1 An Enhanced Heat Sink Field of the invention The present
invention relates to a heat sink, in particularly a heat sink for 5 -

recei vi ngwve 201168470 renove heat from an integrated cir ®@GTSGeHiopn0169
Background of the invention - The ever-increasing density, speed, and
power consunption of mcroelectronics has led to a rapid increase in the
heat fluxes which need to be 10 dissipated in order to ensure their stable
and reliable operation. The shrinking di nensi ons of electronics devices, in
paral |l el , have inposed sever AmrsEnbanceddsieat Slrek on t he vol une avail able for
t he cooling solution, defining the need for innovative and highly effective
conpact cooling techniques. US 4,450,472 patent docunent disclosed a
conventi.onal m crochannel’ 15 heat sink having an array of m crochannel s

separ at eﬂiel?éldcfitﬂé-inwﬁtiaﬁr ays of fins are disposed in an enclosure with a

cover. T nl et aperture and outlet aperture. The inlet and
outl et apertures are canfiqured to receive a caolant from ressurized
cool ant suppl é/-.ﬁeﬂgs%?tdm’%'ﬁ{% 'fq%at?ﬁéo@oiﬁ%érﬁ'?‘&ﬂalpﬁW%@haﬁTﬁ%t Sllfgii{orsi nk is
that significant tenperature variations across the chip 20 persist since
the Heat 'aGeiming arfluid te rmave Beakiram at integrated cifeuit FR: di rection in

m crochannel s as the boundary | ayers thicken and the cool ant heats up.
These tenperature gradients across the chip can conpronmise the reliability
of integrated circuits and result in early failures. WO -

2011/ 068BA8RGId M ¥AhE GAVEStion It is therefore highly desirable to
further enhance the heat transfer performance of a m crochannel heat sink.

Summary of th?hbnvaariiﬁaeaéihgegqér;sﬁ@,t 85666 . atd1® pbWf NichABURHAYh d&F £ heat

si nk device for dissipating rom an el ectroni c conponent nounte

t hereto, .t j C .84 Ng. ] f. | i fluid: . an, outl et
for vent @1%88%?:\/ ofw fcl.ﬁ %%ﬁ@a@%@gy g? %%AR;%%g'ggkﬁ%)?%e@pﬁheﬁ?%de?q nget and
outlet; gsaid zone including a urality of trapsverse, chanpel s, and a :
ol urd |« JRsale oy oBrig, e B Bhte et 2 (RUBRRGpuRD. 10 Sha0EPge
channel s; wherein said oblique and transverse channels define a fluid path
for sai ddimensions ¢ih elestronicet dewceneinparaliel, have impesashseuptso®iP@eat , t he
i nvention may provide an enhanced m cro- and. m ni -channel heat  sink

conpri si pgnsitaihisash tbaeoluraasamailablectoarthelcooiing ddhatiomtdedichineg thesn needat
| east one oblique channel in a surface of the heat sink. The

for innovative and highly effective compact cooling techniques.

us -4,450,472-patent document disclosed a conventional microchannel

15 heat sink having an array of microchannels separated by fins. The arrays of fins
are disposed in an enclosure with a cover. The cover has an inlet aperture and

outlet aperture. The inlet and outlet apertures are configured to receive a

coolant from a pressurized coolant supply. The problem with the conventional
microchannel heat sink is that siénificant temperature variations across the chip

- . 20 persist since the heat transfer perforrhance deteriorates in the flow direction in
microchannels as the boundary layers thicken and the coolant heats up. These
temperature gradients across the chip .can' compromise the reliability of

integrated circuits and result in'early failures.



15 transverse channel may be el ongate and extending in a direction parallel
to an axis of the heat sink, and the oblique channel nay be arranged in a
di recti orvORP11{684700 t he axi s. The arr angenmenPChaGaEAN0Q 1o
transverse and obli que branchi ng channels may be such that the transverse
channel is in fluid communication 20wi,th the oblique branchi ng channel.
According to the present invention, tHe thermal boundary |ayers of the heat
sink device are periodically restarted at the |eading edge of each

i nt errupt ed dE)'Ilﬁth\@r%fPa?lc'NQKb{'éﬁéﬁ%@'le i durtbencenhanseaths hipatbbansfery- | ayer
t hi ckness is thinner for short channels than for |ong channels, both the

| ocal amperf@marseafa miarochammalfreatsodd ficient is higher for an interrupted
surface than for a continuous surface. The presence of the oblique
branchi ng channel also causes part of the fluid to be diverted from
transverse channel into oblique branching channel and 5 subsequently being
I nj ect edgl;ArRaly'6f il vadtidd ansverse channel . The resulting secondary flow
inproves—t‘Te—%'d—m‘ﬂ'n'gT.m'd. ' further enhances the heat transfer

per f Qr mance. . Furt her vant ageous features, o resent. _i.nvention are
G scRosed | n iRt gEHaEh e PERoR B0UaeL A Hiast ke i BF YsePHitH ngs
It will be convenient to further describe the present invention with
respect RRALTRM AORIRBERRIC FMRANGN: FroyHed thenete the deviss<carmpPUsiag; ahgenment s
of the invention. O her arrangenents of the invention are possible and
consequeintatyor reselvinga ifluid; @reeutie) fof ventingasaid fuich a heptdlissipaiien zeneiot to be
under st ood .as superseding the generality of the preceding description of

t he i nveintératediate the inlét god eufiéfasaldszeme irpfutihg iacpluratity of tramsverser ochannel
heat sink with oblique channels according to present invention.

Figure l¢ddnriets 8nd@laamluddiyoPbbiidiR éﬂﬁr@@é%diﬁ{%@éh@éﬁkacﬂécgﬂ\tgur e 1(a)
20showi ng the fluid flowpattern. Fi gure shows a ‘conput ati onal
domaj.n o ] n ~a8] Qi W ' - A afi Figure 3
shont? borehery ERBORT EheRdR sol il shdHahdiaet WaRAek defing e i ("

oblTaue FRamAh orSHihild Homnt ISePIPHE ST, of Floure 1(a).

In one embodiment, the invention may provide an enhanced micro- and

mini-channel heat sink corﬁprising at least one transverse channel _with the
_ introduction of at least one oblique channel ih a surface of the heat sink. The
15 transverse channel may be? elongate and extending in a direction parallel to an
axis of the heat sink,‘and the oblique channel may be arranged in a direction
oblique to the axis.

The arrangement between the transverse and oblique branching
channels may be such that the transverse- channel is ;n fluid communication

20  with the oblique branching channel.
According to the present invention, the thermal boundary layers of the
heat sink device are periodically restarted at the. leading edge of each
interrupted obliqﬁe branching channel and, since the average boundary-layer

thickness is thinner for short channels than for long channels, both the local and



4 Figure 4 shows | ocal heat transfer coefficient for m crochannel
heat sink with oblique channels according to the invention of Figure 1(a).
Fi gure 5 Whawsl/qe848sure drop profile for m crochannel he@aT/S&2ome/008 16N

obl i que channels according to the invention of Figure 1(a). 5Figure 6(a) is
an isometric view of the enhanced m crochannel heat sink with denser -

obl i que channel s array. Figure 6{b) is a plan view of the

m crochannel heat sink of figure 6(a) showing the fluid fl ow pattern.

Fi gure 7av¢rage heatttpansfat coeffinent it bighgprfof Bhanferrupted rsucfaaariehn heras 10si nk

wi th oblique channels according to the invention of Figure 6. Fi gure
8 shows Lkomstiudigadurfacensfer coefficients profile for m crochannel heat sink
wi th oblique channels according to the invention of figure 6. Fi gure

9 shows aver a(gglggf’r@s hé@'&?ftﬁé o&‘ﬂﬁ?é H}i’%ﬁ@ﬁln fié’]n%e] o %Eéé%cpgt%‘?l geat

si nks set #1 annel |gu OWs conparison o tot al

t her mal i,st nnel heat si.nks .in s 0

wi dt h) . 't @%&ﬁ&?{gdﬁ ﬁ%%“’&&seer ‘é@%" d?tot‘?%lWé‘Pe‘Praé‘SBé‘P ‘gf)aé‘ﬁ‘? BP f| le
for m crochannel heat si. nks set #2 330 pm channel wd

Fi gure 15URsRAkenlyReige iHgaiediipishecadiasant rapearse é"haﬂi‘%'r dbadrAditingeat
20si nks for set #3 (-120pm channel w dth). Fi gure 13 shows pressure
drop profeétenday flemcinernues the fleigtmiing end durther ¢nrhates thhdeat transtirh) .
Figure 14(a) is .an isonetric view of the enhanced m crochannel heat sink
wi t h nonperfofmanceabl i que channel pitch. 5 Figure 14(b) is a plan
view of the m crochannel heat sink of figure 14(a) showing the fluid flow

pattern. Furthied WidRarfgeBovSeBRrE © B Wéderlt SHASHIRIN AR afseidslee ihQhe

m crochannel heat sinks sinulated wth hotspot. 5Figure 1 hows t ot al
t her mal Béﬁéﬁaé‘ﬂc&aﬁ&q pressure drop across the

10

Brief Description of the Drawings

It will be convenient to further describe the present invention with 'resp.ect
to the accompanying draWings that illustrate possible arrangements of the
_ invention. Other arrangements of the invention are possible and consequently,
15  the particularity of the accompanying drawihgs is npt to be understood as
superseding the generality of the preceding description of the invention.
Figuré 1(a) is an iéometric view of the microchannel heat sink with
oblique chahnéls‘ according to present invention. |
Figure 1(b) is a plan view of the microchannel heat sink of Figure 1(a)
20  showing the fluid flow pattern.
Figure 2 shows a computational domain of the microchannel heat sink
with oinque channels. |
Figure 3 shows bottom wall temperature profile for microchanne! heat

sink with oblique channels according to the embodiment of Figure 1(a).



heat sink both as a function of angle of oblique cut. Fi gure 17
shows a plane view of a heat sink according to a further enbodi nent with
non uni f AW2P1IW6H70ch for multiple hot spots. Figure 18PSHSGWIIAMNISHNetri C
view of the heat sink according to Figure 1017. Detail ed description of the
i nvention The present invention provides an enhanced m cro-channel or

m ni - channel heat sink for receiving®™a fluid to renove heat from an
integrated circuit 15 chip. The enbodi nments di scussed bel ow are intended
not to be exhaigutd 4shows logat heatctramsfencpefiiciant for nicioehanppeldudaitsink t hat
whi | st the exanples provided in the various enbodi ments relate to channel

di nensi owgh obliquessharvesls Acoonding torihel inbenttpoeEigared(4)hat channel
di mensions up to and in excess-of 1 nmmy equally fall within the scope of

the present ipmyaRt i508hoWs VsrRskiie Gfdf?'b?bﬂ@sfor%m‘?@&ﬁérﬁmatoémk"Wlm‘l ent

flow in those Channel s having a maxi mum di nension of less than 1 mm may be

di ffi cul(g c@ls a%@%lﬁ:gé%&%@ta tﬂ(fz rNethgnchf(f‘-ﬁ%ur-go isend, fluid fl ow may

be | am nar i's ‘ot e ‘possi bi | i ty of turbul ent
o (e 2300 hokpg ot ol ajed ey oLt pln EpneL e, VLSt the 't Ton
° With denser oblique channels array.
Figure 6(b) is a plan view of the microchannel heat sink of figure 6(a)
shdwing the fluid flow pattern.
Figure 7 showé bottom wall temperature profile for microchannel heat
10  sink wfth oblique channels acdording to‘ the invention of Figure 6.
Figure 8 shows local heat transfer coefficients profile for microchannel
heat sink with oblique channels according to the invention of figure 6.
'Figuré 9 shows average heat transfer coefficient profile for microchannel
~ heat sinks set #1 (500pm channel width). |
15 Figure 10 shows comparison of total thermal resistance of microchan‘ne|
heat sinks in set #1 (500um channel width).
Figure 11 shows average heat t_ransfer coefficient profile for
microchannél heat sinks set #2 (300pm channel width).
Figure 12 shows average heat transfer coefficient for microchannel heat
20  sinks for set #3 (~120um channel width).
Figure 13 shows pressure drop profile for microchannel heat sinks set #3
(~120um channel width).

Figure 14(a) is an isometric view of the enhanced microchannel heat sink

with non-uniform oblique channel pitch.



applications of the invention may yield lamnar flow nore readily than
turbulent flow The nethod of manufacture of a heat sink device
accor di ngvPaotIes84ipesent i nventi on may vary accordi ng t BCRASGAMOMPEHS? | ces
for small scal e devices. A non-exhaustive list of such nethods includes,
but not limted to, mcro-machining, injection nolding, wire-cut, liquid
forging, diffusion bonding, stereo |i tshography, chem cal etching and LI GA
Referring to Figures 1(a) & 1(b), one enbodi nent of the enhanced

m crochannel highfe AKX is & plasr Yiewsofathe migrochaenelrheal winksef tigranent4(a25 wit h
the introduction of at |east one oblique channel 30 in a surface of the
heat si nghowihg the 8tiicsilow patterrce 5 according to the present invention, and
as shown in the enbodiments of Figures 1 (a) and (b), conprise an inlet 10
into which a Figuré! 151shdwibotBhP et idtep izt Bdfd St mikPobmarthddHy=2! ity of
transverse channels 25, which termnate at the outlet 15 ?rom whi ch t he
fluid 164 ; cated between the transverse channels 25 are a
pl ural i t?hg?ggﬁlg%gewg?lgﬁasﬂ' 30, which allow fluid comuni cati on between
adj agent transyverse_.channels. The transverse and oblique channel s
defite a flui %ﬁ?ﬁﬁf%ﬁ iatal Hhesmal gesietans pRe .pfﬁé%ﬁo&ﬁal%m?ﬁéhe
transverse and oblique channels form a heat dissipation zone between the
inl et ante@iinlepothpsadunction efandle of ghligee cHli vi dual heat sink devi ces,

t he heat dissipation zone may include the entire area between the inlet and
outlet, or a Eigare k7 shbwst awplahenviehe oflevireat sifk according ttowal further
appreciated that the fluid may be a liquid, such as water, or a gas such as
ai r. Theembedirsentnaithinen ahifolra finl piicth fod nadpBleaict sbo@n t he i'nvention, and
may be applicable to a range of such heat dissipation fluids. Wiilst this

enbodi ment  shpypra 18NEKANETaY BBAREAG .%Qavlv%%tﬁé %t Ynklac cfré‘ig\ V@Ff@yﬂq@d

obl i que channel™s, the invention may include a variety of noffun

transyver and/ or oblique channels. Further, whilst the enbodi mrent shows
the transverse channels 25 parallel to the axis 47 of the heat sink device,
ot her enbodi nents may i nclude transverse channels at an angle to the axis,
or even a curvi-linear path. This, the invention provides the designer of
the heat 10 sink device to control a nunber of paraneters and so custom
arrange Pgtailed descriptign\pftherinventiona variety of heat dissipation

appl i cations. It wll be noted that the transverse channel 25 is

el ongat e and ¢heeprtisegt iinventiinr ecovidas t amrentemeedt mian-chantielt brofnihine heat
sink device 5, and the oblique channel is arranged at an angle, or oblique,
to the t¢leaaws et shikfoeirecaitihg A fidkl thismeAEEMROI &t iMBgaReY eirkaitt he
axis of the heat sink device. The arrangenent between the ?ransverse and

xis of the heat sink device | verse and
Comint oo Pon et PRe R alT (HEARd Eelw el RRR FoCR SORMBRaR OB e

oblique g L_is.in theran . t. 5. 20ln a further
enbodi neﬁ‘?ﬁqﬁ%é”‘}seﬁ‘}"e?ﬂoh ‘@E|b%q%°g°r§§'§ﬁ%g{ha&r§{f‘"§éﬁ§%ﬁﬁ"BP‘eFrPa(RV‘Pﬁg Rt of the
transverse-.chanaﬁl ...l n yet anot [}Er errf(ﬁ,di ment, the m crochannel heat sink
may i ncl VRfPUmCRPOABRERtS reliie i vornget gimensions ot legpthad BRudhwilsbe A cover
6 having an inlet aperture and outlet aperture my be 8

appreciated that channel dimensions up to and in excess of 1 mm may equally

fall within the scope of the present invention. Given the dimensions,
20 development of turbulent flow in those channels having a maximum dimension
of léss than 1 mm may be difficult fo‘r practical levels of fluid flow. To this end,
fluid flow may be laminar (Re <2300). This is not to preclude the possibility of
turbulent flow (Re >2300) being established under certain conditions. Whilst the

flow regime within the channels is not a limitation on the invention, practical



arranged to secure to the enclosure. The inlet 10 and outlet 15 may be
configured to receive a fluid 11, 15 froma pressurized fluid supply.

The ther MiD 200e8IPY | ayers for the present invention aPETHE2IIGOVEE! | y
restarted at the | eading edge of each interrupted oblique channel and,
since the 5 average boundary-| ayer thugkness i's thinner for short channels
than for Iong channels, both the |ocal” and average 'heat transfer
coefficient is higher for an interrupted surface than for a continuous

sur f ace. aRRlicatiops &idhe dpvarmtiendpay irlddaaim flow saoreapaddy phan twbutemé 11 ui d
40 to be diverted fromthe transverse channel into the oblique channel and
subsequefiowy being injected into the adjacent transverse channel. This
resulting secondary flow 40 may i nprove the fluid m xing and further

enhance the hae hieihed a3f prinUfioBRC®f JheeftbbinkugeviBana@ordingetaltse si zed
such that the bulk of the fluid will flow through the transverse channel s

wth as ri } I i i [ale i ; | & nel s.
The fl ui g?é péaetnfktl,Iii]ﬁ\?\/i{?l?‘(i:kﬂh ic#s]a{(lji %egcgﬁ?gﬂ% k;tg Egi@\ﬁn aﬁ%%gtezggn@grérﬂ%g &%ﬁ%vvs, is

i ndi cated_j h i of .. enhance i crochannel heat .sink in Figure
1(b)f:5§1 ge{nﬂeé:% ﬁhg{bfi‘ggg\{é\ﬁeo%g{]ﬁgtsﬁc rﬁ‘fqﬁéaﬁeﬁ“ﬁli' B 8O I"Bweba e, the
proposed .schene é.eads to hi gher heat transfer rate with the negligible

i ncr emenfMSP-HACEEING RBSHON BBPIING eWHEGU A9uiE ] Tlorgiaap Siftusinte bRREING s
tenpergture 20 gradient are decreased dramatically as a result. in

addi ti %n?t%%l‘ﬁmgrﬁléhh@ﬁml%{rﬁ@@ﬂg ianddilgf.fi cant |y enhanced. Experinment al

i nvestijgation using both silicon thernmal test dies and copper bl ocks al so

confirmed theRefiéraingetb Heguresr &(zf &r 1fiw), f @iaTrmisodinleing isfdtHen ephBnasal ysi s.
WO 2011/ 068470PCT/ SG2010/ 000169 M crochannel |iould cooling By way of

an exanphficiodfahAsi et sitlos/caRbrizestatiéaRTRY rhfsvense BARREIBNitRTthd he
m crochannel heat sink device was investigated. The sinulationis perforned

for the mtﬁf&&hﬁ%ﬁf'aéi%ﬁ%@ggf‘ogn@ps%ﬂna glf?%%f}gg oﬁrtﬂ?hagi S gpRLELri C

paranmeters are liste .coola 'S Case, Tlows .
t hrough the, silicon mgcrochapnels with a nean vel ocity, of m s . and
Reynol dshﬁﬁ}rﬁmk §?V'f§0.§ %Cﬁﬁ:ﬂ?%rt% tﬁnsaf’f%ﬁeﬁf LY. ‘P“a@@@ 8BRS %%Hbgi‘? ed to
the bottomwall of the heat sink. Due to periodic boundary condition 62,
only a crEHEIments gigFighees b&aang (Ruasompaisean watd O into winigh afiuisht Honai n
illustrated in 10Figure 2. Table 1. Geonetric paraneters of the enhanced
m cr ochafiaes. Regjectingkomptedolet 18tis @ plurlity of thahs\grs¢ thajpnelsd2methiah dt h
\\lc

terminate at the outlet 15 from which the fluid 16 is vented.

15 - Located between the transverse channels 25 are a plurality of oblique
channels 30, which allow fluid communication between adjacent transverse
channeis.

The transverse and oblique channels define a fluid path from the iniet to
the outlet. Accordingly, the transverse and obliqgue channels form a heat

20 dissipation zone between the inlet and outlet. Subject to the design of individual

heat sink devices, the heat dissipation zone may include the entire area

between the inlet and outlet, or a smalier subset within the device.



(-Lm Channel

thickness t (1n) Heat flux gq" (WcnR) 100 100 400 770 900

10

15

20

WO 2011/068470 PCT/SG2010/000169
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It will be appreciated that the fluid may be a liquid, such as water, or a

gas such as air. The precise nature of the fluid is separate from the invention,

and may be applicable to a range of such heat dissipation fluids.

Whilst this embodiment shows a unifo_rfnly spaced 50, 55 array of
transverse andv oblique channels, the invention may inélude a variety of non-
uniform transverse and/or oblique channels. Further, whilst the embodiment
shows thétransverse channels 25 parallel to the axis 47 of the heat sink device,
othér embodiments may includé transverse channels at an angie to the axis, or
even a curvi-linear path. This, the invention provides the designer of the heat
sink dévice to control a number of parameters and so custom arrange the heat
sink device to suit a variety of heat dissipation applications.

It will be noted that the transverse channel 25 is elongate and ex{ending

" in a direction transverse to an axis 47 of the heat sink device 5, and the oblique

channel is arranged at an angle, or oblique, to the tfansverse channel, and in
this ‘embodiment at an ang!le to the axis of the heat sink device. The
arrangement between the transverse and obligue branching channels is such
that the transverse channel is in fluid communication with the oblique channel.
in one insta.nce, the angle of the oblique channel is in the range between 15° to
45° |

in a further embodiment, the size of oblique channel may be smaller than
fhe size of the t}ansverse channel. in yet another embodiment, the
microchannel heat sink may include an enclosure for housing the array of

oblique channels. A cover 6 having an inlet aperture and outiet aperture may be

height H(1m) Fin length L (1n) Fin pitch P (-Lm Substrate



200 100 Figure 3 shows the bottomwall (heater) tenperature profile
for the enhanced m crochannel heat sink. The maximumwal|l tenperature is
Tw. max 15WO20U@634Whi | e t he tenperature gradient is, TwalPCTSGRZRLO®B16The
conventional m crochannel. heat sink on the other hand has a maxi mumwal | -
tenperature 'of 52.2C and a tenperature gradi ent of maxi num 16. 3C, Thus the
i ntroduction of oblique cuts along thd fins resulted in the significant
decrease of both the 10 naximumwall tenperature and tenperature gradient
of 3.8 asrdarggetCto esgrmrei teeltje enclosure. The inkgtr tluand wutiet thHemabl bgue
channel s | eads to significant |ocal and gl obal heat transfer enhancenent as

i I'l ust r ag@figured-ictgceive a TioR #ppes fdin hqsiabsmieatfidia @applgr coefficient is
i ncreased by 40% al nost ever ywhere. Thi s heat transfer enhancenent

techni que is 1 r LME v (T : essure
drop penalty.%%ﬁ%%ed)és‘%@é\ér??%%éé gﬁfgﬁégﬁg%ﬁmtlﬂg&glrdgsétefg‘&rogg;aﬁ r the
enhanced _nm.cro nel. _heat sin be compa le tqg that of a conventional
m croc haﬁ%r{ﬁgﬁﬂgﬁﬁ?&ng edsge lé&%%&bf'ﬁgﬂugfed;%@lﬂ%gc n @”Sb?'f‘ﬁﬁgh% hannel s
can be varied to create an t?]r_ray of, oblique channels at different density.
For 8ne 8YRIBEP Rtndagy-tavesthickness isfthimargiee hoshrBRBNela dhant tor HPRGier
occurrence of thermal boundary |ayer redevel opment and fl ow diversion,

whi ch cathannels, drdh dhedocal ard @yeragaaheat Manktar grafficentisckighe fordas,

changi ng ot her key paranmeters of the oblique 15 channels such as the width

of channiaterngndd tsaefagaghandbr bheortinluoggeswtfrending preidbace @$Whé obliqdef f er ent
pressure drop and heat transfer performance (especially for higher flow

rate congiinr)alsd tadises Abar FathkOfluigodb doPBe Caivehed Rith the RERERMEe
significantly enhanced heat transfer performance at affordable pressure

drop. Fi (; (i 1 e_Lhe fy ation. of. en ced 20
m crocha%lrfga ?2da%ovﬁ1}é$e Iﬁé’%#ﬁ%h@S?éﬁdsgm&%%@Qf %&Héh@% T?q'ﬂgongﬁ nnel s
70 are reduced,, as conpared to.the .spacing 95 of the ansverse channel 90,
{osultti naRoR EErSR PRETnG THi e SesrncEry Bow MR VR de

di ssi pati n_g fins 85 about which the secondary flow 80 noves. WO .
2011/ 0680 FuKiEROdofustier 6enhance the heainiratsieinpedormancep el ofligueor t he
m crochannel as depicted in Figure 7 with the detailed geonetric paraneters
| i sted icharadle a2e dibe siped anchwivakithg bulkiaf, thesafleid will fibwsthrasgh thé ows

t hrough the silicon mcrochanneis with a nean velocity of 1 nmls and

Reynol dstratgkgse addhabpls Avithidf epfalihgattibh Lf Adw1lROMeRGRinduses Uipld ithd to the

bottomwal|l of the heat sink. Due to periodic boundary condition, only a
channel - bhiRyRALRasts TPREHREH path, which is divided into the main and secondary
15. flows, is indicated in the plan view of the enhanced microchannel heat sink in

Figure 1(b).

CFD analyses show that for a given fixed mass flow rate, the proposed
scheme Ieads to higher heat transfer rate with the negiigible increment of
pressure head. Both the maximum wall temperature and its temperature

20 gradient are decreased dramatically as a result. in addition, convective heat
transfer is significantly enhanced. Experimental investigation using both silicon

thermal test dies and copper blocks also confirmed the enhanced heat transfer

performance achieved in CFD analysis.



Table 2. Geonetric paraneters of the enhanced m crochannel heat sink with
oblique cuts (smaller fin pitch). 10 Aspect ratio a Fin width W, (-Lni)
Channel \WEt2B1N68470- Lna) Channel height H (Pm) -51) Vr PCTEGAVH00E P (gm)
Substrate thickness t o

Microchannel liaguid cooling

By way of an example the laminar flow and heat transfer in one
embodiment of the microchannel heat sink device was investigated. The
simqiation is perfofméd for the microchénhel 60 as depicted in Figure 2. The

5 detailed geometric parameters are iisted in Table 1. The cboiant, water in this
case, flows through the silicon microchannels with a mean velocity of 1 m/s and
" Reynolds number of 160. A uniform heat flux 64 of 100W/cm? is suppiied to the
bottom wall of the heat sink. Due to periodic boundary condition 62, only a
Channél-ﬁn 60, 66, 68 pair was modeled with the sihuiation domain illustrated in

10 Figure 2..

Table 1. Geometric parameters of the enhanced microchannel heat sink.

Fin

Aspect Fin Channel | Channel Fin Substrate Heat
Taiio vs./idth width height length | pitch thickness fiux -
a W, W H L P t q”’

(um) | (um) | (um) | (um) | (um) (wm) (W/em?)
4 100 100 400 770 500 200 100

Figure 3 .shows the bottom wall (heater) temperature profile for the
enhanced microchanne! heat sink. The maximum wall femperature is fw,max =
48.4°C, while the temperature gradient.is, ATway = 12.6°C.  The conventional
microchannel heat sink on the. other hand has a maximum wall temperature of
52.2°C and a temperature gradient of maximum 16.3°C. Thus tﬁe introduction of

obiique cuts along the fins resulted in the significant decrease of both the



(-1m Heat flux q" (Wcn2) 100 100 400 200 300 200 100 15The bottom wal |
(heater) tenperature profiles for the conventional and enhanced.

m cr ocharM©|20H&®8478i nk are plotted in Figure 7. The nmaxiPlifsGAM0/000169
tenperature, Tw.max for the enhanced m crochannel with smaller fin pitch is
recorded at 46.4C, while the tenperature gradient is, Twall 11.6C This
configuration showed further heat trab&fer enhancement, where both maxi num
WO 2011/ 068470PCT/ SG2010/ 000169 12 wal |l tenperature and tenperature

gr adi ent miaginhumt veall |tempecatury andCtemperatoe rgragient i ol 3.8i mndord&iG son
with the enhanced m crochannel with larger fin pitch. Significant
enhancengsdpectivéipcal and gl obal heat transfer coefficient is

The introduction of the oblique channels Ieads to significant _chal and
global heat transfer enhancément as illustrated in Figure 4. The apparent local
5 heat transfer coefficient is incréased by 40% almost everywhere.

| This heat transfer enhancement technique is particularly attractivé as :
there may.be little or no pressure drop penalty. It can be seen from Figure 5 that
the pressure drop for the enhanéed microchannel heat sink cah be comparable
to that of a conventional microchannel heat sink.

10 -'The_ pitch or spacing 6f the obiique channels can be varied to create an
array of oblique channels at different density. For one embodiment, a denser
array of oblique channels leads to higher occurrence of thermal boundary layer
redevelopment and flow diversion, which can be translated to.. better heat

~ transfer performance. Besides, changing other key parameters of the oblique

15 channels such as the width of channels and the angle of the oblique channels
wouid result in different pressurev drop and heat transfer performance
(especially for higher flow rate condition). Thus, optimizatioﬁ could be carried
out to achieve significantly enhanced heat transfer performance at affordable
pressure drop. Figure 6(a) & 6(b) illustrate the other configuration of enhanced

20 microchanne!l 69, where the pitch 75 and width 76 for the oblique channe‘ls 70
are reduced, as compared to the spacing 95 of the transverse channel 90,
resulting in a denser array of oblique channels 70, and smaller heat dissipating

fins 85 about which the secondary fiow 80 moves.



5 observed for the enhanced m crochannel with finer fin pitch in conparison
wi th conventional mcrochannel and enhanced m crochannel with coarser fin
pitch as WOrbH#wBHPed in Figure 8. Wth finer fin pitchpPCTis6é2ennanseed

m crochannel - coul d achi eve an average heat transfer coefficient  of

45, 000W n2K, which is -40% hi gher thaAlthe enhanced nicrochannel with
coarser fin pitch and -80% hi gher conpared with conventional m crochannel.
Besi des si nul at iSYRUERpiASPERRTIRIMesH {Rsdhe queroohanine! ad gepicted ini Bdurett t o st udy
both the pressure drop and heat transfer performance of the enhanced .

ni cr ochanndV the dstajiengaeaetireaaragietts listadeinoFabto ppdine(@omEmewotdiracks) and
silicon (flip chip thermal test dies) are both evaluated in the experinent.
Copper 15 H¥&EIVapCinowarasel finwathreugik sheasiicors edcrochanneispeitt o rmeaice

eval uation for | arger size channel while silicon based m crochannel heat

si nk focus ‘GIPEWS T 8Y's 8ng Reyprigsnaymbealditled diifremdieeniuxfasn 08AEmT est pi ece
are tabul ated in_Table 3. For each of the experinental set, there would be
an enhariceds MUPPHRSh NS bajtem Wl phthe beas sinkst Dpk doeparindicabaordass pondi ng
conventional mi crochannel test 20piece with the simlar/conparable

di mensi ons.CoREiPR Al HehwHS-Bm aRIr wes aiddeidhr i cr ochannel heat sink test
pi eces Set #1 Set #2 Set #3 Material Copper Copper Silicon Footprint (mm
25 x 25 25 hebkrl. {geomelpicprameiopyyDihe thGELT BREThSERD 1B, 60 H6@ oblique

cuts (smAaller fin pitch).

10
Aspect Fin Channe!l | Channel | Fin Fin Substrate | Heat
1atio width width height - length | pitch thickness flux
1 a W, W, H L o] t q”’
(em) | (o) | m) | m) | m) | (um) (Wiem?)
4 100 100 400 -200 300 200 100
15

The botiom wall (heater) temperature profiles for theAconventional and
enhanced microchannel heat sink are plotted in Figure 7. The maximum wall
temperature, Twmay for the enhanced microchanne! with smalier fin pitch. is
recorded at 46.4°C, while the temperature gradient is, .ATwau = 11.6°C. This

configuration showed further heat transfer enhancement, where both maximum



1: 3 Main channel width (gm 500 300 117 Oblique channel wdth (gnm) 250 150

51 Fin wwdth (gm 500 300 83 Fin pitch (gn) 2000 1200 400 Channel depth
(gm 1500WVO0 2011/068470 PCT/SG2010/000169
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wall temperature and temperature gradient is further lowered by 2.0°C and
1.0°C respectively in comparison with the enhanced microchannel with larger fin
.pitch.
Significant enhancement in Iocal and global heat transfer coefficient is
5 observed for the enhanced microcha’nnel with finer fin pitch in comparison with
| conventional microéhannel and enhanced microchannel with coarser fin pitch as
demonstr_a.ted in Figure 8. With finer fin pitch, the enhanced mi_crochannel could
acHieve an average heat trahsfér coéﬁ’icient of 45,000W/m?K, which is ~40%
higher than the enhanced microchannel with coarser fin pitch and ~80% higher
| 10 compared‘with conVentional microchan_nel.v
Besides simulation, experimental investigation is also carried out to study
both the pressure drop and heat transfer performance of the enAhanc.;ed
-microchannels. Microchannél heat sinks made of copper (copper blocks) and
silicon (flip chip thermal test dies) are both evaluated in the experiment. Copper
15 based microchannel heat sinks are used in the performance evaluation for
larger size channel while siiicon based microchannel heat sink focus on smaller
size channel. Detailed dimensions for each test piece are tabulated in Table 3.
For each of the experimental set, there would be an enhanced microchannel
with oblique cuts test piece and a corresponding conventional microchannel test
20 piece with the similar/comparable dimensions.

Table 3: Dimensional details for microchannel heat sink test pieces

Set #1 Set #2 Set #3

Material Copper Copper Silicon

Footprint (mm) 25x25 25 %25 12,7 x12.7




1200 374 Oblique angel () -27 -27 -27 Nunber of channel 23 40 69

Figure 9 shows the conparison of heat transfer performance between
convent i ONAI20/B4E8hannel and enhanced m crochannel for PEX(SE620WHNARIEY set
#1. Results fromsinulation and experinental are both tabultated in the sane
graph. 5 Experinental results on enhanced m crochannel heat sink showed
significant increnent of average heat 18y ansfer coefficient agai nst the
conventional m crochannel heat sink. A -80% heat transfer enhancenent is
denons} Mairechaageliwidth fume conyeéfi onal confid0®ation for the flow rates at
-500mL{ m n (Re-450) while the percentage of enhancenent |ncreases to 4150%
when th@bhhﬁy\éﬁaﬂﬁ@ wlathl(gm)ral 330 to -900nil)nk;m (Re-850).14f 1s also noted
that the sinulation results ratched well wjth the experi nmental findings for
both ¢ mcrochannetzpand enfranced Croctranmet T §est—pireces;
show ng ﬁ?‘g} sgﬁ{f}l ation is ablsgato predi ct ge heat trans Der performarlce of

conven 'U||a Ad—enrhanced—m—¢ afnfet—wi-th—opblH-que—euts—pth—good
accurac ?ﬁ*ﬁém%l gni fi cant re@p transfer ¢ ﬁi)flgqrcenen S gqoso evi dent [from
t he pl hts of total thermal resi stance versilis volumetric flow rate for |both
heat s| klkamehdemib{m) i n Fi gurd300, total thé2ORl resistan¥® for both test
pi eces|is reduced as 14
Oblique angel (°) ~27 ~27 ~27

Number of channel _ 23 40 62

_FigUre 9 sh’owsAthe comparison of heat transfer performance between

~ conventional microchannel and enhanced microchannel for'experimental set #1.

Results from simulation and expe.rimental are both tabulated in the same graph.

5 Experimental results on enhanced microchannel heat sink showed signiﬁcant

increment of average heat transfer coefficient against the conventional

. microchannel heat sink. A ~80% heat transfer enhancement is demonstrated

against the conventional configuration for the flow rates at -;SOOmI/mir{ (Re~450)

while the percentage of enhancement increases to ~150% when the flow rate is

10 raised to ~900mi/min (Re~850)._lt is also noted that the simulafion results

matched well with the experimental findings for both conventional microchannel

and enhankced microchannel test pieces, showing that simulation is able to

predict the ‘heat transfer performance of conventional and enhanced
microchannel with oblique cuts with good accuracy.

15 The significant heat transfer enhancemeﬁt is also evident from the plots

of total thermal resistance versus volumetric flow -rate for both heat sinks. As

noted in Figure 10, total thermal resistance for both test pieces is reduced as



the volunetric flow rate increases. The total thermal resistance of
enhanced m crochannel with oblique cuts is -30% 1| ower in conparison with

t he conveWOI20HAl684¥D cr ochannel . I n addition, the maxi numPETESSUOOINSD D
across the enhanced m crochannel with oblique cuts recorded is nmerely -3kPa
when the 5flow rate is set at -900ml/ i n. Figure 11 shows the
conpari son of heat transfer perfornman bet ween conventi onal m crochannel
and enhanced m crochannel for experinental set #2. The predicted average
heat tr alfef @Qlumeiis fleweratefiperaaseserdtieotrinl Hermat hasistandesopephareeds |
basel ine for performance conparison. Experinental results on 10 enhanced

m cr ochamiwrbcisdrovet dwithatobliqee i natserient~30fo aloavergin hearnphrisorsf withcded f i ci ent
is at -80% agai nst the conventional configuration for the flow rates at

- 400mt/ rrwh\/emoaépmidm&rkaﬁvténelnp@cu(ﬁﬁ@ﬁ,aa@_-@Exmm}agsréggu% diopr £366S thed - 150%
when the flowrate is raised to -900nl/ mn (Re-620). Again, the

experi me : L ; ] ] Nk ¢ Lanif i cant.
Tt s 1o A eR e BT i ol ol R o I GBI kb S A
tran%f erﬂ' erfor.mani:e géqﬁgpanced m crochannel with oblique cuts relatively
vel | > 1 n"QYERE 1555t Bhe "™ pressure drop across the enhanced |
m crochannel recorded is nerely -5kPa when the flowrate is set at

-900mL/ mi n. Hegure ldnghaws fe FBMRpaRisencneat tisfek PRERHManEE SeIWesTh based
20 conventional m crochannel and enhanced m crochannel (experinental set
#3) is stoweantionaRnigueeharmel ahd gnhedicet adichmiannehfs fexpedowntalcet #2. f or
conventional mcrochannel is plotted as benchmark for performance

conpari sThe pragietedavirage tiabiaitrahsies cob#iciamiancesaniioharmicbchamiicved a
-30% heat transfer enhancenent at flowrate as |low as -125nJm n ( Re-180).

When t he f J | CRBhARFI tation
woul d i nﬁlfggg_ebgrgﬁ?éf'?'gaﬁ?f ?e’i‘/ﬁz\{i"nﬁﬁg\% F%gt e -lggém%er{ﬁ?%@ggg)s?&?@heat

transfer y b [ L 250 r it h n i onal
S, AN AR AR el . 56 ST Btk e BT,
showi ng a 5_conpar gbl ressure drop between conveptignal rgcrochannel and
enhancedc??ﬁ'E'regEﬁ n~e§%°}3ﬂ9@§1,5t 'ﬁ%cgﬁlﬁﬁ‘qq ﬁ?”l‘%ﬁ?{]‘?? s 8m%f?éﬁﬁéfrent can
be achieved with no or little pressure drop penalty. Besides the uniform
fin pitché@emi/minr@e-ci90)t whiler o feicertaaaeoingnhanssmsst ainsreases| & f or
non-uniformfin pitch configuration. For instance, the fin pitch 115 can be
reduced afl58% edterd tH® fldvocrate dmsraisent Hoas980mbmipotRer62atAgamcémd r at i on
zones 110, to pronote greater heat transfer. This feature is particularly

attracti ygpérirhehrd $eQlitsnéidvaed it heAs tineit drihdnicBie®s id Slghificumg. K19,
oblique channels 111 with finer pitch 115 are depl oyed at the center of the

heat,di sgiseaaét%awﬁ\a%g,ﬁmigﬁt%msﬁm%t@ RRbdiddharhb b ﬁgg%tﬁ pagngéhe@

dissipation is simulate W e appreclated t inaddition to, or

i nst ead , i jtch, Ln 0 | i,au nnel s within
t he heat Bf:c?r?@hﬁ?‘ﬁ;?’f’ LCE&Z%{]@%I ivf'm{rraoﬁ%%og‘gg 'Ieeil%t@%tlf&éelﬁolﬁvéagmf)ﬁe%g%aci ng
of the transverse channgl at thii for this, zane. Tgferir_al b%xgdary

| ayer redRIPHRHRRSSHIRIAROP.RFTasS dhe oRaRred Microghanpelrega SJHEEEy at
the region where finer pitch fins 112 are deployed as 20 illustrated in

t he Fi gurékRa whgn tae(flow ratpieisat aor90@mb@irt.or med for this configuration to
study the effectiveness of finer fin pitch in mtigating hotspot in

el ectroni cs. Heatetrdn$feer patiorovandeyucarhpansorof betiveeac Haaneliican ebasenl at ed,
nanmely the conventional, enhanced m crochannel with uniform (larger) fin

pi t ciy andogvdrairRf mitrotRsMREINRId dhiidhdeenmibibditrel (ekpirintdhtallés 1Btiai | ed

geonetric WD 2011/ 068470PCT/ SG010/ 000169 _
showed in Figure 12. The predicted heat transfer coefficient for conventional
microchannel is plotted as benchmark for performahce comparison.

Experimental data shows that enhanced microchannel achieved a ~30% heat

" transfer enhancement at flow rate as low as ~125ml/min (Re~180). When the



16 paraneters are listed in Table 4. The cool ant, water in this case,

t hrough the silicon mcrochannels wiwth a nean velocity of 1 m's and

Reynol ds WODH/068470160. 5 Tabl e 4. Geonetric paranet er s PET/SGaAe10&dHanced

m crochannel heat sink with nonuniformfin pitch. Aspect ratio a Fin width

W, (Pm) Channel width W (urn) Chan_rl%l height HFin leneth (larger pitch)
I

L; (4m Fin length . (smaller pitch)

(-tm

10

15

20

flow rate is raised, percentage of heat transfer augmentation would increase

significantly. At flow rate ~500ml/min (Re~680), the heat transfer augmentation

can be as high as 125% compared with conventional microchannel.

Figure 13 displays thé pressure drop for both test pieces, showing a
comparable pressure drop between conventional microchannel and enhanced
microchannel. Thus, the significant heat transfer enhancement can be achieved
with no or little pressure "drbp penalty. Besides the uniform fin pitch
configuration, the proposed schéme may aiso be applicable for non-uniform fin
pitch conﬁg.uration-. For instance, the fin pitch 115 can be reduced at selected

locations, such as a hotspot or heat concentration zones 110, to promote

greater heat transfer. This feature is particularly attractive for hotspot mitigation.

As shown in Figures 14(a) and (b), oblique channels 111 with finer pitch 115 are

deployed at the center ‘of the heat dissipation zone 105, where a hotspot 110

with higher heat flux dissipation is simulated.

- twill bé appreciated that in addition to, or instead of, varying the pitch, or
spacing, of the oblique channels within the heat concentration zone, it may aiso
be effective to vary the spacing of the transverse channel at this for this zone.

Therrhal boundary layer redevelopment and flow diversion will occur at

higher frequency at the region where finer pitch fins 112 are deployed as

ilustrated in the Figure 14 (a) & (b). Simulation is performed for this
configuration to study the effectiveness of finer fin pitch in mitigating hotspot in
electronics. Three different configurations of microchannel are simulated,
namely the convéntional, enhanced microcﬁannel with uniform (larger) fin pitch

and enhanced microchannel with non-uniform fin pitch. The detailed geometric

fl ows

-2 (Pin) Fin pitch (larger Ditch) Pi



Fin pitch (smaller -pitch) P2 (11n) Substrate thickness t (urn) Heat flux g

' ' flux g2" (W 4 100 100 400 770 170
) (Wavrs]f(z))zoﬂ?oaﬁgﬂo 42" (W) PCT/SG2010/000169
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parameters are listed in Table 4. The coolant, water in this case, fiows through

the silicon microchannels with a mean velocity of 1 m/s and Reynoids number

of 160.

5  Table 4. Geomerric parameters of the enhanced microchannel heat sink with non-

uniform fin pitch.

Aspect | Fin Channel | Channel | Fin Fin Fin Fin Substrate | Heat || Heat
ratio width | width height length | length | pitch | pitch thickness | fiux flux
Fod Wy W, H (larger | (smaller | (larger | (smaller | ¢ q;7 q="
(um) | (um) | (um) | pich) | pitch) | pitch) |pich) |(um) | (Wiem?) | (Wiem?)
L La(um) |p P> (um)
(um) Ty
4 100 100 400 770 170 900 300 200 100 36()

Botiom wall temﬁeraturé profile for three different microchannel
configurations simuiated is plotied in Figure 15. The conveniional microchanne!

10 registered the highest botiom wall temperature among tne three at 66.9°C with
the tempe'ature gradient at 30.9°C. On the other hand, the enhanced
microchannel heat sink with uniform fin pitch would reduce the maximum
bottom wall temperature and its temperature gradient to 61.8°C and 25.0°C

respectively. For the non-uniform fin pitch scheme where finer fins are deploved

[
(%3}

on top of the hotspot, further temperature reduction is noticed. Maximum botiom

wall temperature is further reduced to 58.0°C with its temperature gradient is



900 300 200 100 300 Bottomwall tenperature profile for three different
m crochannel configurations sinulated is plotted in Figure 15. The
convent i ONAI20/B4EY8hannel 10 regi stered the hi ghest bot PEXIS&GAV10/0p@GHer at ur e
anong the three at 66.9C with the tenperature gradient-at 30.9C. On the
ot her hand, the enhanced m crochannel heat sink with uniformfin pitch
woul d reduce the maxi num bottom wal | Zmpe,rature and its tenperature
gradient to 61.8C and 25.0C respectively. For the non-uniformfin pitch.
scheme wirsduseflitad2.1iChdt israbvirys thaé the pivpassd sthenie captbspeary dffactiver
tenperature reduction is noticed. Maxinmumbottomwall tenperature is
further menhitigading hobshd @Gauiet df alestrémioper at ure gradient is 17 reduced to
22.1C. It is obvious that the proposed schene can be very effective in

ni tigating hoirspaditibhseehel adlRthdeNbfSsented by theNoRiflid EREnGds! Here _
advant ages presented by the oblique channels, 'there nay be further benefit

. . : . el I = 6 sh
" char achs, S Uftnd bedbif 4 AR ind Bblody san Ik Atharmellsl g .2
f ti f hld Angl e. The.P. ' d i :

Functd onFrentd Ewadt FBarattgidls BRI LHA Hrrealar (g de
resi stance, or |owest surface tenperature, achi eved when the oblique angle
i s set tBlotied 3§ ghuctiopof Ohliguerdngleeshe Fiassura Repexassiencetageinpe
pressure 10drop is observed when the oblique angle increases. The

confi gur at functiont of &illiquaeAaglyl és Hsgeprovimieds The maximurowertalptressmate drop
across the heat sink with slightly higher total thernmal resistance as

conpar edrésistafee conlo@ist dLiHfate I8mpashtare, HivkaId whBhstheostiliquier ahdlens may not
be practical as an optimm configuration due to the very thin fins created

15 from the (S t3pep Highdr fodaaiter@al T@éi%tdﬂc%hﬁlftﬁf’égﬁ#d%mc%‘?nﬁé}%bg (@E_&ééﬂré"

integrity of the fins and m ght not be feas or tabricati

vt onor el WRETE? Bptaul AhSARBRRL | mum por for mance merely

because of fahrication issues, :
e con |gurat?on with obligue angle 15° generates the much lower

pressure drop across the heat sink with slightly higher total thermal resistance
as compared to the co_nfigu.ration 30° angle. However, this configuration may
not be practical- as an optimum configuration due to the very thin fins created
15 from the steep cutting angle. This might compromise the ‘structural integrity of
the fins and might not be feasible for fabricatioﬁ. Nevertheless, the performance
at this angle still falls within the present invention, and is not rejected as a
possiblé opfimum performance merely because of fabrication issues.
Based on the characteristic of Figure 16, an angle in the rahge 15° to 45°
20 achieves a beneficial result, though performance up to 60° degrees may still
yield an acceptable result subject to desired conditions.
Figures 17 and 18 show a further embodiment of a heat sink device 130,
whereby the heat dissipation zoné 135 contains multiple heat concentration

zones 140A to D. It will be appreciated that for specific applications, the present



Based on the characteristic of Figure 16, an angle in the range 15 to 45
20achi eves a beneficial result, though performance up to 60 degrees may
still yieve28an/w8vept abl e result subject to desired cond@CTiS6R8L0/000169
Figures 17 and 18 show a further enbodi ment of a heat sink device 130, _
wher eby the heat dissipation zone 135 contains nultiple heat concentration
zones 140A to D. It will be appreciaté8 that for specific applications, the
present WD 2011/ 068470PCT/ SG2010/ 000169 18 invention may be designed to
have t heitven&bnmay bbefsighessiophavethebtaeficiaveeat dissipatiemeriest eveaall but
certain hotspots may exi st that require enhanced heat dissipation effect.
The embodigraspirefarbaWlecebibiriHbidiors oMyt Bist IRAC U] chEnfLs S
invention to accommodate this requi remanty by providing multiple eat
concent r aid : I e S t incide with the

posi ti onimnégs 0 t%ﬁ @eﬁt'ggggc?ﬁ *g‘%%{’é‘%gﬁgﬁ 8&%301:7 %Z]daﬁs %ﬁ?\é{ ﬁtcé%’agﬂyaji t.

The current technolo i,e. conventional mcrochannel, entails :
deteri or ﬁﬁ Réeﬁ?é‘é_t'”i’%i%‘f 19 aﬁ‘é?’i‘m‘?%ﬁ%gﬁ&s reQErasReMaRY PreWgBgs Madiie nue t o
devel op and, t hi cken downstream The proposed technology is a significant 10
i npr oﬁler’rgﬁ?t £ONERRFATQSL ZPNERd ag0WiaiRlY Resitionedi s @s trecoinaidmowth dhe be
significantly enhanced due to the re-initialization of boundary |ayers and
t he i ntr edaiiohing affithe etanindaic/cdmpuneith suph ascaeithtegratnecirayt. be nor e

fl exi bl e where the di nensi ons of key paraneters nay be varied and

non- uni f or m f Thepi ¢éwrkertonfdcabb@igly Oni.aNplcdyiventichdl al hrroétihrepCcabniagat
transfer performance. I n 15addition, this passive heat transfer enhancenent

t echni qu@etdtoihting iHdat GraHsf&t0 p@ﬁ@ﬁﬁﬁﬁ@e %@Qh@%i&éﬂtlﬁyers cSMA ¢ wWith

conventional m crochannels, enhanced m crochan obl rque Channel s
have nuc Lidher : city. Such a, high-efficiency cooling
syst ens @ggélgg é%a;q@tﬁgéﬁergr)oﬁséfe e tﬁ%égggf"ﬁ?d 383%’?‘58%& a ?é'@?camt ure
gener ati ons_of hirgh ﬁg) r de si‘tao/1 el ectr?"nqi c conmponents and devices. This
t echHdl ofjPrOYEMEN RS D08 [Red! | 3P RYeEagmineat dransfer gedPEBaReRs €aBokei ng
t echnol ogi es_ enPI oying m crochannels, and it is useful and inperative for
future ebFiErificgntly enfwincayg Ay ite dhei renigitialin@ion of / IBEUWEOPCTYSS20IDHO0169 19
introduction of secondary flow. The proposed scheme may be more .ﬂexible
where the dimensions of key parameters may be varied and non-uniform fin
'pitch configuration employed to tailor the local heat. transfer performance. In
15  addition, this passive heat transfer enhancement technique incurs little or no
pressure drop penalty.
Compared with conventional microchannels, enhanced miérochannels
with oblique channels have much higher heat removal capacity. Such a high-
efficiency cooling systems can be key enabilers for the successful development
20  of future generations. of high power density electronic components and dévices.
This technology contributes directly and significantly to electronic cooling

- technologies employing microchannels, and it is useful and imperative for future

electronic cooling applications.



Clainms: 1. A heat sink device for dissipating heat froman electronic
conponent nounted thereto, the device conprising 5an inlet for receiving a
fluid an WOR2PHY06847 venting said fluid a heat dissipati @0TAE6A10/0A0169 nedi at e
the inlet and outlet said zone including a plurality of transverse channels
and a plurality of oblique channels extendi ng betweén adjacent transverse
channel s; 10wherein said oblique and tfansverse channels define a fluid

path for said fluid fromthe inlet to the outlet. 2. 15 3. 20 4,
Claims: :

1. -A heat sink device for dissipatihg heat from an electronic component
- mounted thereto, the device comprising

5 an inlet for receiving a fluid
an outlet for venting said fluid
a heat dissipation zone intermediate the inlet and outlet

said zone including a plurality of transverse channels and a plurality of

oblique channels extending between adjacent transverse channels;

10 'wﬁerein said oblique and transverse channels define a fluid path for said

fluid from the inlet to the outlet.

2. The heat sink device according to claim 1, wherein said oblique channels
are positioned at an angle to the transverse channel in the range 15° to
15 450, |

3. The heat sink device according to claim 1 or 2, wherein said oblique

channels are positioned at an angle to the transverse channel in the

rangé 20° to 45°.
20
4. The heat sink device according to any one of claims 1 to 3, wherein said
oblique channels are positioned at an angie of 30° to the transverse
channel.
25 5. The heat sink device according to any one of the preceding claims,

wherein the cross-sectional area of any one of the oblique channels is



25 5. The heat sink device according to claim1, wherein said oblique
channel s are positioned at an angle to the transverse channel in the range
150 to 45VOPhH/Me8HD sink devi ce according to claim1l or P2I/SeRew&INHEai d
oblique channels are positioned at an angle to the transverse channel in
the range 200 to 45. The heat sink de¥' ce according to any one of clains 1
to 3, wherein said oblique channels a positioned at an angle of 30 to the
transverse chann he heat sink device according to any one of the

| .
precedi ng cl ?ﬁ%,ﬁ'_‘% ITRSTHECYgHARA ot theansvarsa chanpals kefwesh the
obl i que channghishitfe o¥fied ARG 44PECEL SG2010/ 000169 20 | ess than the

cross-section area of the transverse channels between which the oblique
channel extends. 6. The heat sink device according to any one of the
precedi ng cl ainms, 5S5wherein elenents of the heat dissipation zone separating
the channels are heat dissipation fins, said fins in heat transfer

conmuni cat ONMié hBat §ifk BboRkbRRbAIAENBAIR bne Bm%eﬁééhg%%{ﬁ?@ev' ce

according to any one of the preceding clains, gue channel s
are @ni f or nl YWReEiRalemesis o4 te bealedissindtion zdne demmrating thepeaharmelzone. 8.

The heat sin - A6 [ . one of. claim1 to 6, further

i ncl udi ng at rggﬁs% ?ﬁ%ﬂﬁé&[ﬂo& @%’n%éﬁé§ i'%ﬁeﬁgﬁﬁﬁn%ﬁ APmMycalion Win 48¢ pat i on
15zone, such dgibetrosipaohnit®nent.obl i que channels within the at | east one heat
concentration zone is |less than the spacing of the oblique channels wthin

a remaining portion of the heat dissipation zone. 9. The heat sink device
according to any one of claiml1 to 6, further

7. The heat sink device according to any one of the preceding claims,
10 whérein the oblique channels are uniformly spaced from each other

within the heat dissipation zone.

8. The heat sink device according to any one of claim 1 to 6, further |
including at least one heat concentration zone within the heat dissipation
15 zone, such that spacing of oblique channels within the at least one heat
concentration zone is less than the spacing of the oblique channels

- within a remaining portion of the heat dissipation zone.

9. The heat sink device according to any one of claim 1 to 6, further
20 including at least one heat concentration zone within the heat dissipation
zone, such that spacing of transverse channels within the at least one
heat concentration zone is less than the spacing of the transverse

channels within a remaining portion of the heat dissipation zone.

25 10. The heat sink device according to claim 8 or 9, wherein there is a

plurality of heat concentration zones within the heat dissipation zone.



20i ncl uding at | east one heat concentration zone within the heat

di ssi pation zone, such that spacing of transverse channels within the at

| east oneVReatl/t8tibentrati on zone is | ess than the spaciPRd/S6R010/H80169
transverse channels within a remaining portion of the heat dissipation
zone. 251 O The heat sink device accgrding to claim-8 or 9, wherein there
is a plurality of heat concentration Zones wi thin the heat dissipation

zone. 11 heat, sink device according to one of the preceding |

crar s, whddoine fedh ShF ReNEhidmoR Ao kA dar NG e channel s

has a Reynol dghé¥eirmiiidl fRw witArnthé3Pensverse and/or obligue channels has a
‘Reynold’'s Number less than 2300.



