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ABSTRACT
The benefits of using pin heat sinks (PHSs), where the pins are perfoithtsthgle, rectangular slotted
or notched perforations, are explored computationally, using a conjugate dresdiertrmodel for the
conductive heat transfer through the heat sink and into the turbulent amvavthe heat sink. Results
show that the heat transfer increases monotonically while the pressure diegsdsanonotonically as
the size of the rectangular perforation increases. Performance comparigdori3H8s with multiple
circular perforations show that reduced manufacturing complexity of rectangotehed pins in
particular, together with their favourable heat transfer and pressure drop chstrestqarovide strong
motivation for their use in practical applications. Detailed parameterisation and optim&tat@s into
the benefits of single rectangular notch perforations demonstrate the scioperéming heat transfer and
reducing mechanical fan power consumption yet further by careful desigin adensity and pin
perforations in PHSs for specific applications.

NOMENCLATURE

Ac gﬁﬁz ii;ttlz?r?li,aﬁrrs a of the flow passag Re Reynolds number

D | pin diameter of the pin fin heat sink, m T temperatureiC

Dy | hydraulic diameter, m AT temperature differencéC

H | pin fin height, mm U air velocity, m/s

h | heat transfer coefficient, WAIK Greek

k | turbulence kinetic energy, sy o fluid thermal diffusivity (n¥/s)

n | number of perforations a,B,p* | turbulence model constant

N | number of pins 0 porosity M=V

L | heat sink length, mm u fluid viscosity (Pa-s)

Nu | Nusselt number L turbulent eddy viscosity, Pa.s
Pan | fan power, W p fluid density (kg/nd)

Ap | pressure drop, Pa Vi kinematic viscosity, fis

Pr | Prandtl number Wt turbulent kinematic viscosity, #s
Pr. | turbulent Prandtl number (o k-¢ turbulence model constant

Q | power applied on the base, W c turbulence model constant for the k-equati
S, | pin pitch in streamwise direction, mm ® k- turbulence model constant

INTRODUCTION

The increasing focus on energy efficiency and environmental sustainatoiiether with the need to
achieve higher cooling rates, are providing strong drivers to optirhisepérformance of cooling
technologies for a range of critical applications in e.g. the aerospace, avionics, a@ndtinuclear
industries, Sahin & Demir (2008,15). The electronics industry is algmféarmidable challenges due to
inexorable increases in power densities which make it increasingly Hiffwuensure that micro-
electronics temperatures remain below critical values above which failure modeatassaith metal
migration, void formation and inter-metallic growth degrade reliabilityr@u et al (2004,17). These are
driving rapid innovations in the thermal management of electronics topamaésing technologies which
include the use of highly conductive inserts to provide efficient pathwaysheat removal,

Hajmohammadi et al (2013), liquid cooling to increase cooling capaciftoH@& Summers (2013,2), as
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well as greater use of formal optimisation methods for component desigafi et al (2011, 19)
Promising liquid cooling methods include on-chip cooling currentlydesed in the Aquasar system (1),
which brings coolant right up to the main processor, and dielectric lioungersion which removes heat

by natural convection currents, Hopton & Summers (2013,2).

Cooling by convective heat transfer to air as it flows over a netwoektehded surface fins on a heat
sink is still currently the most common cooling approach for microeleics due to its low cost,
availability and reliability, Zhou & Catton (2011,3). The fins offer agical means of achieving a large
total heat transfer surface area without excessive primary surface draatas turbulence promoters
thus further enhancing heat transfer rates. These heat sinks are usugiigdiesiprovide sufficient heat
transfer rates to ensure that processor temperatures remain below the criteglfealminimal pressure
loss, see e.g. the recent review by Nagarini et al (2014). The medy wigkd heat sink designs are those
based on rectangular plate fin heat sinks (PFHSs) due to their simple stardwase of manufacturing.
These have been widely studied in the scientific literature and several diadesised experimental,
Chiang (2005,5), and numerical, Najafi et al (2011,19), methodslér to improve heat transfer rates by
limiting the regions where air flows smoothly through the heat sinketaiRecent attempts to overcome
the latter include those of Kotcioglu et al (2013,20), who used periodicallyupted diverging and
converging fins to enhance heat transfer through boundary lesyertinces and secondary mixing, and
Kumar Das & Ghosh (2012) who considered the benefits of usintipleuiir streams to disturb the
boundary layerNajafi et al (2011,19) have used multi-objective Genetic Algorithms to tstiptate fin
geometries for total heat transfer rate and annual costs.

Recent experimental and numerical studies have shown that perforating PFH&®o afer substantial
improvements in heat transfer with reduced pressure losses. Themexger of Dhanawade and
Dhanawade (2010,14), for example, studied the effect of circular perfargt#mallel to the dominant air
flow direction and found that perforations lead to reductions in theyseekss by reducing both the size
of the wakes behind the fin and the length of the recirculation zonedtioel lateral surfaces of the fins.
These also showed that perforations generally increase the rate of heat aaddfieat the optimum
perforation diameter is a function of the applied heat flux density, witari@eyforations being beneficial
for low heat fluxes and smaller perforations better for high heat fluxe®riS& Yaghoubi (2009,8,9)
used numerical methods to study thermal air flows over arraydidfad perforated plate fins, where
the latter are perforated with one of more rectangular channels parallel tontireadt flow direction.
They also found substantial improvements in heat transfer rate audtioed in total drag when
perforations were used and noted that these benefits can be achievedbgi#intial reductions in fin

weight, of up to 50%, for the cases considered.

Replacing plate fins by pins on Pinned Heat Sinks (PHSs) can be an eftattaecement to PFHSs
since the pins hinder the development of the thermal boundarydaygmnooth surfaces that limits the
heat transfer rates in PFHSs, Zhou & Catton (2011). Previous investgafibaat transfer and pressure
drops for air flows over PHSs have demonstrated clearly their stipenwer PFHSs, Soodphakdee
(2011). Attempts to further improve their performance have castiedesign optimisation by exploring,

for example, the effect of pin cross-sectional shape, Jonson &fégear (2001) and the benefits of

combining plate and pin fins within compound heat sinks, Yang@&gR2009,31).



In comparison with PFHSs, relatively few studies have considered the effpetfofations on heat
transfer and pressure drops in PHSs and these have mainly focussedenefits of single perforations.
Sahin & Demir (2008,15,16), for example, studied the effectagfscsectional shape (circular or square)
for in-line pin arrays while Amol et al (2013,17) considered the effestaggered pin arrangements for
singly-perforated pins of circular cross-section. More recently, Dai e0aB}2studied the benefits of
micro-jets to improve heat transfer rate and reduce pressure dropubinmndow separation in PHSs.
Collectively, these studies have shown that, compared to solid pimsydtealised jet flows through
perforations increase local heat transfer by increasing shear-indixid =nd, in addition, reduce
overall pressure drop by reducing the size and strength of the redirguanes that form behind the

pins.

Al-Damook et al (2015,18) have very recently used complementaeyieental and numerical methods
to explore the benefits of using multiple pin perforations within PHSthéofirst time. They showed that
the heat transfer rate increases monotonically with the number of pingtieris, while the pressure drop
and fan power, required to overcome the pressure drop, both neduncgonically; the location of the
perforations were found to be much less influential. Pins with fiveopibns were found to increase
heat transfer rate by over 10%, and reduce pressure drop by &vecdrbpared with corresponding solid
pin cases. These benefits are due not only to the increased surfaagt atsa taused by the interactions
of localised air jets through the perforations. Their conjugate heat tramsfigsis showed, further, that
improved heat transfer with pin perforations leads to significantlycestiprocessor case temperatures
with the additional benefit of a reduction in the weight of the pins. Their iexpets also revealed that
practical considerations, including pin perforation alignment with the domilamtdirection and the

quality of the pins’ surface finish, can affect the heat transfer and pressure drop significantly

The present study extends the recent work of Shaeri & Yaghoubi ,&90@nd Al-Damouk et al
(2015,18) to consider the benefits of using pins with bothriaterectangular perforations and with
rectangular perforations etched into the top of the pins, see Figureé . tBnlatter may perhaps offer a
more practical means of manufacturing PHSs with perforated pins, aabjatitive optimisation of the
heat transfer and pressure drop in such systems is also presentg@p&hés organised as follows.
Section 2 describes the conjugate heat transfer model for the PHS problems osidieration and the
numerical methods used to solve them. A comprehensive set of solstjpresented in Section 3 and

conclusions are drawn in Section 4.

2.NUMERICAL METHODS
2.1 Problem Description

The PHS configurations considered here are shown in Figures laadd2sed on those considered
in the recent experimental study by Al-Damouk et al (2015), hawasg dimensions 50mm x 50mm x
2mm with an array of equally spaced 2mm diameter and 10mmthgigh of circular cross-section.
Thermal airflows past PHSs with pins based on three pins designs witingelar perforations
(henceforth referred to as ‘slotted’ pins) and three with rectangular notches removed from the top of the
pin (‘notched’ pins) are compared with baseline cases with solid pins and pins with circulargtieris
considered by Al-Damouk et al (2015). The slotted pin designs hatvieesghts 3mm (3S), 6mm (6S)
and 10mm (10S) while the notches have heights 2.5mm (2.5N), Smma(&Ny.5mm (7.5N) with a
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constant slot and notch width of Imnhélporosities of the pin fins, defined &sVho/V Where Vhoe, and

V are the volume of the perforations and total pin volume respectregige between 0 and 0.62.

2.2 Conjugate Heat Transfer M odel

Thermal airflow through an aluminium PHS is analysed using Computational Byuaimics (CFD)A
schematic diagram of the flow domain used in the CFD analyses, with eight perforatiedtipéair flow
direction, is given in Figure 3 and consists of an inlet section, a test seetipthe PHS and an outlet
section. The inlet air temperature is set td6C2&nd the inlet air velocity is varied between 6.5m/s and
12m/s leading to Reynolds numbers in the range 3500-6580 based gthatae given by the hydraulic
diameter of the duct®2H.B/(H+B), where H and B are height and width of duct in which the hdat s
is located, respectively.

The rate of heat conduction through the aluminium heat sink is balagdeeht transfer by convection
into the moving air stream, through a coupled boundary condition atlithésial interface, as illustrated

in Figure 4.

o i

1k REX

LT

Figure 2: Plan view and side view of the PHSs
being analysed

1CP 2CP 3P 5P
Figure 1 Slot (S) and notch (N) perforations
considered, together with circular (P) perforatic
considered by Al-Damouk et al (2015).
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Figure 4: Conjugate heat transfer model for the PHS.

In the solid heat sink the temperature fieldsTobtained by solving the steady heat conduction equation
V.(kVT,)=0

where k=202W/mK is the thermal conductivity of the aluminium heat sinkbulent flow through the
PHSs is modelled using Reynolds-Averaged Navier-Stokes (RANS) equations&ZAbattion (2011),
where the continuity, momentum and energy equations have variables pdseoiminto mean and

fluctuating components, leading to:

VU =0
vio-p0'0)

where g =— p|=+,u(VL_J+ [VL_J]T) and—pg'g' = 14 (VL_J+ [VL_JIr )— 2/3(pk]) are the

oJ
—+V. U
8t+ (_

‘QIH

Newtonian and Reynolds Stress tensors respectivédythe air viscosity, p its density, U andU" the
average and turbulent fluctuation velocity vectors respectively, p is¢ksyre and= the unit tensor.

The incompressible RANS equations are solved with the energy equation temgrerature field in the

fluid, Ty, with a heat sourc@ Watts, using the following equation

oT
Ef +U.VT, (—+ —]VZT -

Pr Pt PC,
where G is the specific heat capacity of the air,aRd v are the Prandtl number and kinematic viscosity

of the air respectively and the subscript t indicates their turbulent counterparts

Following Zhou & Catton [3]Leung & Probert [21] and Al-Damouk et al [18], the thermal airflow
through the heat sink is modelled using the ST model, which combines the accurate formulation of

the k-w model in the near-wall region with the free-stream independence of theoke in the far field.
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This has been shown to predict highly separated flows accurately im@enwf previous validation
studies, Menter [22], Zhou & Catton [3]. These studies also showedhtha&ffects of radiative heat
transfer can be neglected in flow over heat sinks and this simplifigsumption is also adopted here. Air

density and viscosity are assumed to be constant and equal to those at thenpdedture of 2%.

The equations for the SST model are:

AP YN == o+ 9.+ o) VK]
a(gta))+U V(po)=a pS* - pw? +V[(,u+0'w,ut)Va)]+2(1 Fpo,, Vk.Va)

where the blending function s defined by

4
4po. Kk
F, = tanh| < min m Jk_ 500v | 400,
foy y? o) CD,Yy?

in which

CD,, = ma{Zp o, %Vk .Va),lolo)

The turbulent eddy viscosity is computed from

a,k
max(@, @, SF,)

Vi =

where S is the invariant measure of the strain rate arsda=second blending function defined by

2
F, =tanh| | max{ 2 \/E ,5201/
B oy y o

To limit the growth of turbulence in stagnation regions, a productiatelins used in the SST model.

Table 1: The boundary conditions of the conjugate heat transfer model.

+— (=P, =min(P,,10 kKo
=M [ o, % J k ( 108 p )
L ocations Fluid Thermal L ocations Fluid Thermal
Conditions Conditions Conditions Conditions
T=25C Bottom wall of _ .
Inlet 6.5<U<I2m/s constant | heat sink u=0 Q=50W constant
Right and left du o ar_, Pressure B aT
sides dy dy outlet =0 dax
(symmetry) y Y X
Top wall and _ a7 _ . : _ dTy _, dT;
other walls u=0 e =0 Pin heat sink uU=0 K, an =Kk, ™




The constants for this model agg: = 0.09,«, = 59, 8, =3/40,0,, =0.855, = 05a, =044

ﬂz = 00828 Oy = :L Op2 = 0.856

A commercial Finite Volume Method-based code, ANSYS FLUENT [23] is usedlve siee fully
coupled momentum and energy equations, using second orderdimyyiwhile continuity is satisfied
using the SIMPLE method. The grid is composed of tetrahedrdl elements to improve the quality of

the numerical prediction near curved pin surfaces.

Table 1: The boundary conditions of the conjugate heat transfer model.

2.3 Boundary Conditions

The computational problem is reduced in size by exploiting the symmeatng &HS to apply symmetry
boundary conditions (Table 1) along the sides of the channel so thanhjbgate heat transfer model is
solved for a system of equally spaced pins aligned with the dotrfloav direction, Figure 3. Along the
bottom wall of the heat sink, a constant heat f{ux50W is applied and no-slip conditions U=0 are
imposed along the heat sink walls. A pressure outflow boundaryitioongs imposed at the outlet

boundary. All remaining walls are considered to be adiabatic.

2.4 Post Processing

In addition to the thermal airflow throughout the PHSs, the CFD an#@ysi®ed to determine the Nusselt
numberNu, pressure dropip, mechanical fan power 8 and CPU temperature¢ale[32]. The average
heat transfer coefficient, h, and Nusselt number, Nu, are defined by

Q hL
h=——F—m—, Nu =
as[ry—(Teut in)] kair
where the area Ais based on either the projected base argagrAtotal wetted surface arear,Af the
heat sink which includes the pin and perforation surface argds,tfie heat sink temperature at its upper

surface, T, and Tou are the average inlet and outlet air temperatures respectively.

The fan power required to drive the air through the heat sink, igntorases due to fanefficiency, is
defined by B1]

Pfan: Uair.A.Ap

where U is the inlet air velocity and A is the cross-sectional area of the flow gemsdathe heat

sink=H.S.(N-1), where $is the uniform pin spacing.

3. RESULTSAND DISCUSSION

3.1 Effect of Grid Density

Numerical solutions of the conjugate heat transfer model are obtained on a sgrids &r both the
solid and perforated pin fin cases shown in Figure 1 and the effgdtofsolution on Ny Tcaseand Ap
are shown in the Appendix in Table A.1. For solid pin fins incregisia number of cells beyond 124,000
leads to a less than 3% variation in the quantities of interest, whereas for atattedtched pin fins,
increasing the number of cells beyond 116,000 and 117,00@ctesby results in less than 2% variation
in these parameters. All results reported subsequently have used thepaappevels of grid refinement

for solid and perforated pin fin cases.



an Power (W)

3.2 Validation with Previous Studies
The numerical approach used here has recently has been shown to agréth\wedvious experimental
and numerical studies of flows past PHSs with solid and circularly perforatedAl-Damouk et al

(2015). Figure 5 compares theesent study’s predictions of the thermal resistance

Ry = Tease=Tin) ot 4 solid PHS with the experimental results of Jonsson & Moshfegh 488] the

numerical data of Zhou & Catton [3] for 6.5m/s< Ui, <10m/s. The agreement is generally very good, with

amaximum discrepancy between these studies less than 3%.
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—A— Experimental Data of
1.25 Jonsson & Moshfeg

—#— Model Zhou & Catto
1.2 B

—o— Present CFD Data
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N N
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0.9

Rtn (K/W)

6 7 8 9 10 11

U (m/s)
Figure 5: Comparison of thermal resistapcedictions with CFD
results of Zhou & Catton [3], and experimental data of Jonsson &

Moshfeg [25].
3.3 Effect on Pressure Drop and Fan Power Consumption in PHSs

Figures 6 and 7 show numerical predictions of the effect of slot and petfidrations omp and Fan
respectively. Data is presented for the six slot and notch perforations shéiguia 1 and compared
against the benchmark PHS with solid pins. These show that both the slattemgerforations reduce

Ap and Ry significantly and that the magnitude of these reductions increases monotonically with
perforation size. For example, the 10S and 7.5N perforations lead to reduntidpsand R of

approximately 40% and 35% respectively compared to solid pin PHSs.

Ap (Pa)

110 110
A B
100 — =38 &) A2 100 | -=-25N ® A
—4-6S
90 |— o108 90 | =N 2
—e0P /Z —-—7.5N
80 / 80 — —e-0P /
70 A = 70
7 s A

60 / / % 60 /

40 / — 40

05 ,ﬂ/ o L 05 84

T s T A / 30 (B)
0.45 A/ 0.45 % -5-2.5N

&2 :ﬁ 63 ' j j /‘/. 20 —A—5N T T T T ,

*% -10s 9 10 11 /12 B 0g T Loy 0 1 1
035 _e-0P U (m/s) Al 0 u (m/s)

Figure o. —..cct of slotted (A)/a(nd/7ﬁ)tche(1| (B) rﬁﬁs on [__i‘___(_)_'_)_ __bpvariation y/ﬂ/ﬂ/&eed 8
0.3 / E 0.3
0.25 Z/ / § 0.25
(<]
02 n_' nn




3.4 Effect on Heat Transfer Rate

Since one of the main design goals for PHSs is to achieve a high heat t@esfithe minimum energy
cost, Figure 8 shows the corresponding numerical predictions of Nusselt nbarest on either the total
PHS wetted surface area, \wr on the projected surface areapNLhe latter may be a more effective
measure of heat sink’s cooling capacity for a given PHS size. The data shows thatNatandNup
increase approximately linearly with the Reynolds number and\tlnatf the perforated pins is slightly
smaller than for the solid pins. This contrasts with the valuésugfwhich increase monotonically and
strongly with perforation size. Sindéup is based on a constant projected area, these demonstrate that
perforations improve the magnitude of the heat transfer and the magnittidesefincreases is also
significant: the values oNup for the 10S and 7.5N perforations are typicdlo and 13% larger
respectively than for solid pin PHSs. However, the fact that the valudsrdfiiave decreased slightly
means that the increase is heat transfer is slightly proportionately less than tteeiinctha total wetted
surface area in the heat sink due to the perforations. These findings aigecdrnwith the recent

conclusions of Sara et al [26].
370 370
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Collectively, Figures 67 & 8 show thatAp and R.n decrease monotonically and Nincreases

monotonically with increasing perforation height, H.

The nature of the flow field in the vicinity of the slotted and nethterforations influences the pressure
drop and heat transfer enhancements that they produce, Sara et al [26]. Fgmws that the
recirculating flow region behind the solid pins (OP) is reduced considetgble addition of the
perforations, which lead in turn to air jets flowing through them which eehéne local heat transfer rate

and reduce the pressure drop across them.

7.31e-02 2.83e+00 5.58e+00 8.34e+00 T 11e+01 1.38e+01 1.66e+01 1.84e+01

Figure 9: Comparison between predicted flow field in PHSs with solid ipsrefind for pin desig
3S, 7.5N, and 10S. Viewing plane along pin centres.

3.5 Thermal Management of PHSs and Pin Weight Reductions

In many electronics applications systems, PHSs provide the cooling needed tgorkeepsor
temperatures below critical temperatures where thermally-driven failure mechanisms, @ncludin
intermetallic growth, corrosion, metal migration and void formation, degrade reliadnilit reduce the
mean-timeto-failure [27,28]. Figure 10 preseatumerical predictions of the average PHS base plate
temperature, &s¢ as a function of the fan power needed to overcome the pressure dropetffair
velocities in therange 6.5m/s<U<12m/s. Both sets of data show the consistent trend of requiring higher

fan power in order to reduce.feand that the improved heat transfer from the slotted and notched pins

leads to lower CPU temperatures compared to solid pins, for a specifican pgith the exception of
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the 10S slot design, which differs in the sense that it effectively doubles the nufihies Olcasedecreases
monotonically with perforation area, PHSs with the slotted 6S and notched 7.§Nfqrirexample,

typically have Tasevalues 4C lower than for solid PHSs, for the same fan power input.

Since minimising the weight of consumer electronic devices is very important, ygestiodies have

considered the optimization of pin fins in terms of maximising the heaterenasé for a given fin weight
or by minimising the weight for a specified heat transfer rate, Shaeri &N5af0]. The 3S, 6S and 10S
slotted pins reduce the weight of the pin by 20%, 35% and 60% respectivelytivehibterresponding

reductions for the 2.5N, 5N and 7.5N notched pins are 15%, 30% ande4pectively. Consequently,
the heat transfer, pressure drop and fan power benefits of the 7.5Mchpfok also provide a further
benefit of a 45% reduction in pin weight.

Tcase (OC)

82 82
A (B)
80 (A) =3 — 80 \ =-25N
——-6S —A—-5N
78 --10S 78 —-—7.5N o
76 0P — 76 --0P
74 O 74
L
72 § 72
|—
N :
68 | 5 \ 68
66 | < 66 e
64 T T T T T T T T 64 T T T T T T T T
0 005 0.1 015 0.2 025 0.3 0.35 0.4 0.45 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Fan Power (W) Fan Power (W)

Figure 10: Effect of slotted and notched pin perforations @uds a function of input fan power
Figure 11 compares the surface temperatures of the solid pin fin heat sinkisos#hobtained with the

6S and 7.5N pin fins. In the former case, temperatures on the base plabetvaagn approximately
58.5C and 7%C, whereas for the slotted (6S) and notched (7.5N) pins models the codiegpo
temperatures vary between approximately 82-B0°C, 55.83C-70°C, respectively. The temperatures on
the pins are also significantly cooler, as indicated by the greater preponderbheerefjions on the new

pin desigs.
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Table 3: Comparison in performance improvements for PHSs with pin debimus & Figure 1.

Pin design % increasein | % increasein | % reductionin | % reduction in
At Nup Ptan T case
1CP 5% 7 3 2
2CP 10% 17 7 5
3CP 15% 24 9 8
5CP 25% 35 16 10
3S 10% 8 17 2
6S 15% 15 31 2
10S 20% 17 42 0
2.5N 5% 4 12 1
5N 10% 8 26 2
7.5N 15% 13 35 2

These show that there is a compromise to be struck between the choice atipegfaince the larger
enhancements in heat transfer with multiple circular perforations come at the gt afsignificantly
increased power consumption and, perhaps most importantly, a muehcomplex manufacturing
process. The above results suggest that PHSs with 7.5N notched pins widg anceffective, practical
means of obtaining a good combination of heat transfer efficiency with a relakwvelyan power

consumption. All subsequent results focus on a parametric investigation ofaithl8stched pins.
3.6 Effect of heating rate

Since modern CPUs have dynamically changing voltages, leading to variations in heatng@ mt the
base of a PHS, Figuri considers the effect @f, on Teasefor a PHS with an 8x8 array of 7.5N notched
pins. The heating power considered is in the range]l 0OW<Q < 90W, typical of heating generated by PCs
[28]. Taking 85C as a critical faseabove which processor reliability degrades [27,28], Fig@rshows
that the critical temperature is exceeded for heating powers above 70W for d# spkev 8m/s, while

the air speed must be above 10m/s for a power of 80W and aboisiflitra power is greater than 90W.
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3.7 Effect of pin density

The next series of results investigate the effect of varying the density oh@tdhed pins on PHSs by
investigating cases where each column of pins has 8 equally spaced pinsyihgtrmambers of equally
spaced columns. Figures 13 (a) and (b) show two example PHSs witlb4£allnmns of pins respectively.
Figure 14 shows the effect of the number of columns of pinsuprfor PHSs with both solid and 7.5N
notched pins, for a range of Reynolds numbers. It showslthdbr the notched pins are typically at least
10% larger than for the solid pins and the values of tMpically double as the number of columns is
varied between 4 and 11.
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Figure 13: Schematic diagram of PHSs with different numbers of equallgdspatumns: (a) 4
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The effect of pin density on the CPU temperature and fan power are ghdwgure 15. Results are

plotted with respect to a reference critical temperature %£.8bhe results show that the increased heat

conduction from the CPU, resulting from the higher pin densities, mearnket2®PU can be cooled below

the critical temperature for a significantly lower fan power input, Por the solid pins, a fan power of

0.1W enables the CPU temperaturgsdo be maintained below 85 when 6 columns of pins are used

whereas for 4 columns the CPU temperature of@G@9 well above the critical value. Using columns of

7.5N notched pinseduces the CPU temperature by between betwé@radd 3C comparedvith solid

pin fins, except for the case with 4 columns of pins where the temperfdutes two pin designs are

very similar. The results also show that only 6 columns of the notchedrgingeded for fan power inputs
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Figure 15: Effect pin density on.seand fan power, f&, for PHSs with solid (OP) and notched (7.5

pins.

Figure 16 shows the shows the effect of the number of colunpiebn the pressure drop over the

heat sinkfor both the solid and 7.5N notched pins. As expected, increasing the gingpdensity

increases Ap for both the solid and new pins models whereas the pressure drop for 7.5N pins is lower

than for the solid pins. In both cases, halving the number of osl@iom 8 to 4 wouldeduce Ap by

approximately 35%.
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3.8 Optimum Design of Notched PHSs

PHSs are designed to maintain the processors below critical temperatures for minimalrgnengto

the system. This final section focusses on the optimisation of notched pirisregion of notch height,

h, and width, w, for PHSs with an 8x8 array of pins with a congienspacing of 6.5mm in either
direction. The multi-objective optimisation problem studied here is to minimige and Ry, for
2.5mm<h<10mm and 0.5mm<w<I.5mm for a constant air inlet velocity, 4= 8m/s. Since the above
results has shown that minimisingagand R, are in conflict with one another, the goal is to construct a

Pareto front of non-dominated solutions, from which an appropriate comg® design can be chosen.

The Pareto front is obtained by building accurate metamodels of batlafid Ru, as a function of the
design variables, h and w. Following a number of recent, successful optimisati@s ssee e.g. Khatir
et al (2015), the metamodels are built using the Moving Least Squares (MLS) methaddet of known
values at specified Design of Experiments (DoE) points. The latter are obtainecdmugdygimal Latin
Hypercube approach, which uses a permutation genetic algorithm to achieve a spifeaich of points
within the design space. In the present study it is found that 30 DoE a@rsfficient to provide accurate
metamodels for both seand Ap. The MLS metamodels use a Gaussian weight decay function to

determine the weighting of points in the regression analysis at each desigr-pow)x
2
wi (@) = exp(=6 [lx — x|,

wherel|x — x;||* = (h — h)? + (w — w;)? is the Euclidean distance between the design point x, at which
the MLS metamodel is being evaluated, and the ith DoE pointvy and6 is the closeness of fit
parameter. A largealue of 0 ensures that the MLS metamodel reproduces the known values at the DoE
points accurately, whereas a smaller value of 6 can reduce the effect of numerical noise on the MLS

metamodel, Gilkeson et al (2014).

The values of 0 for the Tcaseand Ran metamodels are determined by minimising the Root Mean Square
Error (RMSE) between the predictions of the metamodels and the actual numerictigmedt the DoE
points. Following Loweth et al (2011) and deBoer et al (2014), for aShmetamodel, a k-fold cross-
validation approach is used, where a large humber of random samplesiof&kare removed from the

30 DoE points and the MLS metamodel rebuilt from the remaining (30-k) DoEspdihe latter MLS
metamodels are then used to calculate the RMSE at the removed DoE points, The averagetRANSE

determined over a large number of folds; in the present study, 100Mithdie=5 are used. For thaa.f
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metamodelthis results in 8op=41.7 with a correlation coefficient between MLS and numerical predictions
at the 30 DoE points, R=0.9996, and a maximum % difference of 1.2% & @gsemetamodel, 8p=16.7
resulting R=0.9972 and a maximum % difference of 1.6%. The optimised metisraoel shown in Figure
17, and demonstrate that th@astand Ap minima occur on the domain boundaries. Ran is reduced by
increasing the notch area through increases to both h and w, whereas.thetimodel further highlights

the importance of localised air jets through the perforatien:i$ reduced by increasing h and decreasing

the slot width, w.

MLSM surface for Tcase, 30 DoE points
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Figurel7: MLS metamodels for (a):R, Ap(6=41.7) and (b) Tcase (6=16.7).

The Pareto front is obtained by using thgsdmetamodel to determine the design points (h,w) at which
TeaseiS @ specified value and then using thg Metamodel to determine which of these design points has
the smallest fan power consumption. The resultant Pareto front is shown ia EBjwhere the red

crosses compare numerical predictions of Tcase anddainst the Pareto front values obtained from the

metamodels. These are generally in very good agreement with typical discrepancies of E¥s than
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Figure19: Pareto curve of kseand mechanical fan powera£for an 8x8 PHS with slotted pins, with

an inlet air speed of 8m/s.

The Pareto curve shows the compromise options that are available between.adamdTa low Rn. In
the cases considered, the minimum Rat can be experienced while ensuringels below theeference
critical temperature of 8& is approximately 0.06W, and this has to be increased by 30% (td/A).078
and 60% (to 0.096W) to ensureskremain below 78 and 70C respectively.

5. CONCLUSIONS

Pinned heat sinks (PHSs) provide the cooling required in many critical applicatings)g from aero
engines and nuclear reactors to computers and microelectronic devices. The pregeansiddrs the
benefits of perforating the pins with rectangular slot or notch perforatiothshows that both of these
can provide significantly enhanced rates of heat transfer while simultaneedslying the fan power

required to create the air motion over the heat sink, compared to corresper@agvith solid pins.

These benefits have been shown to generally increase monotonically as the sizepefottation
increases, and the largest slotted and notched perforations considered here hslvevioeémbe able to
increase heat transfer rate by over 10%, while at the same time reducing farcqasuenption and pin
weight by over 30% and 40% respectively. A comparison with PHSs with multipldagiperforations,
Al-Damouk et al (2015), has shown that the former can achieve higher rags tfansfer, due to the
effect of multiple localised air jets, at the expense of higher fan power consaraptiosignificantly
increased manufacturing complexity. These results indicate that notched perfaratigngrovide the
most practical means of achieving the heat transfer and fan power berefitdviantage of cutting slots
from the top of the pins is that no pre-processing of the pirgjisred, Al-Damok et al (2015); from an
existing heat sink either wire Electrical Discharge Machining could be used to diredthjoctite slots,
or a series of thin cutting discs mounted on a common shaft could beitisedpport to the pins provided
through a jig. This would also retain the high thermal conductivity betweerintlamg the plate of a heat
exchanger cast from a single block.

Pin density also has a significant influence on the heat transfer and prespuserdss PHSs. For PHSs

with 7.5N slotted pins, results have shown that the increased conductiohifoen densities of pins
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enables the CPU to be cooled below the critical temperature for a significantly reduggalifgyower,
Pran. A formal optimisation study of notched perforations has demonstrated the practipabouse that
has to be struck between a low processor temperagsgewhich requires a narrow notch, and a low fan
power needed to achieve the required rate of cooling, for which a wide isotobneficial. The
optimisation method provides a mechanism for designing the optimal perfor&diospecific heat

transfer, fan power consumption and heat sink weight requirements.
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APPENDI X
Table A.1 The effect of grid resolution for solid, slotted, and notched PHSs.

Solid Pins NU T case AP
(OP) Cells T (°C) (pa)

98104 348.2 | 67.4 | 107.1
124092 | 360.1 | 66.2 | 1040
134035 | 362.3 | 66.3 | 103.8
171059 | 3670 | 65.6 | 103.6

Slotted Tease AP Slotted Tease AP
Pins (35) Nur Nur

(C) | (pa) | Pins(6S) (C) | (pa)
96390 | 336.1 | 67.3 | 857 | 93081 | 3318 | 68 | 726
116295 | 350.6 | 655 | 86.9 | 115049 | 352.1 | 655 | 72.3
136631 | 363.2 | 64.6 | 86.1 | 131792 | 356.3 | 65.4 | 725

179951 | 3720 63.3 85.3 168786 | 360.2 638 70.8

Slotted | | Tas | AP Nopti‘;hsed o | Tes | AP
Pins (10) ) | 0 | o ) | (va)

97520 330.6 | 694 60.6 98594 347.7 66.4 | 93.6
109380 | 3448 | 675 59.8 117261 | 354.9 658 91.9
134056 | 351.8 | 66.9 58.8 139076 | 361.9 65.5 | 910
164775 | 3570 65.9 58.6 170039 | 366.3 646 91.2

Notched | | Tas | AP N‘;fi‘;hsed Ny | Te= | AP
Pins (SN) CREICR ) | (ba)
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95008 336.7 | 674 78.8 98594 347.5 663 66.9
115100 | 348.7 | 65.8 77.4 117261 | 349.9 65.3 | 667
134112 | 358.7 | 65.1 77.7 139076 | 3610 645 66.3
171112 | 365.7 | 64.2 77.3 170039 | 3644 | 64.1 | 66.1
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