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This work evaluates the thermal and hydrodynamic performance of pyramidal fin arrays produced using
cold spray as an additive manufacturing process. Near-net-shaped pyramidal fin arrays of pure aluminum,
pure nickel, and stainless steel 304 were manufactured. Fin array characterization such as fin porosity
level and surface roughness evaluation was performed. The thermal conductivities of the three different
coating materials were measured by laser flash analysis. The results obtained show a lower thermal
efficiency for stainless steel 304, whereas the performances of the aluminum and nickel fin arrays are
similar. This result is explained by looking closely at the fin and substrate roughness induced by the cold
gas dynamic additive manufacturing process. The multi-material fin array sample has a better thermal
efficiency than stainless steel 304. The work demonstrates the potential of the process to produce
streamwise anisotropic fin arrays as well as the benefits of such arrays.

Keywords additive manufacturing, cold spray, heat transfer,
pin fin array, thermal conductivity

1. Introduction

Research focusing on the enhancement of heat
exchanger performance has become a priority in areas
such as gas turbine development, electronic cooling, and
power generation (Ref 1-4). Indeed, heat exchangers have
become common components in various engineering dis-
ciplines due to the importance and the challenges associ-
ated with thermal management. Some of the most widely
used heat exchanger designs rely on fin arrays as heat
transfer enhancing surfaces to be able to minimize the size
and weight of such components for a given heat exchange
rate (Ref 1, 4). Enhancing thermal conductance of fin
arrays while decreasing the size of heat exchangers is also
especially important for the aerospace and automotive
industries, for which the weight and volume of compo-
nents are important factors.

To increase the ratio of heat transfer area per unit vol-
ume, fins have tended to become longer and slimmer
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combined with a higher fin density (amount of fins per unit
base area). This densification of the fin arrays has some
practical limitations based on the manufacturing techniques
used to produce these features. Extrusion and machining
have typically been used to produce both continuous fin and
pin fin arrays, respectively (Ref 5). Casting has also been
used as an alternative production method for these arrays
(Ret 5). All these manufacturing techniques suffer from the
same drawback of increased cost as the complexity and
density of the fin array increase (Ref 5). The cost of casting
and extrusion increases rapidly due to the precision
required for the production of the mold or die (Ref 1, 6),
while for machining, the production speed decreases with
tool size, which is the limiting factor for feature size and the
associated tolerances (Ref 1, 7). Metal mold casting is fur-
ther restrained as the design must accommodate features
with taper angles and without concave details so that the
part can be removed from the rigid mold after casting
(Ref 1, 8). When the fin array features are too small for
conventional manufacturing techniques, lithographic tech-
niques can be used to produce fin arrays but require a
significant investment in equipment (Ref 1).

Additionally, for heat exchangers with fins, the optimal
geometry to reduce manufacturing costs and concerns
does not necessarily correspond to the ideal geometry for
thermal performance. The fin geometry has a significant
effect on fin efficiency. Indeed, increasing the height to
cross-section area ratio can dramatically lower the fin
efficiency, thus yielding a lower overall heat exchanger
thermal performance. Furthermore, fin efficiency is also
dependent on the fin material thermal conductivity. For
low service temperature applications (less than 200 °C),
materials having a high thermal conductivity such as
copper or aluminum can be used. For higher service
temperature (600 °C) or highly corrosive environments,
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Fig. 1 Schematic of a multi-material fin array separated into three sections

materials such as nickel-based alloys or stainless steel must
be used. These materials suffer from the drawbacks of
having lower thermal conductivities and are usually denser
than the aforementioned materials, leading to fin arrays
with lower thermal performance per unit mass (Ref 9).
The thermal performance is further decreased when high
convective coefficients are present, which makes the
design of high service temperature heat exchangers using
pin fin arrays a challenge (Ref 10, 11).

Another limitation of conventional fin array manufac-
turing methods is that they typically restrict a fin array to
sections made of one homogeneous material. These sec-
tions can be joined together to create mixed material fin
arrays, but this rapidly becomes uneconomical or
impractical due to reliability issues with the bond between
the sections. Additionally, the bonding agent itself repre-
sents a thermal barrier for the heat flow. This type of
process is usually limited to plain rectangular fin geome-
tries due to manufacturing concerns (Ref 5).

A new method for producing near-net-shaped pin fin
arrays has been proposed, which uses Cold Gas Dynamic
Spraying (CGDS) and a mask to selectively deposit
material onto a substrate (Ref 12, 13). The adhesion of the
particles to the substrate is attributed to the large plastic
deformation of the particle and substrate upon impact,
which yields intimate metal to metal contact, where
metallic bonds and mechanical anchoring occur (Ref 14,
15). CGDS is especially well suited for the near-net-
shaped production of fin arrays using substrate masking
due to the low process temperatures preventing melting
during the deposition process. These advantages allow for
the process to be used effectively, without significant
clogging, distortion, or degradation of the metallic mask.

The pin fins produced with the masked cold spray
technique have a square-based pyramidal structure, with
the fin density varying between 12 and 24 fins per inch and
the height varying between 1.0 and 2.5 mm. The hydro-
dynamic and thermal performance of this type of fin array
has also been studied and was found to be superior to
similar size continuous fins (plain rectangular fins)
(Ref 12, 13, 16). The mechanical properties of fin arrays
produced using CGDS were also determined to ensure that
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the stresses arising from the drag due to fluid flow could be
sustained by these features without failure (Ref 17).

Since it has been proven that using CGDS as an addi-
tive manufacturing process to produce pyramidal pin fins
can yield arrays with enhanced thermal properties, atten-
tion is now given to the exploration of the different
materials that could be used for manufacturing this type of
fin array. In this work, the thermal performances of alu-
minum, stainless steel 304, and nickel fin arrays are
investigated. The possibility of creating multi-material
heat exchangers would allow the designer the freedom of
using the material combination which not only maximizes
the thermal performance, but also allows for the substi-
tution of high cost, heavy alloys by lighter and cheaper
materials in the lower service temperature sections of the
heat exchanger. The heat exchanger could be separated
into three sections: a lower, an intermediate, and a high
service temperature sections (Fig. 1) since a transfer of
energy occurs between the fins and the fluid, resulting in a
decrease of local fluid temperature along the length of the
heat exchanger, as seen in a typical cooling curve of
temperature as a function of distance (Fig. 2). The pro-
cedure for the production of this type of hybrid material
fin array using the masked CGDS process is detailed, and
its thermal performance is investigated.

2. Fin Array Production

2.1 Feedstock Powders

Pure commercially available aluminum (99.8% Al,
CenterLine (Windsor) Limited, Windsor, ON, Canada)
was used. The powder size is characterized by a D10 value
of 13.29 microns, a D50 value of 25.35 microns, and a D90
value of 49.58 microns, as measured using a laser diffrac-
tion analysis apparatus (Microtrac model S3500, Mont-
gomeryville, PA, USA). The powder presents an
elongated, non-spherical geometry, as seen in Fig. 3(a).

The second powder used was a commercially pure nickel
powder (99.9%, Atlantic Equipment Engineers, Upper
Saddle River, NJ, USA). The powder size is characterized
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Fig. 2 Typical cooling curve of temperature as a function of distance

Fig. 3 SEM images of (a) As-received pure aluminum feedstock powder; (b) As-received pure nickel feedstock powder; (c) As-received
stainless steel 304 feedstock powder

by a D10 value of 12.77 microns, a D50 value of 22.34 mi- The third feedstock powder used was a grade 304
crons, and a D90 value of 40.44 microns. The powder pre- stainless steel (Atlantic Equipment Engineers, Upper
sents a spherical geometry, as seen in Fig. 3(b). Saddle River, NJ, USA). The powder size is characterized
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Fig. 4 Schematic of the manufacturing technique utilized to produce pyramidal fin arrays (Ref 17)

Table 1 Fin array spray parameters

Nozzle inlet pressure, Nozzle inlet gas temperature, Powder preheating temperature, Standoff distance,
Powder type MPa °C °C mm
Pure aluminum 1.7 350 N/A 15
Pure nickel 2.8 400 300 15
Stainless steel 304 3.1 475 300 15

by a D10 value of 13.50 microns, a D50 value of
29.61 microns, and a D90 value of 51.66 microns. The
powder presents an elongated, non-spherical geometry, as
seen in Fig. 3(c).

2.2 CGDS Fin Production Technique

The manufacturing method used to create the square-
based pyramidal pin fin arrays using CGDS is illustrated in
Fig. 4. It consists of using plain woven, steel wire mesh
(McMaster-Carr, Aurora, OH, USA) to mask parts of the
substrate from deposition of the particles accelerated by
the cold spray process. This allows the user to build fea-
tures of various shapes and dimensions on the substrate.
The operating principles of CGDS result in preferential
build-up of material in the center of the mask openings,
creating features with reducing cross sections along the
height such as pyramids (Ref 12). The CGDS deposition
parameters are selected to ensure that the features closely
mimic the reversed geometry of the chosen wire mesh,
with peaks aligning with the holes of the screened area.
Additional details on the production of pyramidal pin fins
can be found elsewhere (Ref 12, 13). The wire mesh mask
chosen for this study has 12 wires per inch with a wire
diameter of 0.035” (0.89 mm) in both the longitudinal and
transverse directions.

An SST-EP CGDS system (CenterLine (Windsor)
Limited, Windsor, ON, Canada) was used to produce
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the pyramidal fin arrays. A polymer nozzle was used to
spray the pure aluminum powder, while a tungsten-car-
bide nozzle was used to deposit both the nickel and the
stainless steel powders. Both nozzles have a 2.0-mm
throat diameter and a 6.4-mm exit diameter. The spray
parameters used to deposit the fins for each feedstock
powder are presented in Table 1. The fins were de-
posited on 5.1 cm by 5.1 cm Al6061-T6 aluminum alloy
substrates which were cleaned and degreased using
acetone after being cut to size. The fins were sprayed
taller than the desired height, and were subsequently
ground down to size to ensure production consistency,
using the procedure described in Dupuis et al
(Ref 13).

Samples have been produced with three different fin
materials as well as a single fin material on a single fin
array to demonstrate the possibility and the viability of
creating this type array by additive manufacturing using
cold spray. For the multi-material sample, since the sam-
ple is two inches long with 12 fins per inch, the fin array
was divided into three sections of eight fins each. The
stainless steel fins were deposited on the leading edge of
the sample, while the aluminum was deposited on the
trailing edge of the sample, with the nickel section sepa-
rating the other two sections (in the order of their maxi-
mum service temperature). This does not represent the
optimal ratio but rather serves as a proof of concept for
this type of application.
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Fig. 5 Heat transfer fixture utilized to evaluate the fin arrays heat transfer performance

3. Experimental Procedure

3.1 Sample Surface and Fin Characterization

Standard metallographic procedures were used to
obtain cross sections of the sprayed samples. Control
specimens were sprayed to obtain a standard for com-
parison and to establish a porosity level baseline for the
different fin materials. Image analysis was performed
using Clemex Vision Lite (Clemex Technologies Inc.,
Longueuil, QC, Canada) image analysis software. The
porosity values are reported using the mean of 10 mea-
surements for each dataset.

The fin array geometric variables such as base dimen-
sions and height were measured using a depth of field
microscope (Keyence model VHX-2000, Mississauga, ON,
Canada) which allows building three-dimensional images
of the given samples. From these dimensions, the fin base
angle, the hydraulic diameter, and the total heat transfer
area were computed.

The heat transfer area surface roughness was also
characterized using the same depth of field microscope in
a two-step approach. The first step was to obtain the
roughness profile of the heat transfer passage base
(between the fins), using the conventional method of
depth of field microscopy. In the second step, the rough-
ness of the fins surface was obtained by tilting the
microscope to the angle matching the base angle of the
pyramid to obtain a perpendicular view of the fin surface.
A two-dimensional correction algorithm was used to lin-
early correct the slope of the sample in a plane, and the
roughness data were generated directly from the input
image file. The total roughness was then determined to be
equal to an area weighted average of the roughness of the
entire flow passage.

3.2 CGDS Coating Thermal Conductivity
Determination

A laser flash diffusivity testing apparatus (DLF-1300,
TA Instruments, New Castle, DE, USA) was used to
determine the room temperature thermal diffusivity and
the specific heat capacity of 12.7-mm-diameter samples
produced by cold spray at room temperature. The thermal
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conductivity of the sprayed samples was determined using
the definition of the thermal diffusivity:
k

o0O=—,

(Eq 1)
Pm * Cpm

where o is the thermal diffusivity of the material, k is its
thermal conductivity, p,, is its density, and Cpy, is its
specific heat capacity. The samples were weighed, and the
volume was measured by water volume displacement to
obtain the coating density.

3.3 Fin Thermal Performance Testing

3.3.1 Apparatus and Test Procedure. Performance of
the various fin arrays produced was assessed using an
in-house heat transfer and pressure drop test apparatus. A
schematic of the apparatus is shown in Fig. 5. The main
components of this system are the air supply, the test
section, the heating pad, and the data acquisition system.
The air is supplied by a compressed air line equipped with
a filter and dehumidifier. The air inlet flow rate is con-
trolled by a needle valve and is measured with a flow
meter. This air is smoothly expanded into a horizontal
rectangular channel with a diffuser and a honeycomb flow
straightener. An unobstructed 457-mm-long rectangular
channel ensures that the flow is fully developed before
reaching the test section. The test sample is subjected to a
constant heat flux provided by a strip heater.

A set of differential pressure measurement taps is
spaced 12.7 mm upstream and downstream from the
middle of the test section along the centerline of the
apparatus to determine the fin array friction losses. The fin
array friction losses include contributions from both skin
friction and form drag. A thermocouple is located 6.0 mm
ahead of the test section and another 6.0 mm after the test
section at mid-height to record the local average temper-
ature of the fluid. 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, a thermocouple is located on the centerline, while
the other thermocouple is located 6.0 mm away from the
wall. All the thermocouples used are T-type, butt-bonded,
28 gage thermocouples.
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All measurements were performed at steady-state and
were repeated until statistical significance was achieved.
Heat transfer data samples were taken at 2 Hz over a 30 s
interval. For both thermal and hydrodynamic tests, five
sets of data samples were recorded for each flow rate.
Measurements were taken at air flow rates of 10-70
SLPM, which corresponds to Reynolds numbers varying
from 400 to 3000, which are in the laminar and the sub-
critical flow regimes. Deviation of the measurements from
the mean value was less than 5%, which led to error bars
that were smaller than the markers. For this reason, they
were not included in the thermal performance graphs of
“Results” section. A detailed description of the apparatus’
accuracy and of the instrument’s uncertainties is given in
Cormier et al. (Ref 12). Radiative heat transfer losses are
neglected as they would account for less than 0.5% of the
total heat input (Ref 18, 19).

3.3.2 Data Reduction. The thermal performance
comparison is done according to the procedure detailed in
Sahiti’s work (Ref 20). This method relates the thermal
and hydrodynamic data by plotting the thermal conduc-
tance as a function of the required pumping power for a
unit volume of heat exchanger at different flow rates. This
yields performance curves which can be directly compared
one to another, with the most efficient fin array having a
higher thermal conductance at a given pumping power.

The equivalent thermal conductance per unit volume
for the heat exchanger specimen can be calculated using

1 q

UA=—— =1,
Ry ATm

(Eq 2)

where R.q is the thermal circuit’s equivalent resistance, g
is the total heat input rate to the system, and ATy, is the
log-mean temperature difference between the fluid and
the fin array. The thermal conductance is either normal-
ized using the volume of the heat transfer extended sur-
face (V, yielding UA,) or using the mass of this extended
surface (M, yielding UAy).

The total heat input rate to the system is calculated
using

q=rn1- (Toul - Tin)ACpﬁ (Eq 3)

where 1 is the fluid mass flow rate, (Toy — Tin) is the fluid
temperature difference between the entrance and the exit
of the test section, and Cy is the fluid’s thermal capaci-
tance.

The log-mean temperature difference is calculated with

AT, — AT,

1n(§—g) ; (Eq 4)

ATlm =

where AT; and AT, are the temperature differences
between the fin surface and the flow at the inlet and outlet,
respectively.

The thermal resistance of a fin array can be computed
with the following relation:
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é

! (Eq 5)

h'At"/In.

In the previous equation, 4 is the average convective
coefficient, A, is the total heat transfer area of the fin array
and the base, while n, is the total surface efficiency,
defined as the actual heat transfer rate over the maximal
heat transfer rate that can be transferred if the surface
temperature is uniform and equal to the base temperature.
This parameter can be calculated as follows:

Af
=1—-——(1-
Mo At( nf)7

Reg =

(Eq 6)

where Ay is the finned area and my is the individual fin
efficiency, defined as the heat transferred by the fins over
the maximum possible heat that can be transferred, which
can be approximated with

2 L(2mH)

= H T, 2mH) (Ba 7)
and

| 4h
m=\l1p (Eq 8)

In the previous equations adapted from Incropera’s
work (Ref 11). H denotes the height of fin (or length of
protrusion of the fin from the base), I; and I, denote the
first- and second-order Bessel functions, respectively,
while k is the thermal conductivity of the fin’s metal. For
the particular fin geometry used in this work, D corre-
sponds to the fin base length (B).

The required pumping power input was calculated
according to Sahiti’s definition (Ref 21):

. A in
e:¥. (Eq 9)

In the previous relation, e is the pumping power, V is
the volumetric flow rate of the fluid, APy, is the pressure
drop measured, and n is the fan efficiency. A fan efficiency
of 0.8 was chosen as a reasonable value to perform these
calculations (Ref 21). This pumping power is either nor-
malized using the volume of the heat transfer extended
surface (V, yielding e,) or using the mass of this extended
surface (M, yielding e,,).

For these experiments, the Reynolds number (Re) of
the flow is defined as

-U-D
Rem:u7

(Eq 10)
where p; is the fluid’s density, U is the free-stream axial
velocity, Dy, is the hydraulic diameter of the flow channel,
and p is the dynamic viscosity of the working fluid.

The average roughness of the heat exchanger samples
(Raa) was determined using an area weighted average of
the wetted surfaces’ roughness:
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Fig. 6 Cross section of different type of pyramidal fin produced (a) Pure aluminum; (b) Pure nickel; (c) Stainless steel 304

_ RagA¢ + RanAy

R
aa At

where Ra; is the roughness value of the fin’s surface, Ray, is
the roughness of the unfinned base, and Ay, is the unfinned
base area. The roughness of the shroud material is not
considered in this equation, as its roughness is negligible
when compared to that of either the base or the fin sur-
face.

4. Results

The different types of samples were characterized, with
typical cross sections shown in Fig. 6 and the important
geometric quantities associated with the different samples
presented in Table 2. This figure shows similar shaped fins
for the different samples, with some differences in the top
length of the fins, attributed to over-grinding of the

176—Volume 25(1-2) January 2016

specimens during sample preparation, leading to cross
sections that are not exactly at the center of the fin
depicted in the figure.

Figure 7 presents the thermal conductance as a func-
tion of Reynolds number for the different samples tested.
Observing this figure, the data that stand out are the
thermal performance of the nickel and multi-material
samples, which have a significantly higher thermal con-
ductance than the other samples at a given Reynolds
number.

This distribution of results is not expected when look-
ing at the thermal conductivities of the fin array materials:
pure aluminum has the highest thermal conductivity, with
a theoretical value of 237 W/m K, followed by nickel with
an intermediate value of 91 W/m K, and finally stainless
steel 304 with the lowest value of 15 W/m K (Ref 11).
Solely looking at the thermal conductivity, however, gives
an incomplete analysis of the data presented in Fig. 7, as it
would then be expected that the aluminum sample
would outperform the nickel sample. The comparable
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Table 2 Important variables of pyramidal fin array

é

Fin height (H), Base (B), Total heat transfer Hydraulic diameter,
Sample name Fin material pm pm area, mm mm Base angle, ° Porosity, %
Aluminum Pure aluminum 1048 £ 12 1401 £ 30 3775 £ 72 1103 + 40 624+ 1.0 28 £ 15
Nickel Pure nickel 974 + 35 1352 £ 28 3612 + 66 1045 £ 54 625 £ 1.7 0.8 £ 0.6
Stainless steel 304  Stainless steel 304 1019 + 42 1351 £ 69 3687 + 160 1081 £ 92 62.1 £ 1.6 1.1+£0.6
Multi-material AI/NI/SS 1008 £ 52 1372 + 64 3903 + 164 1062 + 92 64.8 £ 2.6 1.5+13
4.0 to the previous explanation, their performance should be
similar. Nevertheless, the lower thermal performance of
35 A Aluminum o stainless steel fin arrays is explained.
® Nickel LR It has been reported that the properties of coatings
3.0 | WStainless Steel 304 LR produced by CGDS do not match those of the bulk
# Multi-material oo N material (Ref 22-25). Indeed, the mechanical, electrical,
25 2 A and thermal properties of a coating produced by CGDS
g L Ao . may be widely different from the bulk, annealed material
E 2.0 % i L due to the large amount of plastic deformation that occurs
g ] during deposition (Ref 22). For the thermal conductivity
15 o : in particular, the observed value is usually much lower
A than that of the bulk material due to the amount of dis-
1.0 & - locations created by the cold spray process, which shortens
4 the mean free path for electron movement, but also due to
05 . other contributing factors such as the quality of the inter-
L] particle bonding and the presence of surface oxides in the
0.0 powder, which become imbedded in the coating
0 500 1000 1500 2000 2500 3000 (Ref 22-25). The difference between the fin efficiencies

Rep,

Fig. 7 Thermal conductance comparison between aluminum
(triangle), nickel (circle), stainless steel 304 (square), and multi-
material (diamond)

performance of these samples can then be partially
explained by looking at the definition of the equivalent
thermal resistance for fin arrays. Since the fin arrays have
very similar geometries and are compared at the same
flow conditions, it follows that the convective coefficient
and the total heat transfer area are similar between sam-
ples tested at the same flow conditions. The only param-
eter that can vary significantly is then the total surface
efficiency, which is itself dependent on the fin efficiency.
Considering Eq 6, 7, and 8, the effect of the fin material,
through its thermal conductivity, can be seen. For conve-
nience, the results of Eq 6 are plotted as a function of the
convective coefficient for different fin material conduc-
tivity values and are presented in Fig. 8. It should be noted
that the fin efficiency is high due to their dimensions (low
height to cross-section area ratio). This chart demonstrates
that there is a negligible performance loss when going
from bulk aluminum to bulk nickel (237-91 W/m K) with
less than 0.4% for convective coefficient values of 800 W/
m? K, but there is a more significant drop in the efficiency
when using stainless steel (15 W/m K, a 3.0% reduction
for convective coefficient values of 800 W/m? K). How-
ever, the order of thermal conductance is not fully ex-
plained since the nickel fin array has a better thermal
performance than the aluminum sample; while according
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for the different materials becomes even more pro-
nounced when the real values of thermal conductivity
(presented in Table 3) are used instead of values typical of
bulk materials, as seen in Fig. 8. To this end, following this
discussion, it would be expected that the thermal con-
ductance curves of the different samples would be in the
following order, from most performant to least perfor-
mant: aluminum, followed very closely by nickel, multi-
material, and finally stainless steel.

The difference between the expected order and the
order of the measured thermal conductances can then
explained by looking at the hydrodynamic performance of
the samples. Figure 9 presents the measured pressure
losses of the fin array samples as a function of the Rey-
nolds number. It can be observed that the nickel and
multi-material samples have the highest pressure loss,
followed by the stainless steel sample, with the aluminum
sample having the lowest hydrodynamic losses. This trend
is likely attributable to the roughness of the flow passage
(the side of the fins and the substrate area between the
fins). It is well known that surface roughness increases
heat transfer performance and contributes significantly to
pressure losses (Ref 26-28), especially in small hydraulic
diameter heat exchangers (Ref 29).

A representative image of the fin’s side surface is shown
in Fig. 10, which results in the roughness values (Ray)
presented in Fig. 11. It is possible to observe that the
nickel fin’s surface is the roughest, followed by the alu-
minum fins and finally by the stainless steel fins. The
roughness of the fin surface, on its own, cannot explain the
increase in fin arrays differential pressure observed in
Fig. 10 as well as the rise in the thermal conductance
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Table 3 Physical and thermal properties of the CGDS produced coatings as well as bulk thermal conductivity for

comparison purpose

Thermal diffusivity, Thermal capacitance, Densito, Thermal conductivity, Bulk thermal conductivity,
Material em?/s J/kg K kg/m’ Wim K W/m K
Pure aluminum 0.588 £ 0.012 911 + 46 2535 4+ 254 136 £ 15 237
Pure nickel 0.126 + 0.003 341 £ 17 8137 + 814 35+4 91
Stainless steel 304 0.017 £ 0.001 882 + 44 6988 + 699 10+ 1 15
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Fig. 9 Fin differential pressure per inch comparison between aluminum (triangle), nickel (circle), stainless steel 304 (square), and multi-

material (diamond)

depicted in Fig. 7 since the stainless steel sample has the
lowest fin roughness, while it has a higher differential fin
pressure than the aluminum. By observing the substrate
area between each fin, it is possible to notice the presence
of a thin layer of attached particles for the nickel and the
stainless steel fin arrays (Fig. 12b and c), whereas the
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aluminum does not have deposition between the fins
(Fig. 12a). The arithmetic mean roughness (Ray,) for the
base area is shown in Fig. 11 and results in a higher
roughness for the stainless steel sample followed by the
nickel sample and the aluminum sample, most likely
attributable to the stronger deformation of the aluminum
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Fig. 10 Three-dimensional image of the fin’s side surface for (a)
Aluminum; (b) Nickel; (c) Stainless Steel 304
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substrate by the heavier and harder stainless steel and nickel
particles than by the softer, lighter aluminum particles. In
the case of the stainless steel and nickel samples, the sub-
strate deformation is evident, while for the aluminum, only
small dimples (approximately 4 um in depth) are observed.
In order to understand the performance curves, a weighted
average of each component of the surface roughness (fin
surface and base roughness) is computed according to
Eq 11. This weighted average (Ra ) demonstrates that the
nickel fin array has the highest average roughness, followed
by the stainless steel and the aluminum fin arrays (Fig. 10),
which correlates with the hydrodynamic performance
trends observed in Fig. 9.

Using the hydrodynamic performance data and fol-
lowing the discussion regarding the thermal conductivity
and fin efficiency, the differences in thermal performance
of the samples shown in Fig. 7 can be explained. The
nickel sample has the highest thermal conductance due to
the increased convective coefficient (from the flow dis-
ruptions caused by to the surface roughness), despite the
negligible decrease in fin efficiency associated with the use
of nickel compared to aluminum. The multi-material
sample’s performance is similar to that of the nickel
sample for the same reason, while the aluminum sample
outperforms the stainless steel fin array due to its higher
fin efficiency (despite the fact that they have a similar
passage roughness).

The volumetric heat transfer surface efficiency curves
are presented in Fig. 13. One first notes that the volu-
metric efficiencies of the aluminum, the nickel, and the
multi-material samples are comparable, while the perfor-

A Aluminum
B Nickel
§ Stainless Steel 304

Ra, Ra,

Fig. 11 Surface roughness arithmetic average for the aluminum, stainless steel 304 and nickel for (a) fin’s surface; (b) Unfinned base

area; (c) Total roughness
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Fig. 12 Typical cross section of the unfinned surface (a) Aluminum; (b) Nickel; (c) Stainless steel 304
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Fig. 13 Volume-based heat transfer performance comparison between aluminum (triangle), nickel (circle), stainless steel 304 (square),

and Multi-material (diamond)

mance of the stainless steel sample is lower. This trend can
be expected from Fig. 7 and 9, as the increased thermal
performances of the multi-material and nickel samples are
offset by the higher hydrodynamic losses encountered in
those fin arrays. The information presented in Fig. 13,
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however, indicates that using a heat exchanger made of
several materials with different service temperatures can
yield better heat transfer performance when compared to
one that uses a single-material with a high service tem-
perature (in this example, stainless steel). This becomes
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Fig. 14 Mass-based heat transfer performance comparison between aluminum (triangle), nickel (circle), stainless steel 304 (square),
and multi-material (diamond)

Table 4 Summary chart of the different performance metrics between the multi-material and the stainless steel samples

Multi-material Stainless steel Metric increase of the

Comparison interpolated metric interpolated metric multi-material sample,
Performance metric point value value %
Figure 7: thermal conductance Repn, =1500 1.9 1.4 35
(UA) (W/K) Rep,=2500 32 22 42
Figure 9: differential pressure Repy, =1500 2362 1301 82
(APyp) (Pal/in) Repp =2500 5475 3220 70
Figure 13: volume-based ey=1500 kW/m? 744 676 10
performance (UA,) [kW/(m® K)] e, =3000 kW/m® 972 831 17
Figure 14: mass-based em =1500 W/kg 666 611 9
performance (UAy;) [W/(kg K)] en =3000 W/kg 864 744 16

even more apparent when the comparison is made
between heat exchangers on a unit mass basis, such as the
results presented in Fig. 14. In this case, aluminum
becomes much more efficient than the other two materials
due to its low density. Nickel, having the highest density,
has its performance decreased greatly, in comparison, but
is still slightly superior to that of stainless steel. The multi-
material sample once again has a similar performance to
that of the nickel sample. This also confirms the viability
of using a multi-material heat exchanger due to the
increased performance when compared to typical
single-material exchangers made of a high service tem-
perature alloy such as stainless steel. When the service
temperature does not restrict the use of low service tem-
perature materials such as aluminum, it can be very
advantageous to use this type of low-density material to
increase the mass-specific thermal performance.

The tests for the multi-material sample were also per-
formed in both orientations, with the stainless steel section
closer to the inlet and then closer to the outlet, respectively. No
discernable difference between the performances of the two
configurations has been observed, leading to the conclusion

Journal of Thermal Spray Technology

that the efficiency of this sample is mostly attributable to the
thermal and hydrodynamic performance of its nickel sec-
tion. This conclusion, of course, is only applicable to the par-
ticular configuration of the multi-material fin array detailed in
this work. For other configurations, the performance of the
hybrid fin array will reflect that of whichever section most
influences the flow physics in that particular case.

5. Summary and Conclusion

Near-net-shaped pyramidal fin arrays of various mate-
rials were manufactured using the CGDS process as well
as a streamwise anisotropic fin array. Fin characterization
was performed using conventional microscopy, as well as
depth of field microscopy. Fin array performance was
determined using a steady-state forced air convection
apparatus. The heat transfer performance analysis has
revealed that the cold spray process used to produce the
fin arrays has a considerable influence on the results by
modifying the fins and substrate surface roughness.
Results obtained show a similar efficiency based on
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volume for the nickel, the aluminum, and the multi-ma-
terial samples, while the stainless steel is less efficient.
Using a unit mass criterion, the aluminum fin array out-
performs the three other fin arrays. The proof of concept
of using cold spray as an additive manufacturing process to
produce a streamwise anisotropic fin array instead of one
made from a single, high service temperature material has
been performed. The performance metrics of the multi-
material sample compared to the stainless steel sample are
summarized in Table 4, showing the benefits of the ani-
sotropic approach.
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