yields:

~ 0
o p p

(Eqll)

~

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

of the heat exchan ghermacondugteity mea matsrial propbrtyhese t h e
propertes can bevaluated f t he heat exchanger 0lbeconeestivegn pr o
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
analyticalprocedure 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 founghesmentally or numerically and isually

given in a nordimensional form such asfanction of Nusselt number, which itself is a function

of Reynolds numbeMVhen the convective coefficierd determined, U can be calculated and a

NTU value can be obtained.
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It is now evident t ha effedtivenessone mustastave to acrdasethée e x c
number of transfer units. To this end, the thermal conductance UA must be incieassthaas

possible, whicltan be achieved in one of threaysfor the convective heat transfer contribution

by increasing the amount of available heat transfer, &geancreasing the fin array efficiency

by increasing the convective coefficientthgooh di srupti on of tduechad | ui do
creatingrecirculation zoneand turbulences the flow. The determinatiomnd augmentatioof

this convective coefficient for tharpfin side of this equation is the focus of this waikd will

lead b 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 traretigeen a surface and a fluilince
building these fins require an additional effort, assgstie 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 arrayods ther mal resi st

calculated. Tk following figure shows this diagram, and the simplified model propbsed

Incroperd10].
e
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Figure 14: Thermal Resistance Diagran10]
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This simplified resistance model accounts for the different convection paths, as well as the fin
efficiency parameter amallows the creationad r el ati on bet ween the fin
and its thermal resistance. The associated thermalregistanci n t ur n, i s i1 ndi cat

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

P

Y oo (Fq12)

In this equation,he parameted designates the total finned and unfinned surface of the heat
transfer surface, whilethe par amet er r epr esent s andhmepresents a | s u

the convective coefficient

To assess a finned sur f ac e éne onfyhaspoecomparetheirag ai I
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 raly 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 abed 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:

0 60Q

0
Q

(Ea 13

whereQi s the fl ui dos tChisthenmgdraulic bametar of thé flow gagsage. n d

The Nusselt number is usually givan an equation of the form [LO
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06 6IYQD i (Eq 19

whereo is a proportionality constaniyhile x andy arecurvefitting exponents.

2.3.3 Axial Conduction in a Heat Exchanger

Axial conduction is the result of a temperature gradient existitigeliongitudinal 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 flowsffectively 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 presentéigime 15.

Continuous Features

Fluid flow < Liix

‘ Plain rectangular fin

Parting plate
Heat fromt Significant axial conduction

\ 4

hot fluid

Discontinuous Features
L

HX
Fluid flow <€ >
Parting plate
Heat from Negligible axial conduction
hot fluid

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

Kays and London suggest approximatingrislativereduction of effectiveness)(of continuous

features with the follving equation [9:

27



— A (Eq 13

wherg s the differential loss of effectivenesss the actual effectiveness of the heat exchanger,

km is the thermal conductivity of the fin material, is the crossectional area of the heat transfer
extended surfaces, is the length of the heat transfer enhancing feature® ands the lowest

thermal capacitance between the two working fluids. This equation demonstrates that for compact
hed exchangers using plain rectangular fins or similar continuous features, axial conduction is a
significant problemmore so than in shell aridbe exchangers, for exampladeed, the ratio of
conduction area’) to the heat exchanger length () ismuch larger for compact heat exchangers

than for traditional heat exchangemue 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 asich 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 directioithis 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 heaingecltan be categorized under

three different types: constriction pressure losses, heat transfer medium pressure losses and
expansion pressure gains. This is illustratdeiguirel6for a plate fin heat exchanger. The change

in pressure between 1 and 2 are named inlet pressure (g&gswhich are due to the flow
constrictions when entering the heatsfer medium (in this case @ate fin array). This is

followed by a linear deease in pressure with distang®s between points 2 and 3 which is
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attributable to the skin friction which viscol
attached to the fin walls. Finally, a pressure gain due to the flow expansion bpowesrg4 are

expressed as the outlet pressure @g#a). 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.
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Figure 16: Pressure Losses in a Heat Exchanger [3]

The pressure loss encountered in a fluid flowing through a longitudinally continuous suidhce

asplain rectangulafins is calculated using the Darcy friction facty definition [9]:

” A

- 0 o}

whereji s t he f | uiddthemednesimeam \velgcitfhisirelation is slightly modified

to accommodate necontinuous surfaces, suchaa fin arrays [9]:
- "0
w0 O C)‘O’OZ)C— (Eq 19
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The parameter— is replaced by)  JOOQO, which is equal to the number of fin colunths flow

has to cross from the entrance of the heat transfer surfacexdt.its

For this type of heat exchangers, the contraction and expansion of the flow at the entranite and ex

of the fin arraycan be calculated with

Wl  QO— (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.

Formost cases of experimental work, the tegis usually measured using pressure transguce

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 geometriesat exchangers, however,
becomes even more difficult due to the range of different critegd to determine this. To ensure

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

which adequately describes both the thermal and hydrodynamic performance of the heat
exchangerFor this purposeseveral authors have proposed efficiency indices or performance

evaluation criteria for the determination of efficiency.

One of the first methods proposed for assessntgcomparinghe performance of heat exchangers
was proposed b§olburn[32]. His approach was to directly compare the Colbtfactor fa heat

transfer to the Colburdfactor for fluid friction in the following manner:
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Plotting this factor as a function of the Reynolds number or the flow rate wildidcurves that

could be compared to one another. Picking the curve with the higflaesbi 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 exchawgarthe least required frontal area for a given heat
transfer and pressure lossdais considered aar ea goodness factor. Col
modified by London and FergusoB3 to make thiscriterion a volume goodness factor, which

instead selecthe 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 coeffljiertthe extended

surface as a function of the requingadmp power €), normalized by thel®et exchanger 6s
wetted ar ea, f r ourand0hfactors. @histmetieor wals maregapproprigte to the
comparison of compact heat exchangers as the volume was taken into account instead of the
exchanger 6s fr ont aréstimate theagainstofuusing ta @eatderchdangerovithcav e

higherh/ecurve [L6].

Several efficiency factors have also been proposed in recent years which assess the performance
of a given heat exchangextended surfacasing the Nusselt number and thietion 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 chanmebten flow rate 21, 3Q. 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 &ctor ratio of the fin to a bare pld&4]:
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This criterion has the advantage of comparing both components of heat exchanger performance.
This index has a tendency to overestimate the contribution of friction lessasjng that plain
channels are typically considered more efficient than finned surfaces when using this parameter
for design. It has thus beeroposed to moderate the contribution of the friction factor by applying

a 1/3 exponent to this parameter. Tiuas 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 performace and pumping power) should have a similar depedem Reynolds
number. Sincéhe Nusselt numbes approximéely proportional wittReand the pumping power

is approximately proportional tbe friction factorand the cube dRe then logically the fibowing

parametersouldbe used12, 35

06 . 00

— |

LO or
—g T (Eq 2]
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These methods do not take into account variations in driving temperature differences that arise
from the use of various configurations of heat exchangevsever Using thel-factor, the Nusselt
numberor 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 thentimate 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 reqpoeer input to drive the fluid
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[36]. This was achieved practically by comparing the number of transfer INitg) (to the
pumping power €), normalized by the total heat exchanger volumg The advantage of this
method is the ease of computation and its independence with testingarenditdeed, 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 usinglimemsional
parametergor the determination of the pumping power and the thepadormance 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:

Yo P @b o Eq 2

O T @ ) (Eq 23
@ IY0

| Eq 2

Q — (Eq 23

In the previous relatiorQ is the pumping power per unit volums, is the volumetric flow rate
of the fluid,— is the fan efficiency whilev is the volume of the heat exchangEhis method is
found to predict the performance more accurately thamreviously proposed methods, which
tend to over predictperformances of pin fin heat exchangei$]| Furthermore, the data
presentation allows one to perform the comparisons without reqtinéndetails of the geometry
and of the calculations of tlseirface to compare witlwvhich is typical of approaches that compare

nondimensional numbers such as thfactor 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 aratapnstic processelmstead

of being deposited on the substrate material on a molelewial; the deposition is done using
relatively large clusters of molecules that consist of solid, micron sized powders, which are usually
heated to a moltenorsemio | t en st ate and projected onto a

depending on the pcess usedrigurel7 shows a tree of the most commonly used thermal spray

techniques.
Thermal Spray
I | I 1
Plasma Electric Arc Combustion Kinetic
. Air .
Alr Chamber Powder Wire/Rod
Inert Inert
Chamber Flame
Chamber
Low Detanation
Pressure
High-Velocity
Shroud Oxyfuel

Figure 17: Thermal Spray Processes (Adapteddm [37])

Kinetic spray processes such@sDSrely on the transfer of momentum from a high puess

inert gas (usually helium or nitrogen) to relatively cold particles, which are deposited onto a
substr at e 0 shighpressdredrivieg. gasTishheated and subsequently accelerated to
supersonic speeds using a convergingrging (DelLaval) nozzlewhere its kinetic energy is
imparted to the padies by drag effect88, 39. A schematic of the cold spray process is shown

in Figure18, 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 partic

of the particles and substrate, which induces adhesion. In the cold spray procasgpabis

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

l ess than half the neKeeri andsomell spngyt emper at
deformation is attributed to the adiabatic shestabilities created during the impact, which causes

the material to viscously flow outwards from the center of the pafd€e For this process,
metallurgicabonding to the substrate is attributed to localized high pressure waves breaking oxide
layers and promoting intimate contact between the particle and the supstjatehile for other

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

the substratebés surface.

2.5 Additive Manufacturing
2.5.1 Three-dimensio nal Printing

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

interest over the past decadéis interest was sparked by the potential cost savings and the
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reduced environmental impact that near net shape grodusf parts coulgrovide due to the
minimized amount of wasted material, when compared to more traditional material removal
shaping methods4p]. Furthermore, certain features can beanufacturedwith additive
manufacturing which are hard, even impbksi to make with traditional methods such as

machining or casting4p).

Theadditive manufacturingrocesses that have obtained the most success recently consist of using
a robotic control to move a nozzle which deposits layers of molten polymers, wigich a
successivelyleposited to build a part up, layer by laj#8]. The robotic control is guided by a
computer generate8D model, which is converted @ layer by layer map of where deposition
should occurThe buildup speed is limited by the outgapacity of the nozzle, with particles
being typically in the range of 50 to 100 microns in diameteating layers with similar
thicknesse$43]. The parts built in this manner have limited structural strength but usually have
good integrity withadejuae spatial resolution [43If the tolerances are very strict, it is possible

to over depositand use a posgirocessing step such agchining.The main drawback of such
technique is the low build rate of the parts, with larger parts requiring unietitis¢frames for
build-up [42, 43]. For small parts or very small batches of larger parts, this option can be very

convenient and economically interestid@[ 43.

This type of technique can also be used to produce parts made of other types of nsateheds,
metals(which carries the name fused deposition modelwbgre the consolidation of the part is
obtained by heat treatments such as sintering but are still in their infancy[4Bg®ther
techniquesuch as selective laser meltiogdirect hser sinteringan be used to create metallic
parts using additive manufacturirgye 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 communi®onventionally, thermal spray
techniques have been used to deposit coatings instead ahguilet shape or neaet shape
featuresThe first group to study this subject was ledHnz andWeiss, who used stackable

and disposable mask shegtselectively block the deposition from a plasma spray tdth4g.

This method, however, hasrtan disadvantages, including poor spatial resolution, part warpage

due to thermal stresses and poor mechanical strérgahmetallic part.

In the last years, investigations have been conducted regarding the possibility of using CGDS to
producenetshape deposits, with the first studies concentratintheruse 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 qulatiergpyramidal 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 inFigure 19. This leadsd 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 deposittésttied

thickness of the mask
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Silicon wafer  140~310 um

Figure 19: Schematic of the DepositiorProcess for CGDS with a mask [4p

2.6 Flow Structure Visualization
2.6.1 Flow Visualization Techniques

Flow visualization techniques can be separated into three graspd bn 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 secad 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 streamoam 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 usBufplieren photography or using a
shadowgrapltwhile the dye concentration methods tylig use laseinduced 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 pétticles 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 cotred¢ion of particles in the fluid under study.

Regardless of particle concentration, the necessary equipment fptnasier particle methods is

of the same natuyevith this equipmenitlustrated inFigure20. Photographs are taken with a very

short timeinterval between each and pairs of pictures are analyzed tog€ttegeCoupled

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 iliomswairce is triggered
simultaneously with the camerab6s shutter open
an external trigger source for the camera and the illumination source. The illumination source,
depending on the actual tracking pelgimethod 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 ecoseelation signal processing algorithrizer 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 propestnel behaviour is not affed by the
particle density [4]. 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.
Laser 4—— CCD
Diode™, Camera
"
Computer with
Laser Diode \?qp‘x Frame Grabber
Controller Unit =) and Imaging
> Software

Figure 20: Typical Tracer Particle TechniqueApparatus [48]

The PIV data pogprocessing method relies on the identification of groups of particles and tracking

the movement of these groups, as opposed to particle tracking algonthiamsonly follow the
displacement of single particehe PIl1 V al gorithm separates the
small er interrogation windows, in which the p
of the interrogation window must be selectetbe at least twice as large as theximum expected
displacement [4]7 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

obtainal 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 wihishsts the amount of
velocity vectors that can be determinedhgsthis method [4]¢ 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
correldion and crosorrelation. The first method consistbtaking a single picture with a long
exposure time and two short illuminations during the acquisition. This yields a single frame, where
the same particlgroups appeawice, in different positionsin the frame. The autoorrelation
algorithm matches particle group positions within this single freorgetermine the amount of
motion that occurred between the illuminations, which in turn can be converted to a velocity field.
The crosscorrelation algathm, 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 fithe oamera. The first method
requires a much simpler camera setup, but is less accurate than theoarelssion method due

to the difficulty in correctly identifyig individual particle groups [47

Due to the nature of the equipment usealstereosopic PIV processs are considered two
dimensional analyse Indeed, the very small deptififocus of the camera and the thin nature of
the laser illumination limit the gatheg of information to a plane 74 This implies that PIV
analysis is much moreuged 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
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will not be able to find matching particle groups between camera framdegbea analysiwvill fail
[47]. For flow fields which have a negligible vertical component of velocity, it is possible to obtain
a depthcomposite velocity profile by using the horizontal plane for analysis and by moving the

position of the focus of the laser opticsandket camer adés focus along the

When micron size flow features are to be obseru@ily must be used instead of traditional PIV

[49, 5(. To obtain the spatial precision required, the camera must be equipped with optics to
enhance its resolatn. This is usually accomplished by outfittiagvery sensitive camera with
microscope lenses tailored to the acquisition of small intensity fluorescence §ighalBue to

the sensitivity of the apparatus, care must be taken to ensure that nonadteerl 6 s pr i mar y
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 thecendary 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 depfifocus to obtain results with the desired precision, there

is no needdr complex optics to condition the light coming from the laser to a light pt&eiQ.

Instead, a full volume illumination is used and the depth of the measurement plane is solely
dictated by the camera optipt9]. Micro-PIV has the same limitation asgular PIV does with
respect to the planar nature of the results. Once again, it is possible to obtain-eodguibed

profile by moving the focus along the vertical axis to obtain many planes along the @eisth

method, howevedoes not take into acant the deptiwise velocity component.

The Stokes numbe('Y0) s wused to determine how closely
trajectory. Itis defnedas he r ati o of the characteristic ti
characteristic tingl:of the fluidds movement
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whereup is the mean fluid free flow velocitghi s t he hydraulic di ameter
time of the particle(the time constant of the exponential decay of fluid momentum due to drag
effects), which is calculated with:

" Q
P Y

Inthisequationypi s t he pardii < |tebes pdaerntsii‘dlge &sh ed ifd nue tdedrs

T (Eq 23

viscosity. The Stokes number must be verifigitier the proper particle size has been selected for
the desired resolution to insure that they ap

having tracing accuracy errasmaller than 1% is to have a Stokes number less thga7d).1

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 conveapiplications, 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 detemg the hydrodynamic losses. For this
reason, visualirig the flow structures in heat excharggeas been a growing concern in recent

years

Flow structure visualization ugy PIV has been performed by several authors with the gjoal
characterizing heat transfigrl-56]. Wen et al[51] focused on the determation 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. Jon¢s2t al.

used PV measurements to examine the flowldmstribution 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 extlmtggral.

studied both thegrformance 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 eseston pin fins[53]. This

was attributed to the early flow separation f
low velocity wake behind the fin, which could be iteaed andcharacterizedising PIV [].
Furthermore, the higher levels af t bul ent ki netic energy measur e
helped explain the increased thermal performance of this type of ggontetn compared to

ellipses [54.

2.6.3 Flow around Pyramidal Structures

Although the literature regarding sutullimeter <ale stuctures is lackingflow patternsaround
large scale structures haleen studied extensivetipie to their application in pollution control in
cityscapes. The flow structures around pyramidal shaped structwedd®n investigated by
Martinuzzi et al. who found very complexhree dimensiondlow geometries fosscaled down
(approximately 1 meter higipyramids p5-57]. From these studies, several horseshoe and hairpin
vortical structures were identified, leading to a broad low pressure zone behipgran@dal
structure, as illustrated iRigure 21. These flow features induce a significant amountiwoé

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]
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CHAPTER 3 RESEARCH OBJECTIVES

3.1 General Objectives

As stated previous|ythe general objective of this work is to increasenpactheat exchanger
efficiencies by using nethaped pin fins produced using cold spray. To allow designers to properly
select the size, geometry and configuratiasle maximizingthe performance of thin array

under the given design conditigreertain specific objectivesreproposed

a) Determine the effect of wvarying the pyrami .
on the thermal and hydrodynamic performance of the fin atré&yw Reynold numbers
(2507 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 rectan@cdatinuous) fins.

c) Visualize the flow structures at varying Reynolds numbers to identify regions of increased
fluid turbulence and to observe the recirc
wake.

d) Measure the different turbulence quantitia the regions of interest and tentatively

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

Thes objectives can be split into two categories of specific objectives: those related to the
evaluation of the performancoé the various fin arrayand those related to the observation of the
flow structures of the pin fins arrays described in this work. The following sections will detalil

these specific objectives and the work plan that was developed to attain these goals.

46



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 &uayrermore, demonstrating the superior
performance of the neaet shape pin fin arrays produced by cold spray to thatewéral
geometries oplain rectangular fings performed, to prove the commercial viability of using this

technology industrially.

Thefirst parametestudied washe dependence of the thermal and hydrodynamic performance to
the flow conditionwhich wasdetermined by testing the fin array at different Reynolds numbers.
For the type of wire mesh heat exchangers described previoudReyhelds numbers are usually
low (500 to 2000) due to the cellular nature of the heat exchanger. Contgie study was
focusedon detemining the performance at Reynolds numbeasying between 250 and 3000

This range of Reynolds number coversdpelication rang&ith some margin on either side

The next parametethat werestudied are basic geometric parameters such as the fin height, fin
base angle and the fin density. Varying the fin height and the fin base iaraglbieved by
modifying the poductionprocedurenamelyby increasing the number of spray passes. The fin
height wasvaried between 1.0 mm and 2.5 mm, which was once again ctwseffectwhat is
currently required by the application. The fin base angle parametewvaried betweerthe
minimal angle obtained with the -aprayed fin geometry and the maximal angle obtained by
depositing fin material to a height greater than requiaed subsequently removing teecess
materialby grindingthe top of the fin to the desired heigkinally, the fin density can be varied

by changing the mask used with the CGDS procé&s$ss parameter wagaried according to the

type of commercially available wire mesh masks obtainable.

47



The lastgeometricparametes that was studied ithe effectof changing the crossectionof the

fins producecand their configurationnamely by produng squarebase pyramid, diamoHrgase
pyramid and conghaped finsn the inline or staggered configuratiobhis is motivated by the

fact that different types otrosssections cause different levels of flow disturban¢asd
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 anline or in a staggered configuration coudso

change the performance of the fin array, had been investigatéd allow proper selection of the

fin array production procedur&he combination of fin shape andnéguration was also selected

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

3.3 Observation of Flow Structure s of Pin Fin Arrays

The observation of the flow structures in pin fin arraya fsindamental necessity becatise

disruptions of the boundary layersonthefinwalle d t he f |l ow st ristheur e i1
principal mechanism for the increased performance of this type of extended surface. This is
especially true when comparing wigihate fin arrays, for whiclthe performance increase with

respect to an unfinned surfacattributed tahe greatly increased heat transfer area. Indeed, plain
rectangular fin arrays hava comparableaverageconvective heat transfer coefficient to an

unfinned surface.

To propery understand the performance gain mechanispirofins such as thosgescribed in
this work one must visualize the movement of the fltodunderstandvhere the critical heat
transfer and pressure loss driving zones are locatedcdiidallow, 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

potentialy 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 variousréigions 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 systernthat wasused for the exploratoryork is a commercially availablPlasma
Giken PCS100Q available throughBEC. This machinevasused to perform early trials and to
validate the production procedure and parameters for the industrial pAMBST-EP series
CGDS system from Centerlinasused for the irdepth research work due to its availabibty

the University of Ottawa Cold Spray Laboratory, and the lower operation costs of this smaller
apparatusThe Plasma Giken system is optimized for large scale prasyand thus is not as
suitable as the smaller scale SEF system for a research endeavaising the latter system
allow the minimization of cost and operation time of the Plasma Giken syBt¢msystemsvere

used with nitrogen gas reduce productiooosts of the fin arraysvhen compared to production

costs with helium gas as the propellant

Figure22 shows the Centerline EP cold spray apparatus, complete with the essential components:

the spray enclosure, the powder feeder, the control cabinettbecontroller, the air filter and
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Figure 22 SST-EP Cold Spray Apparatus
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the nozzle assembliy¥he spraynclosure 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 topower on and off the system anditput the desired temperature and puessA
computer is used to control the robot on which the gun is mounted to create spray patterns. Finally,
a Thermah powder feeder is used to feed particles to the nozzle of theEBSIystem. This
powder feeder uses pressurized nitrogen to fanceeasted amount opowderfrom the canister

to the cold spray nozzl®owdeiflow rates are controlled hyeans of a rotating wheel with holes
along the rim. A hammer mechanism is used to ensure the holes are conilietelnd that

when the holealign withtheflow valve, all the powder flows ounhto the nozzle feed lin&arying

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 squmased pyramidal fin arrays using
commercially available plain woven, steel wire mesh (McMaGtar, Aurora, OH, USA) to mask
the substrate from cold spray deposition. This configuration creates a pyramidal fin array with

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

The main factor that determines i f adhesion o«
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, particleseptan 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 wheréuild-upis more pronounced than on the sides. This preferdniial-up leads to the

creation of an angle betwetre top and the base, thus forming a tapered section strlthesn

this angle becomes sharp enough, particles do not have a sufficient mopaet 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 maskiniguechsed to
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produce pinfins. Using other thermal spray tegques 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 stfaathermore, mask distortion and
softening could become glematic production issues that are completely avoided when using

cold spray.

The feedstock powdersed isaluminum (99.8% Al)purchased fron€Centerline (Windsor) Ltd.

(Windsor, Ontario, Canada), and distributed commercially under the namé&S®I. The

powder size range is characterized ksize distributionrwhere 10% of the particles are smaller
than13.29 microngD1o valug, 50% of the particles are smaller th235microns(Dso value

and 90% of the particles are smaller tH&58 microngDgo vaue), as measured by a Microtrac
(Montgomeryville, Pennsylvania, USA3500 laser diffraction analysis apparateigure 24a

presents an image of the powder taken by a Scanning Electron Microscopy (SEMJIANQ

(Zeiss Oberkochen, Germany). It presents @longated, nospherical geometry. The grain

structure is shown ifrigure 24b, as etched with Kellerds reager
shape in the center of the particle, while the exterior is composed mostly of elongated’prsins.

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

its high thermal performance. Furthermareh e pr oj ect 6 s i ndustri al pa

performance properties of aluminum fin arrays produced by cold spray.
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Figure 24: SEM Micrograp hs of SSTA5001 Feedstock Powder (a) AReceived; (b) Etched CrossSection

Finswerecold sprayed on aluminum substrates (Al6061 T6) with standard dimensions of 5.1 cm
by 5.1 cm. The cold spray trials degllin this workaredone on extruded aluminum substrates
instead of thermal sprayed coatings on the WMHE to demonstrate viabgitynly the thermal

and hydrodynamic performance of the fins are of inteiesfas 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 substrateserecleaned and degreased using acetone ategleut to size. No further
coupon preparatiostepssuch as griblasting or heatreatments werperformed. To determine

the effect of changing the fin base angle for a constant height, saargdetd sprayed to a height
larger than the target heigad then ground down the target height withising a conventional
sanding belt with 320 grit sandpaper and watsrcoolant. This process yielfiss with a
trapezoidal prism shape, as illustrateérigure25. No other type of podteatment of the spyad

samples was performed.
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() (b)

Figure 25: (a) Comparison between AsSprayed and Ground Fin Geometry; (b) Ground Fin Sample

4.2 Fin Array Characterization

Fin array samples wemmeasured using a depth of field microscope VRDOO which was
acquired from Keyence (Mississauga, Ontario, Canada) which allows building three dimensional
images of the given samples. This raestructive method will be used to characterize the base
dimersions and the height of the samples to be tested, whiltdad metallographic procedures
wereused to obtain crossections of the sprayed sampl&lthe micrograph image analysegre
performed using Clemex Vision Lite (Clemex Technologies Inc., LenijuQc, Canada) image

analysis software.

4.3 Heat Transfer Efficiency Determination
4.3.1 Performance Test Apparatus

The performance of thearious fin arrays producedasassessed usinghaat transfer and pressure
drop test apparatutesigned at the Universiof Ottawa A schematic of thisest fixtureis shown

in Figure26.
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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.nTétisr 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 ofihOdiameter, 2%nm longflexible

tubes placed side by side to ensure thaeclow levels of turbulence in the inlet air.The
rectangul ar channel s top and bott dmmthitkat es (
are made of acrylic, and they are spaced apart using a rectangular rubber gasket, which is
compressed to ensutteere is no clearance between the fins and the shroud surface. These gaskets
also ensure that the joint is lepkoof. A length of 45nm of unobstructed flow ensures that the

fluid is thermally and hydrodynamicallylly developed before reaching thettesction for the

givenrange ofhydraulicdiametes and Reynolds numbgf10].

The test sample is subjected to a constant heat flux provided by a strip heater. A conducting block
is used to ensure that heat | ace/setoftiffeyentidli st r i b

pressure measurement tapecated 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 loGated before

and after the test section at nfidight to record the fluid $ocal average temperature. Four

t hermocouples are attached to the fin arrayos
and two on the side facing the exiting flow. On each face, one thermocouple is located on the
centeline, while the other thermocouple is located 6 mm from the wall. All the thermocouples

used are Fype, buttbonded, thin gauge (3fauge) thermocouples. Radiative heat transfer losses

are neglected since they would account for less than 0.5% of théeatahput for similar test

surfacesat test temperatures less thar’Z458, 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-diarensional numbers with a characteristic

length based on the hydraulic diameter for the comparison efeiftf fin arrays.

The Reynolds number based on the hydraulic diameter is given by:

vo 2 4 X Eq 27
‘ © J0C» D (Eq 27)

whered is the mass flow rat® is the hydraulic diameter of the fin array,is the sample width,

"OCGs the findensity, i s t he fl ui ddés ody imsdhmiotal faseiaeatiwedluidt y an
can flow into.For the works related to pyramidal fins, the characteristic length was chosen to be

the hydraulic diameter, as the fin array geometgnqmtes 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 fldtvws variable2 and

0 are given by:
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Q = -
0 O o A AT (Eq 28)
AT O Y 'O A+
0 Y 'O0AL J0 (Eq 29)
where0 i's the f 1l ow cHiathefiedndeYis finespacing &dmesdge to edge

and’Ois the fin height.

Figure27 shows a thermal circuit of the fin array, with the reduction of the thermal resistances of

the fins and the unfinned surface designated respectivéYy agd’Y toan equivalent resistance
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Figure 27: Thermal Redstance Circuit of Fin Arrays (Adapted from [10])

The thermal conductance parameter UA can be calculated as:

Yo % 0B O- (Eq 30)

where'Qis the convective heat transfer coefficient,is the overall surface efficiency and is

the total heat transfer aréa pyramidal fins given by:
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Eq 31
OALAT & OER “v vo (Ea 31)

6 6 o 0

In the previous equation, is the number of finsinthearray, s t he f i no6s0id ength
t he s amp loedemted the toltfilnheat transfer aea,r e pr esent s t he unf

exposed areawhilei s t he finbdbs top |l ength, given by:
0 0 00 we& (Eq 32)
The overall efficiency is calculated using the following equation:
0
- P 5P - (Eq 33)

where— is the individual fin efficiency, defined as the heat transferred by the fin over the

maximum possible heat that can be transferred, whichnencally equal to:

¢ 0cao
_ L Eq 34
a '00¢ca O (Eq 34)
with:
TQ
. - Eq 35
a 0 (Eq 35)

In the previous equationsadapd f r om | n c r o'QaadOadenate thve dirst &nd fedod|

order Bessel functions, respectivahile™ @ i s t he ther mal conducti vit\

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 thewo 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. Theréforethe previous equation is replaced by the fin

length at the bas@|.

The fin arrayo6s c onwetandiNwsgelt fumleert aretcalcalatesl withrthe c o e f

following relations:

® ¥ve- (Eq 26)
L O T (Eq 37)

In these equationg, is the heating rat&/"’Y is the logmean temperature difference between the
fluid and the finarrayand i s t he fl ui doés t he-meaatiemperaured uct i
difference is calculated with:
gy YY Y'Y
THY (€
Y'Y
whereY YandY"Y 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:
n ad’Y YD (Eq 39)
where Y Y is the fluid temperature difference between the entry and the exit of the test

section0nf s the fluido6s ther mal capacitance.

Based on the |literature review perfor iéld, t he
was selected. The requiredmping power input was calculated acodi ng t o Sahi ti 6s

[16]:
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@ OY0

(Eq 40)

In the previous relatioris the pumping powery is the volumetric flow rate of the fluid while
— is the fan efficiency. A fan efficiencgf 0.8 was chosen as a reasonable value to perform
these calculationd p]. The pumping power is divided either by the fin array basgt@yield the

pumping power per unit area or by the volurig ¢f the fin array to obtain the pumping power

per unitvolume.

4.4 Particle Image Velocimetry Flow Characterization
4.4.1 uPIV Apparatus and Equipment

The system thatvasused to determine the flow structurés measure the flow velocity and
determinethe turbulence quantitidsr this work is a commercial pPI¥lowmaster3 apparatus
available at the University of Ottawa. It was purchased from LaVenohincludes the necessary
hardware and software to perfomlV analysis on the micron scale. The principle of operation
is the same that is describedcimapter2.5. Figure 28 shows the Flowmaster3 apparatus and its

components.
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Figure 28 Flowmaster 3uPIV 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 neeigpped with a needle valweas

used to adjust the flow rates to obtain Reynolds numbers varying between 500 and 2000.

Schematics of the apparatus are showkrigire29 andFigure30.
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Figure 30: Schematic ofuPIV 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 €s between two successive exposures. The

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 puéih of 1.31 um and a depth

of field of 28 um.

The laser source used for sample illumination is a double pulsed Nd:YAG laser used in conjunction
with a dichroic filter, which only allows gre
| i g h 650 (n® 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 degeribed 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 significantlat a given Reynolds number.

The tracer particles used are Fluddax red particles (Fisher, Waltham, MA, USA) with a particle
diameter of 0.8 um. These polystyrene particles have a density of 1.05agitm refractive index
of 1.59 for 589 nm wavelenglight at 298 K. This particle size, used in conjunction with the
aforementioned lens, yielded a depth of correlation of 24Tmg. The maximal Stokes number
(at the largest flow rate tested for the fin array with the smallest hydraulic diametegletdated

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 anckrefractiv
index of the fluid to producaccurate results. Tests werefpened 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 olgdiin 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 sampleds surface, the fyerosblackimk(lessthanpl e b

5 um thick, measured frompaintedf isrmrosssection), which absorlike reflected intensity.

4.4.2 pPIV Image Post-processing

The raw image pairs in a set were first averaged to obtain a picture of the backgtensity, as

wel | as the remaining amo.uThdg avevafjed pidiuee wasatimep | e 6 s
subtracted from the raw images, yielding images that contained only the position of particles, with
most of the measurement artefactemoved. These images were then fmstessed using

FI owmaster 6 s s-toadatdraalgdrithi,lusing a twetaspsprocess in which the
interrogation window size is reduced from 64x64 pixels to 32x32 pixels, both with 0% overlap.
Spurious vectors wer e t he n-inveetondltereunctianshereg t he
vectors wih more than three standard deviations of difference to their neighbours were removed

This created image sets with low amounts of measurement artefacts, suitable for arfadysis.

image sets were then processed to create maps of average velocity, terlmiensity and

turbulence kineticenergyi t h t he s-infuhcticas ebs bui |t

4.4.3 Data Reduction

The different quantities measured by idV analysis are presented in this section. The Reynolds
number was calculated accordingdefinition given previouy in chapter4.3.2 The turbulence

intensity (@of the flow was computed as:

65



0 — (Eq 41)
(0]

whereu dlenotes th&kootMeanSquare RMS) valueof the velocity fluctuations in time ar

represents the mean velocity.

The Turbulence Kinetic Bergy (TKE) of the fluid is evaluated using| owmast ein 70s

function, evaluated as

6 0o (Eq 42)

Yol o)

whereu is turbulence kinetic energy, is the value of the axial velocity fluctuations amdis

the value of the transverse velocity fluctuatiofisis informal definition of the turbulent kinetic
energy is attributable to the 2D nature of ¢V measurements, where the software neglects the
contribution of the fluctuations of thé%3elocity componentd . 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 stiedi@shed in
chapter sevenThis model was constructed usiagcommercialcomputational 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 couplenngicit scheme (SMPLE)

for steadystae, incompressible fluid flowThe Reynolds Averaged Navi&tokes (RANS)
equations approach was used to model the turbulent behavior of the flow, using the realizable k
turbulence equations for three different mass flow rates (0800180272 and 0.00550 kg/s),

which correspond to Reynolds numbers of 500, 1000 and 2000. Although the Reynolds numbers

66



involved potentially lie in the subritical regime, the use of a turbulence model (instead of a purely
laminar model) is warranted doe the complexity of the expected flow structures and the non
negligible contribution of turbulence, as demonstrated in the liter&8Qré1]. Furthermore, as it

will be shown inChapter 7the turbulence intensity levels obtained with the simulationaiae

negl ected, especially near the surface of the
wall functions were selected, as the mesh is sufficiently fihe @.31) to appropriately resolve

the neatwall features of the flow. Gravity and niatlve heat transfer were neglected.

The threedimensionalsolution 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 dongited 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 irigure 31 and the boundary conditions applied to the different susface

summarized imable2.

Tilted
edge

Straight
edge

Figure 31: Computational Domain: (a) for the Regular (Straight Pyramidal Fin) Model; (b) for the Modified
(Tilted Pyramidal Fin) Model

A crosssection 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 36d K Huid inlet
temperature of 300 K were selected to reflect typical temperature differences obgettved
thermal performance experimenE®r the purpose of simplicity, the fin surface walls were treated

as smooth conductive surfaces in the solidezovhile the bounding walls were considered to be

smooth, adiabatic surfaces.

Table 2: Surface Boundary Conditions for Fluent Model

Surfaces Boundary condition Comment/ Values
Flow normal to surface,
turbulence intensity specified at 5% with
Inlet Mass Flow Inlet 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, neslip
Flow Channel Constant surface temperature (T = 360 K
Floor, Wall o sli
PyramidFloor P
Pyramid Side Wall Conductive, neslip
Surfaces
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The model has the same width asiiiéV 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 incrases. The dimensions used for the pyramids and passage width reflect the average
measured dimensions of the specimens used for the uPIV study which are preséhtgaien 7
Figure31 (b) shows a second computational domain that was used for modelihgh&imain
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 irChapter 7 A grid independencyest 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 resicafalse heat, mass and momenturare
evaluated to be lesthan 1, 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 COBEPT AND EARLY CHARACTERIZATION OF
PIN FINS ARRAYS PRODUCED BY CGDS

The article presented in thihaptempresents the early work performed regarding the production

of pin fin arrays with CGDS. The manufacturability of such arrays is explored with thef use
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 tb# stand
distance required between the CGDS nozzle and the mask, as thelldistance required between

the mask and the substrate for the production ofnetashape fin arraysith clean passages and

well defined fins. Furthermore, this article details the elaboration ofhause test fixture for the
determination of th@ydrodynamic 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, whidhtedlithe 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 duenrtitighésd success
of the production of such fin array#&\s such, efforts were concentrated on improving the

manufacturability and performance of the neat shape pin fin arrays from then on.

This peer-reviewedarticle was reproduced with the permissiorof the copyright owner, ASM International.
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Net Shape Fins for Compact Heat Exchanger
Produced by Cold Spray

Yannick Cormier, Philippe Dupuis, Bertrand Jodoin, and Antoine Corbeil

(Submitted April 29, 2013; in revised form June 25, 2013)

This work explores the manufacturability of pyramidal fin arrays produced using the cold spray process.
Near-net shaped pyramidal fin arrays of various sizes and fin densities were manufactured using masks
made of commercially available steel wire mesh. The feedstock powders used to produce the fins are
characterized using scanning electron microscopy. Obstruction of the masks was investigated. The
standoff distances between the substrate, mesh, and nozzle were empirically determined. Fin array
characterization was performed using digital microscopy. The fin arrays’ heat transfer performance was
assessed experimentally for a range of Reynolds number relevant to the application sought. The fins
produced using the cold spray process outperform traditional straight (rectangular) fins at the same fin
density and it is hypothesized that this is due to increased fluid mixing and turbulence.

Keywords cold spray, compact heat exchanger, heat transfer,

net shape forming, pyramidal fin array

1. Introduction

Distributed power generation (DPG) offers a novel
approach to reduce power losses, as electricity is carried
over shorter distances to the end users, thus decreasing
power line losses. It also presents the advantage of pro-
tecting the grid against widespread electrical failure, as
generators individually serve a smaller population
(Ref 1, 2). Micro-turbines (MT) are instrumental in the
development of a high efficiency DPG system. MTs are
small scale, single stage, and single shaft gas turbine gen-
erators. They provide the combined advantages of low
emissions, high reliability, and good efficiency in a com-
pact package (Ref 3). The major drawback is the associ-
ated wasted heat. Increasing the viability of DPG is
directly linked with the development of higher efficiency
MTs that generate between 25 and 500 kW. The simplest
MT designs often have efficiencies below 20%, a lower
value than diesel, and gasoline engines which typically
operate between 30 and 35% thermal efficiencies over the
same power production range (Ref 4). However, MTs
equipped with a recuperator preheating the inlet gas using

This article is from a presentation at the 2013 International
Thermal Spray Conference, held May 13-15, 2013, in Busan,
South Korea, and has been expanded from the original
presentation.
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the heat recovered from the hot exhaust gases have the
potential to theoretically attain 50% thermal efficiency
(Ref 4). This waste heat could also be used for plant
processes requiring heating or hot water production. In
these cases, efficiencies in the order of 80% are attainable
by such systems, referred to as combined heat-power
(CHP) systems (Ref 3).

Recuperators play a vital role to a successful MT design,
and often represent 20-25% of the cost and 20-35% of the
volume of a MT package (Ref 4). Typically, unit cost and
volume are closely tied together, as material cost is one of
the main contributors to the total cost. Increasing recuper-
ator efficiency by 5-10% can improve the overall thermal
efficiency of the system by the same amount (Ref 4). Cur-
rently, recuperators operate at efficiencies ranging from 75 to
85%. These recuperators usually use shell and tube or packed
bed geometries, however they experience problems such as
leakage, high pressure losses, axial conduction losses, and high
manufacturing cost (Ref 5, 6).

A design of compact heat exchangers, referred to as a
wire mesh heat exchanger (WMHE). was developed as a
solution for common challenges faced by high efficiency
compact heat exchanger. WMHE are based on the concept
of using a metallic wire mesh as a conductive material
inside a cellular metal sandwich structure, first investigated
in the late 1980s (Ref 7, 8). The first configuration developed
using this concept was the folded wire mesh geometry,
shown in Fig. 1. This geometry is produced by successively
folding wire mesh textiles and brazing thin metallic sheets to
these folds to create a flow barrier. The disadvantage of this
technique is that the contact area per fold between the mesh
the brazed plates is small, combined with the maximum
number of times the wire mesh can be folded per unit length,
thus limiting the heat that can be transferred (Ref 9). This
limitation, in addition to the large cost associated with the
manufacturing technique, calls for an improved production
method which can reduce both cost and volume while
maintaining high heat transfer properties.
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Nomenclature
AT, Inlet temperature difference (K)
AT, Outlet temperature difference (K)
AT\ Log-mean temperature difference (K)
Ne Individual fin efficiency
No Overall fin efficiency
0 Spray angle (°)
u Dynamic viscosity (Pa s)
p Fluid density (kg/m®)
A Fin heat transfer area (m?)
Afow Net flow area (ml)
Aot Total heat transfer area (m:)
Ay Unfinned heat transfer area (m?)
B Base fin length (m)
Cp Fluid specific heat capacity (kJ/(kg K))
D Base diameter (m)
dy Hydraulic diameter (m)
FD Fin density (fin/m)
H Channel height (m)
h Convective heat transfer coefficient (W/(m* K))
I Bessel function of order one
b Bessel function of order two
j Colburn factor
k¢ Fluid thermal conductivity (W/(m K))
K Fin material thermal conductivity (W/(m K))
L Sample length (m)
1 Mass flow rate (kg/s)
m Fin heat transfer parameter (m™)
Nup Nusselt number based on hydraulic diameter
N¢ Number of fins
Pliow Flow perimeter (m)
Pr Prandtl Number
q Heat flux (W/m?)
Rep Reynolds number based on hydraulic diameter
Req Equivalent thermal resistance (K/W)
N Space between fin edges (m)
Tin Inlet fluid temperature (K)
Lot Outlet fluid temperature (K)
UA Thermal conductance (W/K)
Vv Fluid velocity (m/s)
w Channel width (m)

To this end, a new method for producing WMHE has
recently been developed. The innovation of this approach
resides in the fact that the wire mesh textile is stacked and
cut, then sealed with a thin metallic layer, as shown in
Fig. 2(a) and (b) (flow barriers on the longitudinal side are
not represented for clarity). These features allow more
contact area per unit length between the heat transfer
medium and the pressure barrier (brazed plates). Never-
theless, this design/method for producing WMHE does
offer some areas for improvement. Currently, the cost
associated with brazing a thin metal sheet to the wire mesh
is high and the operation is labor intensive. To replace this
process, research has been performed where a thick and
dense metallic coating is produced using thermal or
kinetic spray processes. Once this coating has been ap-
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Fig. 1 Wire mesh heat exchanger using folded wire mesh
geometry as heat transfer medium

plied, fins are machined on the outer surface to produce
simple rectangular (straight cut) fin geometries (Fig. 2c).
While this operation saves costs, it is time consuming and
is currently restricted by machining tolerances.

Other interesting and promising types of heat exchang-
ers were developed using a similar principle but with dif-
ferent 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. (Ref 10, 11). 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.

Thermal spray deposition processes operate on the
principle of heating and accelerating a carrier gas to pro-
ject particles onto a substrate in order to form a dense
coating. Combustion and plasma spray processes such as
high velocity oxy fuel (HVOF) and plasma spray use a
high temperature gas stream to melt the projected parti-
cles, where adhesion is sustained by the particles solidi-
fying on the substrate surface and onto each other. Kinetic
spray processes such as cold spray, rely on momentum
transferred from an inert gas, usually helium or nitrogen,
to relatively cold particles (usually less than half the
melting temperature) which are projected onto a sub-
strate’s surface. The gas is accelerated to supersonic
speeds using a convergent-divergent (DeLaval) nozzle,
where its kinetic energy is imparted to the particles from
fluid drag effects (Ref 12, 13). Upon colliding with the
substrate, this energy is used to plastically deform these
particles and to induce adhesion.

In this paper, the viability of using cold spray to man-
ufacture near-net shape fin arrays was investigated as a
potential solution to the problems encountered by fin
machining. Pyramidal fin arrays were produced using cold
spray which required no post-processing. The aim of this
study is to demonstrate the manufacturability of such fins
and also to start comparing the heat transfer properties of
pyramidal and rectangular fin arrays by studying specifi-
cally the 24 fins/in. case.

Two fin materials were selected for their widely dif-
ferent thermal and mechanical properties: aluminum and
stainless steel. These materials have a high resistance to
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Fig. 2 Successive steps to manufacture wire mesh heat exchanger: (a) stacked wire mesh, (b) brazed thin metallic sheets, (¢) machined

external fins
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Fig. 3 SEM images of (a) As-received pure aluminum feedstock powder: (b) etched cross-section of pure aluminum particle;
(c) As-received 304L stainless steel feedstock powder; (d) etched cross-section of 304L stainless steel particle

corrosion and are known to be easily deposited with cold
spray. Stainless steel’s operating temperature is higher
than aluminum, but its thermal conductivity is lower. To
this end, applications that have high process temperatures
would require the former material, while lower process
temperature applications could benefit from the increase
in performance the latter material could offer.

1212—Volume 22(7) October 2013

2. Experimental Coating System
Description

The cold spray system used for this work is a commercially
available Plasma Giken PCS-1000 (Ref 14). The spray nozzle
has a 3.0 mm throat diameter and a 6.5 mm exit diameter.
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Fig. 4 Fin array overview of aluminum sample Al-2 produced
using cold spray and masking technique

The first feedstock powder used was aluminum (99.8%
Al), provided by Centerline (Windsor) Ltd. (Windsor,
Ontario, Canada), and distributed commercially under the
name SST-AS5001. The powder size range is characterized
by a D value of 13.29 pm, a D5, value of 25.35 pm, and a
Dy, value of 49.58 nm, as measured by a Microtrac S3500
laser diffraction analysis apparatus provided by Microtrac
(Montgomeryville, Pennsylvania, USA). Figure 3(a) pre-
sents an image of the powder taken by a scanning electron
microscopy (SEM) EVO-MA 10 provided by Zeiss
(Oberkochen, Germany). It presents an elongated, non-
spherical geometry. The grain structure is shown in
Fig. 3(b), 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.

The second material used was commercially available
stainless steel grade 304L, provided by Sandvik Osprey
Ltd (Sandviken, Sweden). The powder size range is
characterized by a D), value of 4.55 um, a Ds, value of
14.14 pm, and a Dy, value of 31.30 um, as assessed by
cumulative volume based laser diffraction analysis.
Figure 3(c) presents an SEM image of this powder. It pre-
sents a spherical geometry. The grain structure is shown in
Fig. 3(d), as etched with Methanolic Aqua Regia reagent.
The particles observed have an equiaxial grain geometry.

3. Experimental Procedure

3.1 Masking Technique

To create pyramidal fin arrays (Fig. 4), commercially
available plain woven, steel wire mesh (McMaster-Carr,
Aurora, OH, USA) was used to mask the substrate and
generate the required fin geometry. This process is illus-
trated in Fig. 5, where SDys and SDgy designate the
standoff distances from the mesh to the substrate and from
the mesh to the nozzle, respectively. This creates a pyra-
midal fin array that closely mimics the reversed geometry
of the chosen wire mesh, with peaks aligning with the

Journal of Thermal Spray Technology
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Fig. 5 Schematic of the masking technique used to create
pyramidal fin arrays

holes of the screened area and little to no deposition
underneath the wires (Fig. 6). Other thermal spray pro-
cesses were not considered for this production method as
they would clog the mask.

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 were
done on extruded aluminum substrates instead of thermal
sprayed coatings on the WMHE to demonstrate viability.
Further work will be performed to determine the param-
eters required to produce the same features on specific
thermal spray sealed heat exchangers. The substrates were
cleaned and degreased using acetone after being cut to
size. No further coupon preparation, such as grit-blasting
or heat treatments, was performed. The spray parameters
used to obtain these samples using nitrogen as the carrier
gas are given in Table 1 for both feedstock powders. The
number of passes was varied according to the target height
of the fin arrays. No post-treatment of the sprayed samples
was performed.

Standard metallographic procedures were used to
obtain cross-sections of the sprayed samples. Control
specimens were sprayed without masking to obtain a
standard for comparison and to establish a porosity level
baseline. All the image analysis was performed using
Clemex Vision Lite (Clemex Technologies Inc., Long-
ueuil, QC, Canada) image analysis software. Porosity
levels are reported with a mean value of 10 measurements
for each data set. Spray angles are determined from the
measured geometries of the sprayed samples.

Several trials were performed to determine the effect of
the standoff distance between the wire mesh and the gun,
as well as the distance between the mask and the sub-
strate. It was determined that starting with a very small
distance between the mesh and the substrate (less than

Volume 22(7) October 2013—1213

pamainay Jaad

74



3
]
o
S
[
@
1 -
o
Q

Substrate SOE
L 100 pm

Fig. 6 (a) Top view of typical fin deposition (aluminum sample): (b) cross-section of typical fin deposition illustrating the clean area
between the fins (aluminum sample)

Table 1 Spray parameters

Nozzle inlet Nozzle inlet gas Nozzle traverse
Powder type pressure, MPa temperature, °C SDGy, mm SDyis, mm speed, mm/s
Al SST-A5001 3 300 254 2.0 350
SS 304L 3 900 254 2.0 300

Fig. 7 Deposition between fins when mesh-substrate distance is Fig. 9 Uniform heat flux on the fins (without flow) resulting in a
larger than 3 mm for typical aluminum sample uniform surface temperature
Test Section
Static Pressures.-r; --------- T3
Fluid flow l o : E !
— H t Parallel flow channel of width W - '
| '

Thermocouples
Ly
Thermocouples Insulated

Heating Pad Conducting

Block

Fig. 8 Schematic of the heat transfer test fixture
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Fig. 11 Cross-section of a fin of samples showing different porosity distributions (a) Al-1: (b) SS-2

Table 2 Pyramidal fin geometry of tested samples

Fin Wire Fin Hydraulic Total heat
Sample density, diameter, height, diameter, transfer Spray
number Fins/in. in. mm mm area, mm- angle, °
Al-1 12 0.035 1.8 1.57 4335 193
Al-2 16 0.028 22 1.49 5820 11.3
Al-3 16 0.018 1.4 1:13 4767 220
Al-4 24 0.014 1.4 0.92 6117 14.1
SS-1 12 0.035 2.0 1.67 4671 17.1
SS-2 16 0.028 1.5 127 4599 16.3
SS-3 30 0.016 1.0 0.76 5129 124
Table 3 Samples tested for comparison

Fin density, Fin width, Fin spacing, Height, Hydraulic diameter, Total heat transfer
Sample number Fins/in. in. in. mm mm area, mm’>
[ON] N/A N/A N/A 2.0 385 2581
SC-B 24 0.015 0.025 1.7 0.92 9807
SC-C 24 0.015 0.025 1.4 0.87 8344

0.75 mm) created problems where the mask would
become embedded in the coatings produced. Increasing
the distance to more than 3.0 mm has a detrimental effect
on spray angles and spray edge cleanliness. At this

Journal of Thermal Spray Technology

standoff distance, some deposition underneath the wires is
noted and edges do not appear as sharp, as shown in
Fig. 7. The optimal distance found is from 1.0 to 2.5 mm
between the wire mesh mask and the substrate. A distance

Volume 22(7) October 2013—1215

)
D
o
<
Y
S.
5
©®
Q

76



g
=
2
z
c
I
3
Q

of 2.5 mm was used for the samples tested in this work.
The optimal standoff distance between the mesh and the
cold spray nozzle was found to be 25 mm.

3.2 Heat Transfer Test Apparatus

Performance of the various fin arrays produced was
assessed using an in-house heat transfer and pressure drop
test apparatus, adapted from the literature (Ref 5). A
schematic diagram of the apparatus is shown in Fig. 8.

The main components of this apparatus are the test
section, heating pad, air supply and data acquisition system.
The airis supplied by acompressed 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 flow meter and a needle valve. This air is forced into a
rectangular channel with the test section located near the
exit. This rectangular channel’s top and bottom plates
(76.2 mm wide by 457.2 mm long by 19.05 mm thick) are
made of acrylic, and they are spaced apart using a rectan-
gular rubber gasket, which is compressed to obtain the
required hydraulic diameter. These gaskets also ensure that
the joint is leak-proof. A length of 320 mm of unobstructed
flow ensures that the fluid is fully developed hydrodynam-
ically when it reaches the test section for the given hydraulic
diameter and Reynolds number (Ref 15).

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, resulting in a constant surface temperature under
free convection conditions, as shown in Fig. 9.

A stagnation pressure tap is located 25.4 mm upstream
from the test section. Two thermocouples are located 6 mm
before and after the test section at mid-height to record the
fluid 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 gage (28 gage) thermocouples.

Measurements were performed at steady-state condi-
tions and repeated until statistical significance was
achieved. Data samples were taken over a 30 s interval, at
2 Hz. Five sets of data samples were recorded for every
flow condition. Measurements were taken at flow rates
corresponding to Reynolds numbers varying from 200 to
2000, as this is the typical application range sought for
these exchangers. Deviation of the measurements from
the mean value was less than 5%.

4. Results

4.1 Fin Array Characterization

Low porosity levels are observed for the bulk control
coatings produced (without masking), with measurements
indicating less than 5% porosity levels, as shown in
Fig. 10. Fins produced with the aluminum powder have a
different porosity distribution than the fins produced with
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stainless steel powder. Figure 11(a) shows that the
porosity in the aluminum fins varies from a fully dense
core to a porous exterior layer. Stainless steel shows a
relatively uniform porosity level throughout the coating,
as seen in Fig. 11(b). Some of the voids are relatively large
(20 pm) which is comparable to the voids observed in the
outer layer of the aluminum fins. This difference in
porosity distribution is attributed to the fact that alumi-
num and stainless steel have different bonding character-
istics. The primary factor is that the aluminum core is
compacted by the impacts of the subsequent particles on
the newly formed coating, while the porous exterior layer
does not benefit from this phenomenon. This phenomenon
is much more pronounced for the aluminum feedstock
because its surface oxide layer is easily broken, compared
to stainless steel. Furthermore, the aluminum particles are
larger and their non-spherical morphology tends to in-
crease the fluid drag, which both contribute to increase the
particle momentum and oxide breaking power. The sec-
ond factor is that aluminum is sprayed at parameters on
the lower edge of the deposition window to reduce nozzle
clogging problems, while stainless steel is sprayed with a
high enough gas temperature and pressure to overcome its
higher critical velocity and allow a better initial adhesion
without compaction (Ref 16, 17).

Several geometries of pyramidal fins were successfully
deposited on aluminum substrates, from 12 to 30 fins/in.
Table 2 presents the different pyramidal fin geometries of
the samples produced while Table 3 shows the other
samples tested for reference or comparison purposes.
Sample labeled US is an unfinned surface while samples
labeled SC are vertical rectangular (straight cut) fin sam-
ples, with the suffix B and C designating that the fins were
machined from bulk Al 6061 T6 or from a pure aluminum
cold sprayed coating, respectively.

Scalability does not seem to be an issue, as much larger
samples (101.6 mm by 152.4 mm) were also successfully
produced with no differences noted when compared to the
smaller samples, as shown in Fig. 12.

Deposition of material is noted on the mesh, as shown
in Fig. 13. The build-up has a pyramidal prism shape along
the wire length, and once a critical height has been
attained, deposition on the mesh slowly stops. This critical
height is a function of the sprayed material, spray
parameters and fin density. At this critical height, the
impact angle is so small that the normal component of
the particle velocity is not sufficient to create adhesion.
The wire mesh sizes tested up to 24 wires/in. do not clog,
even after several minutes of deposition. At 30 wires/in.
with a wire diameter of 0.016” (0.41 mm), clogging of
some holes is noted with the aluminum feedstock. The
stainless steel feedstock powder does not show this
behavior. This is explained by looking at the particle size
distribution for these two materials, noting that the aver-
age aluminum particle is 80% larger than the average
stainless steel particle and that the aluminum adheres very
easily when sprayed, making it much more likely to clog.
The stainless steel, on the other hand, is much harder to
deposit and has reduced tendency to block the mesh holes.
Mesh densities higher than 30 wires/in. were not tested.
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