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FIELD 5 The invention relates generally to passive cooling schenes, and
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heat pipes typically take on a VEASKBEROUND S,
10 Thermal managemént is a significant issue facing the electronics
industry in light of ever-increasing IC component power levels and power
- densities. Heat pipes provide an important means of passively and
inexpensively transporting heat away from an electronic component to an
area more accessible to higher capacity cooling systems.

15
Conventional heat pipes often comprise an elongated sealed tube that
houses a fluid and a wicking structure. One end of the tube, known as the
evaporator, is brought into contact with a heat generating component.
Thermal conductivity between the heat generating component and the tube
20  causes the fluid in the evaporator to vaporize, where it is forced by pressure
to the opposite end of the heat pipe, referred to as the condenser.

In the condenser, the vaporized fluid condenses and releases its latent
heat of vaporization. The wicking structure operates to draw the fluid back
25 from the condenser to the evaporator. Consequently, the heat pipe thermal
transport capability often depends on the wicking structure performance.

Traditional wicks used in heat pipes typically take on a variety of forms,

such as triangles or grooves, to draw the fluid back to the evaporator. The

30 angles between adjacent edges of the grooves are often set apart at relatively
wide angles on the order of sixty degrees or greater in an effort to minimize
any vapor flow impediments. While the conventional wick structures allegedly
work well for their intended applications, the need exists for a heat pipe
having improved wicking action to maximize heat transport. The heat pipe

35 described herein satisfies this need.



such as triangles or grooves, to draw the fluid back to the evaporator. The
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structures allegedly work well for tHei r i nt ended applications, the need
exists for a heat pipe having inproved wi cking action to naxi mze heat
transport. The heat pipe 35 described herein satisfies this need. WO
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provi des | ow cost passi ve cooling w tguwmvced heat transport ability.
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condenser fluid communication with the corrugated wick.

In another form, the heat pipe comprises a multi-chip module

assembly. The assembly includes a multi-chip module comprisinga

15  substrate and a plurality of integrated circuits disposed on the substrate, and

~ aheat pipe assembly. The heat pipe assembly comprises a heat sink and a

plurality of heat pipes disposed in thermal contact with the integrated circuits.
Each heat pipe comprises an elongated hollow housing having a condenser
end and an-evaporator end. A corrugated wick is disposed within the

20 housing. The wick comprises a plurality of wedge-shaped capillaries
extending from the condenser end to the evaporator end. A liquid is set in
fluid communication with the corrugated wick.

in a further form, the heat pipe operates in accordance with a method
25  of directing fluid away from the condenser end of the heat pipe to an
evaporator end. The method comprises the step of wicking the fluid from the
condenser to the evaporator over a plurality of pleated fins having respective
wicking angles within the range of ten to fifteen degrees.

30 Other features and advantages of the present invention will be
apparent from the following detailed description when read in conjunction with
the accompanying drawings.



end and an evaporator end. A corrugated wick is disposed within the 20
housi ng. The wi ck conprises a plurality of wedge-shaped capillaries
extending fromthe condenser end to the evaporator end. Aliquid is set in
fluid comYRIZUIIHIwith the corrugated wick. In a furt RET/USEIHH20AL heat
pi pe operates in accordance with a nethod 25 of directing fluid away from
t he condenser end of the heat pipe to an evaporator end. The nethod
conprises the step of wicking the fluid fromthe condenser to the
evaporator over a plurality of pleated fins having respective w cking
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10 1:and

FIG. 4 is an exploded view of a multi-chip module assembly that
employs a plurality of heat pipes shown in Figure 1.



WD 2006/ 014288 PCT/ US2005/ 023079 4 DETAI LED DESCRI PTI ON The heat pipe
descri bed herein provi des enhanced cooling capability by enploying a
wicking structure that operates according to "wedge capillary" theory.

This al | oWYOr28¢6/01#288 yse of heat pi pes jn_hi gh-power dendTCHUSRS0PHE 5
applications to mnimze cooling cost & Referring now to Figure 1, the heat
pi pe, generally designated 10, includes an el ongated hollom/housing 12
havi ng a rectangul ar cross-section. The relative dinmensions of the housing
general |y depend on the specific 10 application involved, but nay range

fromone to twelve inches in | eggPaILE’BESORIPTIONNChES in width, and from
0.1 to 0.25 inc
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to 0.008 i %%Oytﬁlgkﬁﬁggﬂ]&ﬁ%ggéOEFSS{aR ﬁ% ¢]8h&g§@ SFF% &}:gl I1laries.
The capil | aanmtga@nsdndnlnmgamellmpwsm ong the entire length of the
housi ng 12 and conprise folded fins 22 joined together at adjacent edges

24 to formnarr ertices defining,an angle 4 i thi,n the 2 ange of

bet ween five tocg\éf%f E‘é’:{’%fﬁ 'Qlé"é ﬂ,rgtgtpg}e%g&pe 9%@3\4‘?’“}/9%@8?9 “Emi gt of the
fin edges fioelodes anciargated holeat bousingri2dvayingds G uUlarctress-seetipre 2 a

|| 1ustrat es’fl%‘l%izﬂ%gﬁhgﬁgibng %é“h&u@lﬁ?ﬂéﬁéﬁéw Héﬁer‘(@@ﬁ%é Qgemfl@' ded fins 22
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- Figure 2b, tb@%fr@hé@d’l vidts, & fieh e t6 V2 igbhes/indtidgied Ryefardbly, thelvany ot her

variati ons %lr%ols (')rlro1|1eed from a thermally conductive metal such as copper.

With further reference to Figure 1, disposed within the housing is a

15  corrugated wick 20. The wick is formed from a thin pleated copper sheet on
the order of from 0.005 inches to 0.008 inches thick to define a plurality of
wedge-shaped capillaries. The capillaries extend longitudinally along the
entire length of the housing 12 and comprise foided fins 22 joined together at
adjacent edges 24 to form narrow vertices defining an angle ¢ within the

20 range of between five to fifteen degrees. Preferably, the intersection point of

- the fin edges form a radius no greater than around 0.005 inches.

Figure 2 a illustrates one embodiment of a wicking structure where the
_ folded fins 22 form sharp contoured grooves for easy insertion into the
25  housing 12 during assembly. [n an alternative embodiment, such as that
shown in Figure 2b, the folded fins 22 define straight V-shaped grooves.
Many other variations are possible.

Referring again to Figure 1, the heat pipe 10 further includes a working
30 fluid 26 such as water, methanol, ammonia, acetone or ethanol to channel
~ along the folded fins 22. Welds or quick-disconnects (not shown}) disposed at
each end of the housing prevent the fluid from escaping the assembly. The
fluid is vacuum sealed within the housing.



Referring again to Figure 1, the heat pipe 10 further includes a working
30 fluid 26 such as water, nethanol, ammonia, acetone or ethanol to channel
along the folded fins 22. Wl ds or quick-di sconnects (not shovvn) di sposed
at each eW@t/4#E8 housi ng prevent the fluid from escafiAgRHE0aNILnb| y.
The fluid is vacuum seal ed within the housi ng. WD 2006/ 014288

PCT/ US2005/ 023079 5 Referring now to Figure 3, fabrication of the heat
pipe 10 is acconplished via straightforward steps that define a uni que

| ow- cost process, generally designated 300. First, a suitable piece of
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In operation, the heat pipe described herein provides enhanced
15  thermal conductivity due to the corrugated wick 20. This is directly due to the
narrowly defined vertices 24 that enable the wicking structure to transport the
fluid 26 in an improved manner consistent with wedge capillary theory. In
general, wedge capillary theory asserts that based on the wetting angle of a
fluid, two plates can be made to meet at a certain small critical angle which
20  will transport a column of fluid asymptotically towards an infinite height.
Based on this theory, | have discovered that by employing folded fins having
vertices that define angles of between ten to fifteen degrees, the wicking
action on the fluid may be maximized while preserving sufficiently wide
pathways through the heat pipe 10 for vapor flow.
25
The enhanced performance of the heat pipe enables its successful
implementation for automatic test equipment (ATE) applications, where the
evaporator may often find itself above the condenser. In such a situation, the
wicking action of the wick needs to be adequate to draw fluid from the
30 condenser to the evaporator against gravity, and still maintain a cycle time
sufficient to provide acceptable heat transfer.

In one application, and referring now to Figure 4, one embodiment of
the heat pipe 12 is employed in a multi-chip module (MCM) 400. The MCM
35 includes a substrate 402 that mounts a plurality of integrated circuits (ICs)



Based on this theory, | have discovered that by enploying folded fins
having vertices that define angles of between ten to fifteen degrees, the
wi cking action on the fluid may be maxi m zed while preserving sufficiently
wi de pat hX&80(M#8Egh t he heat pipe 10 for vapor flow PSE/USR®SEMZhced
performance of the heat pipe enables i% s successful I npl ement ation for
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In operation, as the ICs heat up due to power dissipation, the

evaporator ends of the heat pipe fingers heat up, causing vaporization of the

15  working fluid at that end. The pressure gradient developed inside the heat
pipe forces the vapor through the folded fin channels, away from the
evaporator end, to the condenser end. The vaporized fluid then condenses,
with the heat thereupon transported to the heat sink plate via conduction.
The cold plate module (not shown) further draws heat away from the heat

20  sink plate to a high capacity liquid cooling system to complete the cooling
process.

Those skilled in the art will recognize the many benefits and
advantages afforded by the present invention. Of significant importance is
25 the use of a corrugated wick that operates in accordance with wedge capillary
theory to provide enhanced wicking action of condensed fluid. Additionally,
the structure of the wicking structure enables a low-cost fabrication technique
to further reduce cooling costs.

30 Having thus described several aspects of at least one embodiment of
the heat pipe herein, it is to be appreciated that various alterations,
modifications, and improvements will readily occur to those skilled in the art.

For example, while two specific corrugated wicks were described and
35 illustrated herein, it is to be understood that a variety of materials and shapes



In operation, as the I Cs heat up due to power dissipation, the evaporator
ends of the heat pipe fingers heat up, causing vaporization of the 15
working fluid at that end. The pressure gradi ent devel oped inside the heat
pi pe force¥OrAW LB through the folded fin channels, AFA{PSPOGHPIRE
evaporator end, to the condenser end. ‘The vapori zed fluid then condenses,
with the heat thereupon transported to the heat sink plate via conduction.
The cold plate nodule (not shown) further draws heat away fromthe heat 20
sink plate to a high capacity liquid cooling systemto conplete the cooling
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fabricatio ni que r reduce cooling costs. 30 Having thus
descri bed $epepdingpibeappieatin.| east one enbodi nent of the heat pipe
herein, it is to be appreciated that various alterations, nodifications,
and inprovenents will readily occur to those skilled in the art. For
exanple, while two specific corrugated w cks were described and 35
illustrated herein, it is to be understood that a variety of materials and
shapes WD 2006/ 014288 PCT/ US2005/ 023079 7 may be enpl oyed consistent with
t he wedge capillary principles described herein for use with the heat pipe
to achieve the inproved heat transport capabilities. Further, although
speci fic heat pipe shapes and sizes were presented herein as exanples, a
wi de variety of dinmensional possibilities exist



s depending on the application. 8 WHAT IS CLAIMED IS: 1. A heat pipe

i ncludi ng: an el ongated hol | ow housi ng havi ng a condenser end and an
evaporator end; a corrugated w ck disposed within the housing, the
corrugated wick including a plurality of wedge-shaped capillaries
extending fromthe condenser end to the evaporator end, the wedge-shaped
capillaries including fol ded fins havithg angl es between adjacent fins
within the range of five to fifteen degrees; and a liquid set in fluid
~conmuni caj orrugated wick. 2. A heat pipe according to claim1
wher ei n: g‘?é%nrc’lr"gbhgéﬁagw ck includes a pleated copper sheet. 3. A heat

pi pe accordl ng to claiml or claim2 wherein: the housing includes a
rectangular tu pi pe according to any one of the preceding

cl ai ns V\hﬁl‘ ein R%eﬁtgj?éﬁnaﬁ@kgl ncl udes water. 5. A heat pipe according to any
one of the pr éi@eiibﬂﬁlgtedlfmlmhm%fl'avmgtm@nﬁ@msﬁe&ntﬂ amdan defnonaonsrshaped
grooves. 6. Adfieal, g&b@%r&%@lggédqﬂutﬁuﬁ’t@%u%s o c&Jrl?ca‘E@:i vick f?;gﬁhd}f‘(e%r ein: the

folded fins define™ contou rooves heat pipe according"to any one
of the prd#alily ﬁ@N@dgﬁr%p%@a@Iaﬁes exiending tied the mder@r@r eaktatheoves that form

corner r @bborﬂ@r Gﬁ@@ﬁ@%eéd@éhage@gépmdﬁ%@ %}udﬁ’ng fédEBHirs evlhigRingredul € assenbly

i ncl udi ng)ﬁ multi-chip i ncluding a substrate and a plurality of
integrat “’Yﬁqncﬁﬁiiqc§”tftﬂ‘§§\fbtb@éﬁe trroe REfea o difteen deoreeshard pi pe assenbly, the

heat pi pe assemiglid senidlflu@dl ddehmunication with the corrugated wick.

2. A heat pipe according to claim 1 wherein: the corrugated wick includes a pleated
copper sheet.
3. A heat pipe according to claim 1 or claim 2 wherein: the housing includes a

rectangular tube.

4. A heat pipe according to any one of the preceding claims wherein: the liquid

includes water.

5. A heat pipe according to any one of the preceding claims wherein: the folded fins
define V-shaped grooves.

6. A heat pipe according to any one of claims 1 to 4 wherein: the folded fins define

contoured grooves.

7. A heat pipe according to any one of the preceding claims wherein: the folded fins
define grooves that form corner radii no greater than 0.005 inches.

8. A multi-chip module assembly including:
a multi-chip module including a substrate and a plurality of integrated circuits -
disposed on the substrate; |
a heat pipe assembly, the heat pipe assembly including
a heat sink, ' '



a heat sink, 9 a plurality of heat pipes disposed in thermal contact with
the integrated circuits, each heat pipe including an el ongated hol |l ow
housi ng havi ng a condenser end and an evaporator end; a corrugated w ck
di sposed within the housing, the corrugated wck including a plurality of
wedge- shaped capillaries extending fromthe condenser end to the
evaporator end, the wedge-shaped capi 9 aries including folded fins having
angl es between adjacent fins within the range of ten to fifteen degrees;

mui 1 -chi'p modul e ASHBY P BRETERaF AgheBalh it SRABrLH R E B ga: ea
wi ck i ncligdtss a pleait bejatomapmiuckmgaet 10. A nulti-chip m)dul e assenbl y
according to claim 8 or ,fl, Fot g%,t%ﬁ‘P/Bf?&m?iéél}{santg*}%wn%‘é%hﬁ'&s'ep

rectangul ar tube. 11. A assenbly accordin o any one of
cl ai ns 8 avepargtopkediei n: the liquid includes water. 12. A rrul ti-chip nodul e
assenbly according to agy Q& wickai & Wit Weﬁéﬁ i (; | ded fins
define V-shaped grooves. 0 ﬂ&a Wﬁ S?ES : ﬁg assle ecarccor to any
one of clvwfkipclgdinga owﬂme@féﬂfﬁﬂge-sthﬁléecf Qﬂpd'éﬂe‘éf $wdd"@fﬁ%tf@dw@€ﬁ5@d e@ﬁ?ooves

14. A netihesd &rfapé#'afo%ﬁdi riﬁle %b&@géjsl?a\%a céﬁn@dﬁe& I‘}%:ua%c#aaéﬁn&m,@far@éaeat pi pe
to an evaporator i ncl ng the steps: wcking the fluid

from t he b€ @‘-’e’t‘td"“ﬁN@th@\ﬁﬁﬁfﬁnéﬁé’ﬁeﬁ\;‘éﬁﬂeénﬁeﬁfe&ﬁ and of pleated fins
havi ng respective wi cki AGiq@B@LER AdicinfunREticrAREEheofrBgatb@wldkf t een

degrees. 15. A heat pipe including:
9. A multi-chip module assembly according to claim 8 wherein: the corrugated wick

includes a pleated copper sheet.

10. A mutlti-chip module assembly according to claim 8 or claim 9 wherein: the

housing includes a rectangular tube.

11. A multi-chip module assembly according to any one of claims 8 to 10 wherein:

the liquid includes water.

12. A muiti-chip module assembly according o any one of claims 8 to 11 wherein:
the folded fins define V-shaped grooves.

13. A multi-chip module assembly according to any one of claims 8 to 11 wherein:

the folded fins define contoured grooves.

14. A method of directing fluid away from the condenser end of a heat pipe to an
evaporator end, the method including the steps:

wicking the fluid from the condenser to the evaporator over a plurality of pleated
fins having respective wicking angles within the range of ten to fifteen degrees.

15. A heat pipe including:
an elongated hollow housing having a condenser end and an evaporator end;

a fluid disposed within the housing; and



an el ongat ed hol | ow housi ng having a condenser end and an evaporator end,

a fluid disposed within the housing; and 10 a plurality of pleated fins,
the pleated fins having respective w cking angles within the range of ten
to fifteen degrees, for wicking the fluid fromthe condenser end to the
evaporator end. 16. A heat pipe according to claim15 wherein the plurality
of pleated fins forma corrugated wi dR di sposed within the housing, the
corrugated wick including a plurality of wedge-shaped capillaries

extending fro ; I : 17. . pi pe
according to C’%%@%lt&%ﬁ&ﬁé@éiﬁﬂgrfﬁ%é@%%?‘rﬁagg%@“E;g:{(cu?%gl’cldrbég “Q%ﬁ@@? ed
copper sliberange8f ten thdigenplggecescioowitking thedluichiyoro ke efndenssr ead Ibtheo 17
wherei n: o\ LB& P4 NY i ncludes a rectangul ar tube. 19. A heat pipe
according to any one of clainms 15 to 18 wherein: the fluid includes water.

20. A heat pipe according to any one of clains 15 to 19 wherein: the

pl eated f4g)s QehddlBip¥--2bGARE tILIARY BSwherdin the PRAIRIRRALORSHAPat 0 any one
of claims 15 to 19 wherein: the pleated fins define contoured grooves.
corrugated wick disposed within the housing, the corrugated wick including a plurality of

wedge-shaped capillaries extending from the condenser end to the evaporator end.

17. A heat pipe according to claim 16 wherein:
the corrugated wick includes a pleated copper sheet,

18. A heat pipe according to any one of claims 15 to 17 wherein:

the housing includes a rectangular tube.

19. A heat pipe according to any one of claims 15 to 18 wherein:

the fluid includes water.

20. A heat pipe according to any one of claims 15 to 19 wherein:
the pleated fins define V-shaped grooves.

21. A heat pipe according to any one of claims 15 to 19 wherein:
the pleated fins define contoured grooves.



