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Abstract

Heat pipes are increasingly used to manage heat dissipations in electronic products. In a novel
design approach for these products, a flat miniature heat pipe has been integrated inside the
laminated structure of a printed circuit board (PCB). The capillary wick structure, required to
facilitate the fluid transport, in combination with the orientation of the embedded heat pipe
determines, to a large extent, the heat pipe’s performance. Important design parameters are the
wick’s effective pore size and permeability, together with production and assembly requirements. A
narrow pore gives great capillary pressure, however more friction is encountered. In general, as the
gravitation assisted fluid flow decreases, so does the design freedom to select a type of wick. For
gravity assisted orientations an open wick structure, such as microgrooves, channels and arteries, is
preferred, whereas against gravity a more compact wick, for instance a sintered metal wick, is
required. The optimal capillary structure should be selected for the intended application and
production volume, thus obtaining sufficient heat transport, at the lowest manufacturing cost.

Nomenclature

Subscripts
o aspect ratio ar artery sc screen
F frictional coefficient ch channel sm sintered metal
f friction factor eff  effective st stub
K permeability [m?] ar groove t total
N number of grooves h hydraulic w wick

1 Introduction

Thermal management plays an increasingly dominant role in the design process of electronic
products. Component sizes decrease while performance demands increase, resulting in more power
dissipation on smaller surfaces. In circuit card assemblies (CCAs), thermal management is
hampered by the fact that their organic multilayer PCBs are generally poor thermal conductors and
also by the common practice that thermal issues are usually addressed towards the end of the design
process. As a result a wide variety of add-on cooling equipment (e.g. heat sinks, fans) is required to
effectively manage the heat dissipation of electronic components mounted on the CCA. Due to the
continuous miniaturization, the limits of these solutions are being reached (Lasance and Simons,
2005). Therefore, two-phase cooling solutions (e.g. heat pipes, vapour chambers), offering better
thermal performance, are increasingly used in the design of electronic products. Regrettably, in
most of these products no integrated design approach is incorporated: cooling remains to be add-on
equipment.

The use of heat pipes as a reliable thermal management device for electronics cooling was first
introduced by Cotter (1965). Cao et al. (1993) presented a comprehensive review of miniature heat
pipes and their operating limitations. Jones et al. (2002) reported micro heat pipes embedded in
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laminate substrates, based on a wick structure of microgrooves realized by stacking dielectric layers
in a staggered lay-up. In this case, heat pipe failure occurred around 10W due to delamination of the
PCB. In a previous publication of this study (Wits et al., 2006) a new heat pipe design was
presented. A heat pipe was fully integrated into a CCA, using only standard PCB production and
surface mount device (SMD) assembly techniques, as shown in Figure 1.

Seal grooves

Heat pipe cavity

FR4

—
Capillary grooves

(a) technology demonstrator (b) basic heat pipe structure
Figure 1: Heat pipe integrated into a circuit card assembly.

This paper presents several designs for the mentioned integrated heat pipe. In practice, (high
performance) electronic boards are mainly mounted either horizontally or vertically in a rack
structure. Liquid rack cooling is common for these high performance boards. The challenge is to
transport the heat effectively from the electronic components on the board, to the sides, where the
board is clamped. Here, the heat can be dissipated through the rack structure to the ambient. As heat
pipes are sensitive to their orientation, the design of the heat pipe embedded in the CCA depends on
the way it will be installed. Special attention is given to the selection of the capillary structure inside
the heat pipe. Different structures are illustrated and compared to each other.

2 Heat Pipe Design

Traditionally, a heat pipe is manufactured as a tubular metal structure. It encompasses three
essential parts: an evaporator, an adiabatic transport zone and a condenser, as shown in Figure 2(a).
A heat flux entering the evaporator vaporizes any available coolant liquid; this absorbs large
quantities of heat. The vapour travels through the transport zone to the condenser, propelled by the
difference in pressure. In the condenser the vapour condenses, releasing its latent heat. To complete
the cycle the condensed liquid is transported back to the evaporator by means of a capillary wick
structure. Selecting an optimal type of wick is subject of investigation in this paper.
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(a) traditional (b) embedded in a multilayer PCB
Figure 2: Heat pipe design.

In order to minimize cost, the heat pipes are manufactured using established PCB multilayer and
surface mount assembly technology. A typical multilayer PCB consists of polymeric layers pressed
together with bonding layers in between. On each polymeric layer a metallic pattern can be
produced. This feature can be used to produce the wick structure, as will be shown in Section 2.1.
The heat pipe vapour space is realized by machining a cavity in an intermediate layer. Figure 2(b)
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illustrates an embedded heat pipe using one (thicker) intermediate layer. The height of the heat pipe
can also be varied by stacking multiple layers in between the heat pipe’s top and bottom layer. As
the polymeric laminates and bonding layers are permeable to both water and gases, a copper plated
groove is fabricated around the heat pipe cavity, ensuring a hermetically sealed enclosure. At the
evaporator and condenser region, heat must travel through the laminated PCB layers. These
polymeric layers are poor thermal conductors; hence to transfer heat into and out of the embedded
heat pipe, an array of thermal vias is placed on both sides.

2.1 Wick Structure

To transport the working fluid from the condenser back to the evaporator, a wick structure is
incorporated on the heat pipe’s top and bottom layer. As transport is based on capillary effects, the
effective radius of the structure should be small. This causes a higher (capillary) pressure difference
across the heat pipe. However, the radius should not be too small, as this causes a low permeability
of the wick due to frictional effects. In addition to this geometric feature, the heat pipe orientation is
also important. Body forces acting on the liquid can either increase or diminish its flow. To
maximize heat pipe potential, in general, an open wick structure is preferred in a gravity-assisted
orientation. When the liquid has to ascend against gravity, a more compact wick is required.

In this paper the capillary effects, permeability and heat pipe orientation are investigated for five
different types of wick, as listed in Table 1. In all cases the heat pipe’s performance is evaluated by
its ability to transport power from the evaporator to the condenser end.

Table 1: Case of wick structure.
I | Rectangular microgrooves
IT | Supported foil channel

III | Wire screen

IV | Sintered metal
V | Screen covered artery

Rectangular microgrooves

Rectangular capillary microgrooves are positioned axially along the heat pipe length. A cross
section of the basic design is illustrated in Figure 3(a). In operation, the liquid height at the
evaporator side recedes due to the vaporization. As condensation occurs at the other end, there will
be more liquid at the condenser side. Pressure difference to transport the liquid, is caused by the
difference in meniscus and thus by the liquid height in the grooves, as illustrated by Figure 3(b).
The maximum capillary pressure is determined by the width of the grooves.

(a) basic design

Balal [Seue

evaporator condenser - A—
(b) local liquid height (c) produced on PCB laminate
Figure 3: Rectangular microgrooves.
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Figure 3(c) shows a PCB laminate on which a microgroove structure is produced. It is realized by a
selective plating process, common to PCB fabrication processes. Experiments indicated a minimum
groove width of 50um, based on conventional dry film lithography. Below this boundary, the resist
stripping process used showed problems to effectively strip the resist from the microgrooves after
plating. The smallest applied spacing (stubs) between grooves were 75um. The permeability of
these grooves is relatively high compared to, for instance, sintered porous structures. However, in
counter-gravity orientations the liquid ascents poorly. Also the effect of the counter-flowing vapour
across the liquid surface must be taken into account.

Supported foil channel

By laminating an additional copper foil into the CCA, a channel to transport the liquid can be
realized. Figure 4(a) shows a single channel across the entire liquid cross section. Although sagging
of the foil will not completely deteriorate heat pipe performance, it will be difficult to predict the
actual cross section and thus required liquid volume to fill the heat pipe. This can be prevented by
either plating or etching additional copper stubs, as shown in Figure 4(b). Depending on the number
of stubs, multiple channels can be created and local support of the foil is realised.

— —

(a) one channel (b) multiple channels
Figure 4: Supported foil channel.

At the evaporator and condenser end an opening in the foil has to be made, to allow the vapour and
condensate to be exchanged. The maximum capillary force previously dominated by the width of
the grooves, is now determined by the dimensions of the channel(s). In general, the radius will be
smaller than for the microgrooves. However, the permeability generally has the same order of
magnitude. As the channels are closed, there is no liquid-vapour interaction.

Wire screen & sintered metal

Instead of producing the wick using standard PCB processes, a wick manufactured separately can
also be used. A wire screen or sintered metal wick can be placed inside the heat pipe cavity prior to
laminating the CCA, as shown in Figures 5(a) and 5(b), respectively. The maximum capillary
pressure is determined by the average pore size; generally this is better than grooved or channel
structures. However, the permeability of these wicks is lower; therefore there will be more frictional
losses. Both structures must be fixed onto the top or bottom layer of the heat pipe. To obtain a good
thermal contact, pressure should be applied. This can be realized by, for instance, protrusions in
either the porous structure or opposite layer.

s s e

(a) wire screen (b) sintered metal (c) screen covered artery
Figure 5: Other wick structures.

Screen covered artery

Through a composite wick both a low pore radius and high permeability can be obtained. The artery
is produced using standard PCB processes, just as the grooves and channels. Prior to laminating the
CCA, a screen in placed on top of the artery. This is illustrated in Figure 5(c). The artery acts as an
open channel, whereas the screen supplies high capillary pressure.



5th European Thermal-Sciences Conference, The Netherlands, 2008

2.2 Thermal Design

One of the pitfalls in integrated heat pipe design for CCAs is the thermal path at the evaporator and
condenser end. As this does not influence steady state operation it is usually not included in heat
pipe performance calculations. Heat should be transported efficiently to the actual evaporation and
condensation sites. Traditional heat pipe geometries often have a proper thermal path, due to their
metal form and tubular shape. In the case of an integrated heat pipe with a rectangular shape this is
not the case. Although the thermal path for microgrooves, wire screen and sintered metal is
acceptable, for the supported foil channel and screen covered artery this may cause unacceptable
temperature gradients. Here most heat is conducted around the poorly conducting liquid, through
the thin foil or screen, to the evaporation site, as illustrated in Figure 6(a). To optimize the thermal
path, copper stubs, visible in Figure 6(b), can be added. This design is similar to the multiple
channel wick, however in the adiabatic transport section these stubs are not necessary.

(a) normal (b) with added copper stubs
Figure 6: Thermal path for a supported foil channel.

3 Wick Performance

During operation, a heat pipe can encounter various limitations. In the application of electronics
cooling the most critical limitation for flat miniature heat pipes is the capillary limit (Cao et al,
1993). This limit is reached when the wick structure cannot pump sufficient working fluid to the
evaporator region. Therefore the wick’s ability to transport liquid efficiently determines, to a great
extend, the overall heat pipe performance. High permeability, low friction and no vapour-liquid
interaction are preferred. The performance also depends on the heat pipe’s orientation and operating
temperature. Faghri (1995) and Cao et al. (1996) present some analytical expressions to describe the
capillary limit. The maximum transferable power Q. mqx at this limit can be expressed as:

;G +pgl, sin(y)
- 1

Ty M
where o is the surface tension, R.; the effective pore radius, L, and L.y the heat pipe’s total and
effective length respectively, v the heat pipe’s inclination angle and F the frictional coefficient. In
this expression pressure losses due to phase changes and body forces on vapour particles are
neglected. Also optimal wetting of the wick is assumed. In Equation (1) the effective pore radius of
the wick structure depends on the type of wick. Table 2 lists the effective radius for each case. As
evaporation and condensation, on average, occur halfway, the effective length of the heat pipe is
expressed as:

Leﬁ = %Levaporator + Ladiabatic + %Lcondenser (2)
The liquid and vapour frictional coefficients in Equation (1) are defined as, respectively:
7
F=— (3)
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where u is the dynamic viscosity, K,, the permeability of the wick structure, /;, the latent heat of
vaporization and fRe the Reynolds friction factor. In these expressions the hydraulic diameter and
hydraulic Reynolds number are used, as both cross sections have rectangular geometries. The liquid
hydraulic diameter depends on the type of wick. Permeability, hydraulic diameter and porosity ¢, as
shown in Table 2, are also adopted from Faghri (1995).

Table 2: Wick properties.

Case R[] K, [mz] Dy [m] o [-]
Dl2h(0 W - H r W r
I. Rectangular mi Wer : 4= .
ectangular microgrooves f 2(fRe,,) W, +2H, W, + W,
Wy Hy | Db | o Wa

II. S rted foil ch | S pes—
upported foil channe W+, 2(/Re,,) Vol

ch ch

11 Wi W.+D, D. ¢’ 1 1.057D,,

. Wire screen 5 220 )’ —ZRW

D2 3
IV. Sintered metal 0.21D,, P - ~0.40
150(1—¢)
W._+D. D}, W -H._ W
sc KYe 5 4 ar ar ar

V. Screen covered artery 5 2(/Re,,) Wo+2H W

Here, the width W, height H and diameter D are geometrical features of the wick. In the case of a
screen the width W, equals the distance between the wires. Dy, is the diameter of the spherical
metal particles used to fabricate the sintered wick. For all wick structure cases, the vapour hydraulic
diameter is the same and equals:
N = 2 Hg Wg

g’ H, +W,
To compute the vapour velocity its friction factor must be estimated. Even if the vapour is in
contact with the counter-flowing liquid, the liquid velocity is low compared to the vapour velocity.
Therefore, the liquid velocity is negligible at the liquid-vapour interface. According to Shah and
Bhatti (1987) the vapour friction factor fRe, , can be expressed as:

()

fRe,, = 24(1 ~1.3553a +1.9467a* —1.7012a° +0.9564a" —0.2537055) (6)

where a represents the aspect ratio of the vapour flow cross section: Hy/ W, (or Wo/H, if Hy > Wy).

To compute the liquid velocity its friction factor must also be estimated. In the case of the capillary
microgrooves the shear stress at the liquid-vapour interface must be taken into account. Schneider
and DeVos (1980) considered the effect of a planar free liquid surface in their expressions:

SRe,, =(fRe,;,), 1+—3(fReg,h)_ 1-1.971e ** (7)
67Z'Dg’h v,
w (1 32w A ]
2 r r ”
(fRe, ;) = 8ng!(Hg, + 2g j (g— ﬂSHi, tanh : J] (8)

where N, is the number of microgrooves and v the kinematic viscosity. In the case of the supported
foil channel, liquid-vapour interaction is not possible, as the liquid flows through a closed cavity.
Therefore, Equation (6) can be used to calculate the liquid friction factor as well. As through the
screen of the covered artery interaction is possible, Equations (7) and (8) should be used.
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4 Numerical Simulations

To select an optimal capillary structure for the embedded heat pipe, each case is evaluated
numerically. As the heat pipe is embedded in a CCA, height is a restrictive parameter. The total
height of the multilayer PCB should be a thin as possible. Figure 7 shows the heat pipe performance
for increasing orientation angles. The counter-gravity orientation, i.e. evaporator placed above the
condenser, is indicated by -90°, horizontal orientation is 0° and the gravity assisted orientation has
an angle of +90°. In Figure 7(a) the height of each wick structure is 100um, in Figure 7(b) this is
increased to 200um. In the case of microgrooves an aspect ratio of unity is observed; channels have
a fixed width of 400um. Effective pore radius and permeability values for the sintered metal are
adopted from Mwaba et al. (2006): 30um and 1.17-10"'m?, respectively. The screen is a 150-mesh
screen which has a wire diameter of 25um and a width between wires of about 144pum.

The heat pipe’s total width and vapour space dimensions are equal for all cases. Based on the
average footprint of a high power component, the width is 20mm. The height of the vapour space is
2mm; lower values dramatically increase friction effect on the vapour flow. As our design is used
for electronics cooling, a constant internal temperature of 70°C is assumed for all cases. Please note
the scaling on the Y-axis of both figures. In practice, a negative power value is not possible;
however to gain more insight they are shown.
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Figure 7: Heat pipe performance vs. orientation angle.

As expected, for all cases performance increases as the heat pipe is tilted towards a more gravity
assisted orientation. For all wicks, similar S-shaped trends are obtained, although for the sintered
metal wick this effect is very small (and therefore not well visible). As wick sizes double, the
maximum transportable power, both negative and positive values, amplifies. In all cases, except for
sintered metal, heat transport is not possible when the liquid has to ascent straight up against
gravity. Figure 7 also shows that open wick structures and a wire screen are very sensitive to the
inclination angle. For the sintered metal wick the orientation is hardly relevant. The capillary and
frictional components of Equation (1) outweigh the gravitational one. In this case, a double wick
size, approximately doubles the heat pipe performance.

In general, in the gravity assisted orientation open wick structures perform better, as a compact
wick hinders the flow of liquid. Horizontally, a composite or (multiple) channel wick shows
promising results; liquid is supplied at lower frictional cost and the smaller effective radius
improves the capillary pumping capability. Straight up against gravity only the sintered metal wick
gives a positive performance.
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5 Conclusions

Important design parameters to select an optimal capillary structure for heat pipes integrated in
CCAs have been presented. Depending on the heat pipe’s orientation different capillary structures
are preferred. In gravity assisted orientations open wick structures, i.e. microgrooves, channels and
arteries, show relative high performance values (> 40W), therefore one can select a type of wick
that fits best with the production and assembly methods used and production volume demanded.
Horizontally, a composite or (multiple) channel wick can transport relative large amounts of heat,
especially for thin wick structures. If a robust design for any orientation is demanded, the sintered
metal wick gives the best performance and should therefore be selected. Microgrooves and channel
structures can be manufactured using established PCB production techniques. Wire screen and
sintered metal wick structures must be manufactured separately; they are assembled during the
lamination phase. The wick’s thermal path should be observed, especially in case of open
channel(s) and arteries.

Wick structures, in terms of heat capacity, wick size and type, and manufacturability can now be
compared. Full integration of thermal management functions in electronic products pushes the
boundary further towards more functionality and performance in a smaller form factor. Altogether,
this can lead to more integrated electronic products, without protruding add-on cooling devices.
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