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This study presents the thermal and fluid flow characteristics of five heat sinks that have been fabricated
by a rapid manufacturing technique known as Selective Laser Melting. The five heat sinks consist of two
conventional designs, the cylindrical pin and rectangular fin array, for comparison purposes, and three
novel heat sinks: a staggered elliptical array; a lattice; and a rectangular fin array with rounded corners.
The experimental results for the rectangular fin were compared with data from the literature and were

Keywords: found to be consistent. The rectangular fin with rounded corners proved able to transfer the largest
;liia;;mk amount of heat whilst ?mproving upon the pressure drop pe_zrformance of the .s_tandard rectangular fin
Offset strip array. Although the lattice arrangement made use of the fabrication process’ ability to manufacture heat
Lattice sinks with high surface area to volume ratios, its performance was limited by the lack of interaction

between the cooling air and structure. In terms of both heat transfer performance and pressure drop,
the staggered elliptical array, which cannot be manufactured by conventional techniques, outperformed
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the other heat sinks.
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1. Introduction

Forced convection cooling is a process commonly found in a
variety of consumer and industrial electronic products ranging
from personal computers to avionics control systems. Heat is
removed from a component and dissipated into a fluid that can
be blown or pumped away to maintain favourable working
temperatures, and therefore reliable electronic systems. As elec-
tronic components continue to dissipate more heat with new
developments, cooling techniques must also improve for these
components to stay within the required temperature limits.

A common method of cooling is to use extended surfaces (fins)
with air or liquid as the heat-carrying medium. For simplicity, reli-
ability and cost, air is often the favoured option; all that is required
to cool a component is a fan and a heat sink. Heat sinks are passive
devices that absorb heat and dissipate it to a cooling fluid using ex-
tended surfaces. The surfaces come in a variety of geometries;
some of the more common ones being cylindrical pin fins, strip fins
and plate fins.

The main concerns when selecting a heat sink are its heat trans-
fer performance and the resistance to air flow across its extended
surfaces. Secondary to these criteria are application-specific
requirements such as cost, mechanical strength and mounting
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techniques. For example, extended surfaces employed in turbine
blades or avionics cold walls must be able to withstand mechanical
stresses using geometries that can be cast as part of the overall
blade or chassis. Cylindrical pin fins are the favoured option for
these applications; their performance is also less dependent on
the coolant flow direction when compared to other geometries. Re-
search on cylindrical extended surfaces often uses empirical data
for long tubes gathered by Zukauskas [1] as a starting point but
the work of Brigham and Van Fossen [2], Metzger et al. [3], Peng
[4], and Armstrong and Winstanley [5] concentrates on pressure
and heat transfer correlations specifically for short pin arrays
heated from both sides. The work of Babus’Haq et al. [6], Short
[7], Sparrow et al. [8] and Tahat et al. [9,10] concentrates on pin
fins heated from one side only to represent the situation in an elec-
tronics cooling environment.

The strip fin is another extended surface design that has been
extensively investigated by De Jong et al. [11], Joshi and Webb
[12], and Zhang et al. [13] through both experimental and compu-
tational methods. Two mechanisms act to improve heat transfer
from an offset strip fin compared with that of a plate fin. First,
the interruptions prevent the thickening of the boundary layer
and, second, the interruptions cause oscillations in the flow, there-
by enhancing heat transfer by generating vortices that force cooler
fluid toward the fin [11].

The heat transfer and pressure drop characteristics of both the
strip fin and pin fin are well established, principally because their
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Nomenclature

pin length in flow direction (mm)

heat transfer surface area (mm?)
prime  prime surface area (mm?)
flow area at minimum cross section (mm?)
pin width (mm)
specific heat capacity of air (J kg~! K1)
pin diameter (mm)
hydraulic diameter (mm)
friction factor (dimensionless)
heat transfer coefficient (W/m~—2 K1)
modified heat transfer coefficient (W/m=2K™')
j-factor (dimensionless)
pin height/length (mm)
thermal conductivity of air (W/m~! K1)
heat sink length in flow direction (mm)
air mass flow rate (kg s™1!)
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Nu Nusselt number (dimensionless)

Re Reynolds number (dimensionless)

S pin streamwise spacing (mm)

T pin transverse spacing (mm)

Thase heat sink base temperature (°C)

Tin inlet temperature (°C)

Tout outlet temperature (°C)

Ts heat sink surface temperature (°C)

T bulk mean air temperature through heat sink (°C)
Ve air velocity at minimum cross section (m s~!)
Greek Symbols

Ap pressure drop (Pa)

u dynamic viscosity of air (kgm~!s1)

P density of air (kg m3)

geometries can be easily manufactured using traditional fabrica-
tion techniques such as milling, die-casting, forging, folding or
brazing, or a combination of processes [14]. Other studies have
investigated extended surfaces which are more challenging to
manufacture.

The elliptical fin array was considered by Matos et al. [15] and
shown to provide a 13% increase in heat transfer and a 25% reduc-
tion in pressure loss when compared with an optimal cylinder ar-
ray. Chen et al. [16] showed that drop-shaped pins offer heat
transfer rates up to 29% higher than their cylindrical counterparts,
with only half the pressure drop. The heat transfer characteristics
of cellular metals have also been investigated, for example by Bas-
tawros et al. [17], Lu [18] and Zhao et al. [19]. The high thermal
conductivity of the metal combined with the eddies generated
within the foam act to provide about five times the heat transfer
when compared to a pin fin array, but with the added penalty of
high pressure drop. Lattice type materials consisting of angled cyl-
inders were investigated by Kim et al. [20-22] for applications
where heat sinks are also required to carry structural loads; their
performance was found to be similar to that of a bank of cylinders.

Previous research into less conventional extended surfaces
shows that there are performance gains to be achieved by consid-
ering more novel heat sink shapes, but progress is limited due to
manufacturing constraints. This paper introduces a rapid manufac-
turing process, Selective Laser Melting, which provides the heat
transfer researcher with a technique to quickly fabricate novel heat
sink designs. The performance characteristics of two conventional
and three novel heat sink designs fabricated using this technique
will be presented.

1.1. Selective Laser Melting

Selective Laser Melting (SLM) is a layer-additive process that
can fabricate metallic objects with a design defined by 3D model
data. The process has featured in the work of Agarwala et al.
[23], Childs et al. [24], Klocke et al. [25] and Kruth et al. [26] where
material properties such as tensile strength, hardness and elonga-
tion were determined for bronze, commercially pure titanium and
various steel alloys.

The apparatus used is the MCP Realizer II, a commercial SLM
workstation with a 200 W continuous wave ytterbium fibre laser.
The process takes place in a sealed argon atmosphere, to reduce
oxidation and prevent fire, and involves the repetition of two steps
to create a solid geometry layer by layer. Fig. 1 shows the main ele-
ments of the process. The component is manufactured, or ‘built’,
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Fig. 1. Powder deposition.

onto a substrate that is often removed from the manufactured part
at the end of the fabrication process. The substrate is attached to a
piston whose position can be accurately controlled. In the first
stage of the process a 50 pm thick layer of metallic powder with
a particle size range of 10-53 um is spread on the substrate by a
moving hopper containing the feedstock metal powder. A laser is
then fired at this powder layer (Fig. 2) traversing a pattern accord-
ing to the slice of the 3D model data. The laser beam is positioned
using dual axis mirrors and focussed through an f-theta lens. The
moving laser beam fully melts the powder which quickly re-solid-

Powder melted
quickly re-solidifies
to form solid

Fig. 2. Laser melting process.
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ifies to form a slice of the entire model. The substrate is then low-
ered, another layer of powder deposited, and the process repeated.

The SLM process can fabricate components with features that
cannot be produced by conventional manufacturing techniques.
Examples of this include internal geometries (one shell inside an-
other), reverse draft angles and fine detail. Wall thicknesses of
100 pm can be fabricated allowing small hydraulic diameters to
be produced, which are known to offer a higher heat transfer per
unit volume compared to larger channels [27] as shown in Jiang
et al's [28] study on micro heat exchangers. There is also scope
to alter the surface roughness of SLM-fabricated heat sinks. An in-
crease in surface roughness is known to improve the heat transfer
from a cylinder in cross flow [29].

Although the rapid prototyping industry has recognised that the
SLM process is particularly suited to the production of extended
surfaces for heat transfer applications, attention in the literature
has previously focussed on the effect of the laser processing
parameters on mechanical properties. A perceived weakness that
has prevented the SLM process from being used more widely to
fabricate heat sinks is the poor thermal conductivities of the mate-
rials used, which are in the range of 18-22 W/m K. A recent ad-
vance was made by Wong et al. [30] where aluminium 6061,
which has a bulk thermal conductivity of 170 W/m K, was success-
fully used with the SLM process. Although components produced
in that study were only 90% dense and the effective thermal con-
ductivity was just 70 W/m K, this is a significant improvement on
the thermal conductivities of other materials commonly used with
the SLM process.

The heat sinks in this paper take advantage of SLM’s ability to
produce complex three-dimensional geometries with fine details
to demonstrate the suitability of the process for producing a new
generation of heat sinks. The following sections will describe the
heat sinks under investigation and compare their pressure drop
and heat transfer performance to each other and to the character-
istics of traditional offset strip fins that are available in the
literature.

2. Experimental techniques
2.1. Heat sink geometries

Five heat sink geometries were manufactured from aluminium
6061 using the SLM process. Two of these were offset strip fins, one

arn

with rectangular fins, and the other rounded rectangular fins, la-
belled Rectangle and Rect RND, respectively. The other heat sinks
consisted of an elliptical array, a pin fin array and a lattice, labelled
Ellipse, Pin fin 6061 and Lattice respectively. The lattice structure is
typical of a rapid prototyping support structure used to fix the part
being manufactured to a substrate; it is often removed and dis-
carded after the fabrication process is complete but in this investi-
gation it serves as an example of how the SLM process can be used
to fabricate high surface area to volume heat sinks. With reference
to Fig. 3, it is clear that all but Pin fin 6061and Rectangle would be
difficult if not impossible to manufacture using traditional manu-
facturing processes. The dimensions of these heat sinks are given
in Fig. 4 and Table 1; the air flow and pin heights are in the z
and y directions respectively. The overall dimensions of the heat
sinks shown in Fig. 3 are 50 mm by 10 mm by 100 mm for the
width, height and length respectively. It is the fine detail and small
inter-pin distances that make it difficult to manufacture these de-
signs using conventional processes.

The fin arrays in this investigation are designed for use within
shallow cavities such as electronics enclosure cold walls, which
are commonly around 10 mm in height. This short height prevents
the lower conductivity of the SLM fabricated heat sinks from hav-
ing a significant effect on fin efficiency. For example, assuming a
constant heat transfer coefficient of 100 W/m? K on its surface,
Pin fin 6061 would have fin efficiencies of 96% and 91% if they were
made from a cast aluminium 6061 and an SLM fabricated alumin-
ium, respectively. The difference in fin efficiency due to the heat
sinks thermal conductivity would be increased if the fin length
was doubled, giving fin efficiencies of 75% and 87%. The results pre-
sented within this paper are only valid for heat sinks with a ther-
mal conductivity of 70 W/m K.

At this early stage of the research, control of the surface rough-
ness of aluminium 6061 heat sinks produced by SLM is not possi-
ble. However, the surface roughnesses of the heat sinks in this
paper were measured to have an average roughness (R,) of be-
tween 15 and 25 pum. The heat sinks can be fabricated in batches
of three giving an average production time of one and a half hours
per heat sink.

2.2. Experimental apparatus and test procedure

The heat sinks were fabricated on substrates made of extruded
aluminium 6061 that can be seen in Fig. 3 with width 50 mm and

Fig. 3. SLM fabricated heat sinks, base dimensions 50 mm x 100 mm, flow in the z direction. (a) Pin fin 6061, (b) Rectangle, (c) Rect RND, (d) Ellipse, (e) Lattice and (f) close up

of Lattice.
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Fig. 4. Heat sink dimensions at pin base for (a) Pin fin 6061, (b) Rectangle, (c) Rect RND, (d) Ellipse, (e) Lattice and (f) Isometric view of one Lattice cell.
Table 1 tion was 10 and 50 mm, respectively and remained fixed. Air at
Heat sink dimensions ambient conditions was forced by a centrifugal blower through a
Heat sink Pin fin  Rectangle  Rect Ellipse  Lattice flow straightener in a length of inlet duct equivalent to sixty
6061 RND hydraulic diameters to ensure that flow entering the test section
S/(mm) 5.05 3.00 3.00 2.46 - was fully developed. Upon leaving the test section, the air travelled
T/(mm) 3.87 3.82 3.82 3.90 - through another flow straightener and exit duct (with a length
z/ f)r:‘gll)(mm) a1 (3).;471 g'g (3)';2 B equivalent to twenty hydraulic diameters), entered a thermal mass
e 694 823 919 699 - flow meter and exited to atmosphere. The heat input and the flow
Heat transfer surface 20,610 39,060 43,030 37,430 55,200 rate of air delivered were controlled by varying the supply voltages
area/(mm?) ) to the cartridge heaters and blower. Temperatures and pressures
SRS eteEi e MuGlfumes) (DAl O s @y LI were measured at the positions indicated in Fig. 5 (where Ty, Tout
Free flow area/(mm?) 280 390 390 310 260 dT the inlet tlet and heat sink b t t
Number of pins 278 416 416 466 - and Ty, are the inlet, outlet and heat sink base temperatures, respec-

length 100 mm. By bolting these solid aluminium 6061 substrates
to a 16 mm thick copper block heated by two 6 mm diameter elec-
trical cartridge heaters a uniform temperature condition could be
applied to the base. The temperature across the interface between
the copper block and heat sink only varied by 0.5 °C.

Fig. 5 shows the experimental arrangement used to test the SLM
heat sinks. The test piece and heater block were placed in the test
section, which was insulated. The height and width of the test sec-

tively). Toue Was taken as the average value of an array of six ther-
mocouples across the test section exit and T, was defined as the
average of Ti, and T,y The heat sink base temperature was taken
to be the average of the six thermocouples located in the heat sink
substrate. The properties of the cooling air were evaluated at the
bulk mean temperature.

The heat transfer and pressure drop investigations were car-
ried out separately to eliminate the effects of temperature-
dependent fluid properties. In the heat transfer investigations
the heat sink substrate was heated with a constant heat input

Data Differential
----------------------------- acquisition i S pressure
unit transducer
Aluminium i AT e Thermal
channel and mass flow
test section \ / meter
| /
Variable == —_— i J —
speed fan
Air / }
Intake F|°w L T Therm_al Exhaust
straightener Insulation

Exposed

heat sink
satsin Heat sink

substrate

| Ttasexs

Fig. 5. Heat sink test apparatus.
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and cooled with a fixed air flow rate. The flow rate and temper-
atures were then recorded at thirty second intervals. Upon Tj,,
Tour and T, remaining constant (within 0.2 °C) for 10 min, the
test was stopped.

The averages of the temperatures, pressures and flow rates ta-
ken over the steady-state 10 min interval were then taken as the
result for that flow rate and heat flux. By maintaining substrate
temperatures to within +30°C of the ambient air temperature
and applying insulation to the test section, the heat lost from the
heat sinks due to radiation was minimised and ignored, as in sim-
ilar investigations by Jubran et al. [31], Naik et al. [32] and Tahat
et al. [10].

The pressure drop investigations were conducted with the heat
sinks unheated. The flow rate was fixed and both the mass flow
rate and pressure drop across the heat sink were recorded every
30 s for a period of 10 min. This provided robust mean values of
temperatures, pressure drop and flow rate. The measurements
were then averaged across the 10 min period. As the arrays con-
sisted of 34 or more rows, the entry and exit losses that are asso-
ciated with the flow through a pin array were considered
negligible [33] compared to the pressure loss across the entire
array.

An uncertainty analysis following the method of Kline and
McClintock [34] showed that uncertainties in the Reynolds number
and modified heat transfer coefficient were +7% and +18%, respec-
tively at the 95% confidence level.

3. Results and discussion
3.1. Offset strip array

As this is the first time the heat transfer performance of heat
sinks produced by SLM have been characterised, the offset strip ar-
ray (Rectangle) was fabricated by SLM to provide a comparison
with results that are available in the literature for similar
geometries.

3.1.1. Heat transfer

There are several correlations available in the literature for heat
transfer performance of offset strip arrays but those provided by
Manglik and Bergles [35] were chosen as they are based on three
separate studies by Kays and London [27], London and Shah [36],

and Walters [37]. Results are presented in terms of the j factor:
_ NuDh
Rep, Pr'’

(1)

where Nu is the Nusselt number:

hD
Nup, ==+ 2)

where h is the heat transfer coefficient:

_ me (Tout - Tin)

AT, —Ty) 3)
and Dy, is the hydraulic diameter:
_ 4AgL
Dy == @
The air flow rate is represented by the Reynolds number:
VD,
Rep, = P2 (5)

where Vg is the mean velocity at Ag.

Manglik and Bergles [35] presented heat transfer performance
correlations in their study of offset strip arrays. Although the
boundary conditions in the Manglik and Bergles investigation
differ from the current study’s, it was the closest representation
of the current experiment that could be found in the literature.
Whereas Manglik and Bergles use copper offset strips heated from
both sides with a constant wall temperature, the current work uses
a lower conductivity heat sink that is only heated from one side.
Another difference between the test geometries in the Manglik
and Bergles study and the current study is the geometry of the
extended surface. Fig. 6 shows a traditionally manufactured offset
strip array, where the top of the folded fin is attached to the heated
surfaces and forms a feature that acts to enhance the heat transfer
by increasing the frontal area visible to the approaching flow. This
facet of the manufacturing process is not present on the SLM
fabricated heat sinks.

Fig. 7 shows that the j factors for the SLM-fabricated heat sink
are lower than the values described by the Manglik and Bergles
correlation across the range of Reynolds numbers investigated.
By comparing symmetrically and asymmetrically heated rectangu-
lar duct data from Kays and Crawford [38] the converging trends of
the j factors with increasing Reynolds numbers can be explained.
Kays and Crawford showed that for laminar flow the heat transfer
was 53% higher for symmetrically heated walls compared to asym-
metrically heated walls. Given the disparity in boundary condi-
tions and materials used, the lower j factor of the currently study
compared to Manglik and Bergles can be regarded as an acceptable
difference.

3.1.2. Pressure drop
The pressure drop across the offset strip array in Fig. 7 is repre-
sented by f, the friction factor:

' /

Fig. 6. Diagram of conventionally produced offset strip fins (left) and SLM-fabricated offset strip fins (right).
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Fig. 7. Heat transfer and pressure drop performance of Rectangle compared to
Manglik and Bergles [35].

far= ApiD‘; (6)
1/2pVgL

where Ap is the pressure drop across the array and L is the length of

the heat sink.

Despite the geometric differences due to the differing manufac-
turing methods, the friction factors are within +20% of the Manglik
and Bergles correlation, which is also the accuracy they claimed for
the correlations developed in their study. Effects such as the
increased surface roughness of the SLM offset strip and the manu-
facturing variations in the folded offset strip fins, such as burred fin
edges, both add to slight differences in results.

3.2. Comparison between SLM manufactured heat sinks

This investigation compares the performance of geometrically
dissimilar shapes which makes it difficult to use dimensionless
groups to compare the characteristics of the different geometries.
The data will therefore be presented in dimensional form.

3.2.1. Heat transfer performance

To faithfully represent which of the extended surfaces consid-
ered is able to transfer the most heat, a modified heat transfer coef-
ficient is used:

. me (Tout - Tin)
hmod n Aprime(Ts - Tac) (7)

where Aprime is the surface area of the heat sink base, which in this
investigation is fixed at 5000 mm?2. This replaces the commonly
used heat transfer surface area which skews the heat transfer per-
formance measure in favour of heat sinks with smaller surface
areas. In a design situation, the pressure drop performance and heat
transfer characteristics are the relevant criteria by which an ex-
tended surface is selected, the heat transfer surface area need not
be considered. The heat transfer performances of the five alumin-
ium 6061 heat sinks in this investigation are presented in Fig. 8.
The traditional heat transfer coefficient, based on the wetted heat
transfer surface area, A, is presented in Fig. 9 to illustrate the diffi-
culty interpreting heat transfer data based on this parameter. Fig. 8
clearly shows that Pin fin 6061 ranks fourth in terms of the amount
of heat dissipated, yet Fig. 9 implies that it dissipates the most heat
out of the heat sinks investigated.

Fig. 8 shows that Rect RND and Rectangle both dissipate more
heat than the other heat sinks considered with Rect RND dissipat-
ing marginally more than Rectangle. The similarity in performance
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Fig. 9. Heat transfer coefficient based on heat transfer surface area.

of these two geometries is expected since the fluid flow through
each is similar.

Lattice clearly demonstrates that increasing the heat transfer
surface area does not necessarily bring about an improvement in
heat transfer. At 4.3 x 10 kg/s it can dissipate only 54% of the heat
that Rect RND can, yet it has a 28% larger heat transfer surface area.
There are two causes of Lattice’s poor performance. First, the low
thermal conductivity material and thin sections ensure that each
strut within the lattice has a large temperature gradient across it
resulting in a poor fin efficiency. Second, although the lattice is
complex there are channels aligned with the flow for the length
of the heat sink, see Fig. 10, thus allowing air to travel through
without much interaction with the structure. The wakes behind
the upstream rows of Lattice act to shadow downstream struts
from the flow, thereby reducing the heat transferred from each.
When these two effects are combined, much of the heat transfer
surface area becomes ineffective.

Although the heat transfer surface areas of Ellipse and Rectangle
are similar, at higher flow rates the offset strips offer a 12% increase
in heat transfer. The heat transfer performances begin to differ at
2.4 x 1073 kg/s which corresponds to a Reynolds number (based
on the hydraulic diameter of Rectangle) of 1200. The studies of
Joshi and Webb [12] and De Jong et al. [11] place this flow rate just
above the laminar/turbulent transition region for offset strip fins,
suggesting that the vortices that begin to shed from rectangular
fins at this flow rate are not shed from the streamlined elliptical
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Fig. 10. Lattice viewed from the direction of the approaching cooling air.

fins. Flow visualisations from De Jong and Jacobi [39] for mass
transfer analyses on offset strips confirmed that the onset of signif-
icant vortex shedding coincides with a marked increase in convec-
tive transport.

Pin fin 6061 is included in Fig. 8 to provide a comparison with a
heat sink of conventional geometry. Although it does not perform
as poorly as Lattice, its low heat transfer area limits its modified
heat transfer coefficient. Improvements in heat transfer may be
gained from increasing fin density, although excessive pressure
losses across the pin fin array inhibits this course of action, as
shown in the next section. Although the elliptical and cylindrical
arrays were not optimised, the heat transfer results confirm the
findings of Matos et al. [15]; Ellipse transfers an additional 13%
heat when compared to Pin fin 6061.

3.2.2. Pressure drop performance

The pressure loss across Pin fin 6061, shown in Fig. 11, high-
lights the reason why increasing the pin number to improve heat
transfer from a cylinder array is not a viable option in this case.
The vortex shedding within cylinder arrays may act to improve
heat transfer and mixing of the flow but coupled with wake losses,
it also increases pressure losses.

The effect of wake losses on the pressure drop across an array
can be seen by comparing Rectangle and Rect RND. Despite the
slightly increased surface area, the superior aerodynamic profile
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Fig. 11. Pressure drop across heat sinks.

of Rectangle RND gives it a lower form drag that aids pressure
recovery in the wake of each fin. The difference in pressure drop
between the two geometries increases at higher flow rates as the
inertia forces begin to dominate.

The elliptical array incurs the lowest pressure drop out of the
geometries investigated. Ellipse has a surface area comparable to
Rectangle, but at a mass flow rate of 5.4 x 103 kg/s the offset strip
has a 57% higher pressure drop across it. Given that the free flow
area of Ellipse is also smaller than Rectangle, the reduction in pres-
sure losses due to the use of an elliptical pin can only be attribut-
able its superior aerodynamic profile. Matos et al. [15] found that
the pressure drop across an optimised elliptical array was 25% less
than that across an optimised cylindrical array. In this investiga-
tion, where the arrays are not optimised but do share similar pin
circumferences and transverse pin spacings, the elliptical array
pressure loss is only 40% of the cylindrical array pressure loss.

Based on the large surface area and low free flow area of the Lat-
tice heat sink it may be expected that the pressure drop across it
would be the largest of the heat sinks investigated, yet it is placed
between Rectangle and Rect RND. Returning to Fig. 10, the low
pressure loss can be seen to be due to the channels within the lat-
tice which allow air to flow through, undeviated. Recirculation
zones behind each strut may incur a slight pressure loss, but these
wakes also guide incoming air to the straight-through, hence
reducing the pressure loss as well as the extended surface’s heat
transfer performance.

3.3. Heat sink performance

The pressure drop and heat transfer characteristics are often
equally important when designing a heat sink. For this reason
the performance indicies based on the ratio of the modified heat
transfer coefficient and the pressure loss are presented in Fig. 12.

Both Pin fin 6061 and Lattice perform poorly compared with the
other extended surfaces, but for different reasons. Whereas the pin
fin arrangement is capable of reasonable heat transfer, it also suf-
fers from large pressure losses; the lattice has poor heat transfer
performance but offers little resistance to the the air flow.

The improvement made to the traditional offset strip design by
rounding the corners can be seen throughout the majority of the
experimental flow range. By reducing pressure losses behind each
strip the reduced pumping power required for Rect RND will re-
duce energy consumption and the noise produced by cooling fans.
By reducing the volume of recirculation zones and removing
sharp edges, the design may also offer a reduction in fouling
rates.

10 M P " O

—O— Rectangle
—#— Rect RND
—&— Ellipse
—{— Lattice
—O— Pin fin 6061

2
P/ AP / (W/m? K Pa)

4x107
m / (kg/s)

——————
0 2x10°

Fig. 12. SLM heat sink efficiency index.
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The elliptical array offers the most effective performance out of
the heat sinks investigated. Elliptical pins can be assembled in an
array to create a large heat transfer surface area per unit volume
whilst maintaining an acceptable pressure drop. Further investiga-
tion is required to determine whether the elliptical arrays offer
even greater improvement over offset strips when parameters such
as pin thickness, length and spacing are varied.

4. Conclusions

The rapid fabrication technique of Selective Laser Melting has
been introduced and the heat transfer and pressure drop character-
istics of five heat sinks have been presented. The heat sinks inves-
tigated were chosen to demonstrate SLM’s ability to produce
complex three-dimensional structures with features that would
be difficult if not impossible to manufacture using conventional
methods. A lattice-structure heat sink demonstrated that increas-
ing the heat transfer surface area alone does not necessarily im-
prove overall heat transfer performance; the coolant path
through the lattice must also be carefully considered.

The air flow through an offset strip array was improved by add-
ing rounded ends to the fins. This was simple to implement using
the SLM process but offered a noticeable reduction in pressure loss
across the offset strip fins, without incurring a reduction in heat
transfer performance. An extension of the offset strip was an array
of elliptical fins which offered the highest heat transfer rate per
unit pressure drop compared to the other extended surfaces tested.

The heat sinks considered in this investigation have not been
optimised, yet they clearly demonstrate the performance enhance-
ments that SLM can bring to heat sink design. The manufacturing
lead time of the SLM process means that prototypes can be de-
signed, manufactured and tested in relatively short timescales.
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