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Vapor Chamber Heat Sink with
Hollow Fins

A new vapor chamber heat sink with maximum fircieffcy is presented. The fins are

hollow, so the vapor generated at the base flowsoughe top of the fins. As a result, the

heat sink is practically isothermal. A prototypetioé hollow fin vapor chamber heat sink

was built and tested. The prototype presented 288 bverall thermal resistance than

conventional pin fin heat sinks with the same naaskvolume. A theoretical model for the

heat sink thermal resistance was developed andgheement between the model and the
experimental data is fair.
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Nomenclature

A =area,m

din = fin diameter, m

h = convection heat transfer coefficient, W/(mz2K)
q = sink heat transfer rate, W

R = thermal resistance, K/IW

t = plate thickness, m

T = temperature, °C

Subscripts

a  =relative to air

amb = relative to ambient

b = relative to boiling

bl =relative to boiling on the source area

b2 =relative to boiling outside the source area

cond = relative to condensation
conv = relative to convection

m = relative to material

S = relative to spreading
v = relative to vapor

w  =relative to tube wall

Introduction

The ever-increasing heat flux levels produced bgctebnic
devices have led to the search for more efficientt smaller heat
sinks. The performance of traditional air-cooledtrsink approach,
i.e., a solid base plate with attached fins, rezuithermal gradients
to appear. That is because they are based on theomduction of
solids. On the other hand, the vapor chamber hektapproach is
based on phase-change heat transfer, which requiraler thermal
gradients. The smaller the thermal gradients indideneat sink, the
smaller the overall thermal resistance of the bizdd

There are innumerous woks in the literature dealiitty the
modeling and optimization of traditional heat sinkise Culham et
al. (2001), Khan et al. (2003), Muzychka (2003).eTtypical
geometry of a conventional heat sink is shown i Ei The base
plate spreads the heat from the electronic dewice targer area,
where the fins are attached. The heat is then mdited to the
ambient air through the fins. The back surfaceh&f base plate,
which is not in contact with the fins, can be gefigrconsidered
adiabatic. The heat sink overall thermal resistasickefined as:
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where Tgouce and T,np are the heat source and the ambient
temperatures, respectively, agds the heat transfer rate through the
sink. It can be divided in three parts:

I:zoveralll = Rs + I:zm + I:el‘ins (2)

Muzychka et al. (2003) presents the analytical timiu
developed by Yovanovich and co-workers for the agimy
resistanceR; of the base-plate. The base material resistdice
corresponds to one-dimensional heat conductiorugira slab of
finite thickness and area and is well known frorassical heat
transfer books (Incropera and De Witt, 1992). Thermal
resistance of the finRy,s is also known from the classical heat
transfer literature. This resistance takes intooant both the
conduction inside the fin and the film resistarioz, the resistance
associated to the convection heat transfer betwheeriins surface
and the air. According to Culham et al. (2001), wdiodied the
influence of material properties and spreadingstasce in the
thermal design of plate fin heat sinks, the filmistance can be as
high as 80-90% of the overall thermal resistancéhefheat sink.
Khan et al. (2003) studied the role of fin geomeatryheat sink
performance. They employed an entropy generatichadeo show
that the circular shape is the most suitable fos,fiespecially at
relatively low air velocities.
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Figure 1. Conventional heat sink approach.
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Another heat sink approach, the vapor chamber aphrohas
been developed in the last two decades (Koito et 2003;
Mochizuki, 2006 and 2008). The main difference le=twthe vapor
chamber heat sink and the conventional one isénid base plate,
which is hollow in the vapor chamber concept. Iesitie vapor
chamber there is a small amount of saturated wgrRind. Heat
coming from the heat source vaporizes the liquiti ¢he vapor
spreads evenly on the entire chamber surface alteralls, where it
condenses and returns by gravity to the evaporatiection.
Therefore, the vapor flow acts as heat spread@lacieg the
conduction of the conventional heat sink base plahe advantage
of using vapor chamber as heat spreader is thatetiperature
gradients in the base plate are smaller than irsthid base plate
concept, which in turn translates into a smalleeagding resistance
Rs in Eg. (2). Mochizuki et al. (2008) presents aieew of the
designs employed over the last years for persarapater cooling.
The vapor chamber concept presents the lowest lbwbermal
resistance among all the concepts implemented rs&ito et al.
(2003) verified that the use of a vapor chambeddet» a more
uniform temperature distribution in the heat sink.

The main disadvantage of the vapor chamber heatdpr is
the gravitational orientation. The heat source nhestocated at the
lower part of the chamber, where the liquid accuatad. In order to
minimize this problem, porous media, such as firestmscreens or
sintered metal powder layers have been applied & the
evaporation section. Mochizuki et al. (2006) testemth porous
media and concluded that a combination of sintemgber powder
over the heat source with 200 mesh screen overetheaining area
yielded the best result. The metal screen offess faction for the
return of the condensate to the evaporation arake e sintered
powder over the evaporation area itself helps keppi wet for
larger heat fluxes. Despite not eliminating thelgbean completely,
the use of porous media allows the vapor chambepéoate in non-
horizontal orientations.

Vapor Chamber with Hollow Fins

The conception being proposed here is to use hditmminstead
of conventional solid fins. The fin void communiestwith the
vapor chamber of the base plate. Figure 2 shovehensatic of the
concept. The working fluid vaporized at the base i@ach the top
of the fins. As a result, the fins are virtuallytisermal. The fins
operate in a manner similar to the condensers adj-phase
thermosyphons. In fact, the hollow fin heat sinlaisype of two-
phase thermosyphon, which is in turn a type of Ipéia¢. In the
classical heat pipe, the condensate returns teevhporator zone
through capillary forces of a porous structuree lmall sintered
metal particles or metal mesh layers. In the twasgh
thermosyphon, the liquid returns by means of gyawitly. In the
hollow fin heat sink, the fluid condensation filmowes by gravity
toward the main base chamber and then, like a aeguhpor
chamber, it spreads over the heating area by mefas porous
structure.

Two-phase thermosyphons and heat pipes have beetoped
by the authors in the last decades for a largeetyadapplications,
like heat exchangers (Molz et al., 2004), cookimgrs (Milanez
and Mantelli, 2006a) and industrial heaters (Milaa@d Mantelli,
2006b; Angelo et al., 2007). The main advantagevofphase heat
transfer devices, like the hollow fin vapor chamheat sink, is the
surface temperature uniformity. Recalling the d&bn of fin
efficiency (Incropera and De Will, 1992), i.e., theat transfer rate
of the actual fin divided the heat transfer ratawofisothermal fin at
the fin base temperature, one concludes that thievhdin has
virtually 100% efficiency. That means the fins stanceRy,s IS
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negligible and consequently the heat sink oveedlistance (Eqg. (2))
becomes smaller.

The main objective of this work is to demonstratattthe
hollow fin vapor chamber approach leads to a smalerall heat
sink thermal resistance than the conventional bie&tapproach. A
prototype was built and tested. Also, a theoretimadel for the
thermal resistance of the hollow fin vapor chambeat sink is
developed and compared with the obtained datardeéts are also
compared against theoretical predictions from ttezdture for the
conventional heat sink approach.
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Figure 2. Vapor chamber heat sink hollow fin concep  t.

Experimental Study

Figure 3 shows pictures of the main parts of tleeqtype of the
hollow fin vapor chamber heat sink. It was madettoh copper
plates and tubes. The tubes (hollow fins) are setfi¢o the top
chamber plate (Fig. 3.b) in a staggered arrangensxt160-mesh
size brass screens were spot-welded on the loweminér plate
(Fig. 3.a) as porous media. After appropriate dlaarthe upper and
lower chamber plates were bolted together througfiarge. A
rubber gasket between the upper and lower platewided
appropriate sealing. After assembly, the flange wasrmally
insulated so it did not participate in the heahsfar. The heat sink
base dimensions are 130 x 135 x 9 mm, excludinglamge. The
77 fins were made of 9.53 mm external diameter eppybes with
0.39 mm wall thickness and are 63 mm high.

The chamber was evacuated and charged with thevgofikiid
(distilled water) through a small copper tube itetrand soldered
on the chamber lateral wall (Fig. 3.a). The bacle 9f the lower
plate was also insulated. It is convenient to neentthat the
manufacturing procedure employed here is suitabiy dor
laboratory tests. For industrial scale productemore appropriate
procedure should be developed.

During the tests, the prototype was air cooled bg2.88 W
electronics fan placed on the top of the fins. Theat sink
temperature distribution was measured through 38ypk-
thermocouples. The heat source was a 45 x 45 mmecdgock
with cartridge heaters inserted. The power inpsitete ranged from
25 to 250 W. Five working fluids filling ratios wettested, ranging
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from 15 to 60% of the base chamber volume. EverhHersmallest

is large and has little impact on the total thermeslistance of the

filling ratio tested, there was more than enoughili to saturate the network. Therefore, it is assumed that the onlyt lreasfer from the

6 screens layers welded to the chamber base.

Figure 3. Prototype parts.

For every power input tested, the heat sink ovettadirmal

heat source is by boiling, taking place right abtive heat source
area. The thermal resistance across the chamlmecapper wall is
also neglected. The same is valid Ry, the fins wall conduction
resistance shown in Fig. 2. Therefore, the overadl the heat sink
thermal resistance are reduced, respectively, to:

F'Zc'verall = Rol + Rt:ond + Rt:onv (4)

Rsink = Rbl + Rcond (5)

The condensation thermal resistance and the botliregmal
resistance are obtained, respectively, from:

_ 1
Rcond B Acondhcond (6)
1
1T 7
Rb Asourcehb ( )

The boiling heat transfer coefficiertt, is obtained from
literature correlations. Carey (1995) presents rsdveorrelations
obtained from experimental data for the heat temsbefficient in
pool boiling. The presence of the wick on the vapleamber base
creates difficulties for the vapor bubbles to dedasm the hot
vapor chamber wall. Therefore, correlations basegaol boiling
are perhaps not ideal, but are employed here angwapn the lack
of specific correlations for the case under study.

The condensation heat transfer coefficienty is also obtained
from literature correlations. As the condenser e heat sink is
composed of several hollow fins that are identtoathe condenser
of a two-phase thermosyphon, the correlations fikaminaga et al.
(1997) and Groll and Rosler (1992), which were ttgved for two-
phase thermosyphons, were employed here. Howeyeeliainary
sensibility study developed by the authors showedt tthe

resistanceR,yera Was computed through Eq. (1). Also, the heat sinkondensation resistané®qnqg in Eqg. (5) represents only 3% of the

thermal resistancky;, was computed as:

(Tsource B Tfin )
q

Rsmk = (3)

whereTy, is the fin external surface temperature.
The sink resistance defined above does not takesittount the

film resistance, i.e., it is related to the heansfer occurring inside

sink resistanceRy« and is neglected here. This is due to the
condensation area being much larger than the oélnea and also
the condensation heat transfer coefficient beingela than the
boiling coefficient. ThereforeR.,,q= 0, and the boiling resistance
controls the heat sink thermal resistance, i.e.:

1

Rsmk ) Rbl - A%ourcehb

®)

the heat sink. The fins temperat(ig was calculated as the average

of the readings of 22 thermocouples spread oveffitiseexternal
surface. During the tests, approximately 95% of ttrermocouple
readings spread within a 2°C range. As the uncdytadf the
thermocouple temperature measurements are +0.8%Ccancludes
that the fins are practically isothermal. The utaiaty of thermal
resistance measurements range between 5 and 1@¥ndileg on
the heat power dissipated.

Theoretical Analysis

The total thermal resistance of the hollow fin vapgbhamber
heat sink is analyzed using the equivalent thermegistance

Results

Figure 4 presents both the measured and the peddietues of
the heat sink thermal resistance as a functiohepbwer output of
the heat source. As already mentioned, the prototyges tested with
five different levels of filling ratio. As one casee, the filling ratio
affects the heat sink thermal resistance, caladlfien Eq. (3). The
largest thermal resistance values were obtaineth&filling ratios
of 15% and 20%. The results suggest that there iwarking fluid
enough in these tests, at least over the heatesotline other filling
ratio data sets (25%, 35% and 60%) present coratitjetower
thermal resistances. For these three filling radi&ta sets, the

network model shown in Fig. 2. TiRg, thermal resistance is related thermal resistance initially decreases with thet lseairce output,

to the boiling heat transfer taking place right\abthe heat source,

while Ry, is related to the boiling taking place outside theat

which is due to the increase of the internal heatsfer coefficients,
specially boiling. The larger the heat source power more intense

source area, ang is the spreading resistance of the chamber walils the vapor mass flow and hence the convectighénliquid pool.

As the chamber wall is relatively thin and larges8lx 130 mm)Rs
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Above 150 W, however, the thermal resistance siaecteasing with
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the heat transfer rate, which is an indication gf@lit. Under these
conditions, the wick is not able to drive the comslte back over
the heat source efficiently. The 25% filling rati@s the best for the
prototype tested because it yielded the lowestnihEresistance,
which is in the range of 0.12°C/W to 0.20°C/W. Thmallest

measured value of the thermal resistance, 0.12°@/&¥, obtained
under 150 W of heat transfer rate.

The theoretical prediction given by Eqg. (8) is afsesented in
the same graph. Four different correlations, ak&lain Carey
(1995), for the boiling heat transfer coefficiéntwere used. As one
can see, there are considerable differences antmmgheoretical
values of the heat sink thermal resistance whéardiit correlations
for the boiling heat transfer coefficient are usied Eq. (8),
especially for low heat transfer rate. The coriefabf Forster and
Zuber, presented by Carey (1995) yielded the basiparison with
the 25% filling ratio data set, especially for hahsfer rates below
100 W. Above this value, the occurrence of dry-matkes the data
trend to depart from the model. Therefore, at theénmum filling
ratio, which is 25% for the prototype tested, thedel with the
correlation of Forster and Zuber for the boilingahdransfer
coefficient predicts the thermal resistance faivill until the
occurrence of dry-out, which for the prototype ¢dsbccurred at
approximately 100 W.

1.4+
] theory (Forster and Zuber corr.)
1.2 4 theory (Kutateladze corr.)
------------ theory (Stephan and Abdelsalan corr.)
4 = — — theory (Cooper corr.)
m  experiments (15% filling ratio)
.04 experiments b filling ratio
1.0 i (20% fill i)
v experiments (25% filling ratio)
1 ¢ experiments (35% filling ratio)
g 0.8 ®  experiments (60% filling ratio)
o J
e
£ 0.6
@
[1'4 4
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0.24
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y T T T T T
0 50 100 150 200 250 300
qw]

Figure 4. Heat sink thermal resistance as a functio  n of the heat transfer rate.

Comparison with Conventional Heat Sinks

A theoretical analysis was developed in order teess the
advantages of the vapor chamber heat sink ovecahgentional
approach. The objective is to compare the thergsttances of the
experimental prototype and of a conventional ha#. $n order to
obtain a proper comparison, the conventional heéttsas the same
external dimensions (135 x 130 x 72 mm) and theesamrass as the
prototype tested. Also, the fins of the hypothetmventional heat
sink has the same fin external geometry, i.e.ndyical. However,
the fin diameter and the base thickness of the @minal heat sink
must be smaller than the hollow fin vapor chambetqgtype in
order to keep the mass of the two systems equalileWhe
prototype weights 1.01 kg, a conventional heat siakde of copper
with exactly the same base thickness and fin diames the
experimental prototype would weight approximately Kg.

Table 1 presents the thermal resistances of segen@kentional
heat sinks with the same mass and external dimehsas the
hollow fin vapor chamber prototype tested. Sevedifigurations
with different base plate thicknessesand fin diameterd;, are
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shown. The spreading resistané® was computed with the
analytical model presented by Muzychka et al. (3003e fins
resistanceRy,, the fin efficiencyr;, and the material resistanBg,
of the base plate were computed from analytical et®dvailable in
Incropera and de Witt (1992). In this analysis, tbavection heat
transfer coefficient 1,5,y = 50 W/nfoC. This value is the average
of the values encountered in the experiments. Dhedt overall
thermal resistance of the conventional heat sinkpproximately
0.38°C/W. For the best filing ratio tested, i.e5%, the
experimental data range between 0.26°C/W and 0/84°C
Therefore, the overall thermal resistance of thetqtype is in
average 20% smaller than the resistance of the dwestentional
heat sink with the same weight and occupying tineesaolume.

Table 1. Conventional heat sink with 1.01 kg and sa  me volume as prototype.

t dfin Rs Rm Rfins F'Zoverall .
[mm] | [mm] | P"C/W] | [°C/W] | [CW] | [°C/w] | i
1.0 | 473 0.2447| 0.000142 0.232 0.477 | 0.85
15 | 452 0.1740] 0.000214 0.242 0.416 | 0.85
2.0 | 430 | 0.1354] 0.000285 0.254 0.390 | 0.84
3.C | 3.8z | 0.094: | 0.00042" | 0.28¢ 0.37¢ 0.8¢
40 | 3.24 | 0.0728| 0.000570 0.329 0.403 | 0.81
5.0 | 2.52 0.0597| 0.000712 0.406 0.467 | 0.78
6.0 | 1.43 0.0511] 0.000855 0.604 0.656 | 0.68

If one subtracts the external convection thermalistance,
defined agheonvAiim)-1, WhereAyq, is the total external surface area
of the fins and the base plate, one gets an appatiin for the
resistance associated to conduction heat transféoih the base
plate (spreading) and the fins (fin equation). Thesistance, related
to the thermal gradients of conduction heat transfed.13°C/W for
the best conventional heat sink. This resistancebeacompared to
the sink thermal resistance values presented prelyion Fig. 4. As
shown in this graph, the measured sink thermaktasie ranges
from 0.12°C/W to 0.20°C/W for the best filling ratilt means that
the thermal resistance of the hollow fin vapor chamheat sink is
in average 20% larger than the best conventionat rsink.
However, at the optimum heat transfer rate, théstasce of the
vapor chamber is still 8% smaller than the pure doation
counterpart. These results show that the domiresistance in the
vapor chamber concept, the boiling resistance,0 large. As
mentioned previously, the boiling resistance resigao 97% of the
sink resistance. It is believed that the porousiaedhployed, i.e.
150 mesh copper wire screens, is blocking the vhpbbles on the
evaporation surface. As already mentioned, thealitee shows that
layers of sintered copper powder are the most ateqporous
media for vapor chambers. However, it was not atddl in the
present study.

The 20% less overall thermal resistance of the vapamber
heat sink with respect to the conventional approsbbws the
importance of the film resistance outside the tsak. As the fins
are hollow, the external heat transfer area is naigfer. According
to Culham et al. (2001), the film resistance islrgest part of the
overall thermal resistance of a conventional hedt. SActually, in
the present experimental work, it represents apprately 70% of
the heat sink overall thermal resistance. Thereftire larger fin
external surface area of the hollow fin conceptise® a decrease in
the overall thermal resistance when compared toctmentional
approach.

Table 2 presents the thermal resistances of theectional heat
sink with the same fin diameter and base platekitgss as the
prototype tested, which weights approximately 4g5 s one can
see, the overall thermal resistance is below 0.A¥;@vhich means
the sink resistance is 0.08°C/W. This conventidmedt sink has
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better thermal performance than the prototype destewever, it
weighs 4.5 times more than the hollow fin vaporrohar prototype.
The excess weight could pose both economical anchardic
problems.

It should be mentioned that the prototype massdcbalfurther
reduced by selecting a smaller wall thickness. mthe prototype
manufacturing, the wall thickness used was the Isstadvailable
commercially from stock pipes. In general, a moretaded
manufacturing process development should be uridertarior to
industrial application of the concept.

Table 2. Conventional heat sink with 4.48 kg and sa  me volume as prototype.

t dfi n Rs Rm Rfins Rovera\JI .
imm] | (mm] | ecw] | [ecwy | ecmwg | eciwg | in
9 9.53 | 0.0353] 0.00128 0.131] 0.168 | 0.93

It should be also mentioned that the comparisonsh wi
conventional heat sinks presented here are eitasedbon same
volume and mass, or on same volume and geometryhas
prototype. However, there is no guarantee thasé¢tected geometry
is the optimum. For example, lower thermal resistancan be
found for smaller heat sinks in detriment of ina®an drag due to
fluid flow around the fins. This could be true fdmoth the
conventional and the hollow fin vapor chamber redaks. A study
similar to the one conducted by Khan et al. (20@2)sed on the
minimization of entropy generation rate could bepkyed here.
Also, further studies are necessary to better wtaled the boiling
heat transfer inside the vapor chamber.

Summary and Conclusions

A new heat sink concept based on two-phase hewtférainside
a hollow fin vapor chamber was presented and aedlyere. A
prototype was built and tested. The results shawatithe measured
sink thermal resistance depends on the workingl ffilling ratio.
For the prototype tested, 25% of the base chamtoeg to be the
optimum level. The optimum working fluid level majso depend
on geometry. The heat sink thermal resistance @gé¢p@nds on the
heat transfer rate. The resistance initially dexgsawith the heat
transfer rate due to the increase of the boilingt higansfer
coefficient. It reaches a minimum and then increasentinuously
due to dry-out.

The boiling heat transfer presents the largesiihkresistance
of the heat sink, above 97% for the prototype tesiéne proposed
model predicts the data fairly well for the optimditing ratio
provided there is no dry-out. A theoretical analyshows that, in
optimum conditions, the boiling resistance insile prototype is
only slightly smaller than the resistance assodiate pure
conduction of the conventional heat sink with tllene mass and
volume. The advantage of the hollow fin vapor chantteat sink is
due to the larger external heat transfer surfaea mhen compared
to the conventional heat sink. For the prototysteid the obtained
overall thermal resistance is approximately 20%llem¢han in the
conventional heat sink. This is because the filsistance represents
70% of the overall thermal resistance of the higédt s

When compared with a conventional heat sink with same
mass and identical external geometry, the hollowépor chamber
prototype presented larger overall sink thermalistasces.
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However, the conventional heat sink present 4.®dimore mass,
which could present economical and dynamic problems

Further work is needed to enhance the boiling hesatsfer
inside the heat sink in order to make it competitito the
conventional heat sink. The fine wire screens vétkicture seems
not to be adequate. Thin layers of sintered copperder have been
reported to be adequate in the literature.

The thermal characterization made here was not noadan
optimized heat sink. The prototype parts were mixden more
easily available stock tubes and sheets, while nlamufacturing
process employed is not adequate for scale pramuctlhe
conventional heat sinks employed here are not aptiineither.
Based on a better understanding of boiling, whclthe dominant
heat transfer mode inside the vapor chamber, amization study
similar to the ones encountered in the literaturaladt be employed
to assess the advantages of the hollow fin vapambler heat sink
under a specific application.
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