Integrated Heat Pipe Technology
for Thermal Management of Electronics
Introduction
Increasingly, consumers and industry are
demanding more functionality and better
performance, along with increased miniaturization,
from electronics products. The decrease in size of
the new generation of electronic devices imposes
a severe constraint on their incorporated thermal
management devices. Since the cooling hardware
has become large in size relative to the components
to be cooled, serious challenges are ahead for the
design of future products.
The vast majority of cooling solutions have been
developed to be either attached on existing
electronic products or managed through packaging
techniques. As no integrative effort has been made,
all these devices remain essentially adds on (Figure
1 [1]). The devices presented in Figure 1 are well
embraced by the industry, especially from an
assembly and cost point of view.
However, such solutions prevent significant progress
in the design of electronic products. A radical new
way of thermal management can be achieved
by integrating thermal design criteria early into
the electronic design process. This approach will
allow the design of a printed circuit board with full
integration of the thermal management hardware,
with the aim of reducing thermal gradients inside
electronic products.

a) maxiFLOWTM heat sink by ATS

c) SVH001 vapor chamber by
ThermoShuttle3

b) A50 heat sink with heat pipes
by Corsair2

d) On board heat bipes by
McGlen et al.4

Figure 1. Add on Devices [1]

Background
Before addressing the specifics of the heat pipe PCB
integration let us briefly present basic background
information about heat pipes and PCB technologies.
A heat pipe is a heat transfer device consisting of a
sealed vessel containing a small amount of working
fluid. It has three sections: evaporator, adiabatic
transport section and condenser. In order for the
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device to function, the condensate must return to
the evaporator in a timely manner. This function is
served by a capillary or wick structure that must
be placed on the walls of the enclosure. The wick
enables the liquid return from the condenser to the
evaporator through the capillary pressure caused by
the difference in curvature of the liquid menisci.
In order for a heat pipe to operate, the following
condition must be satisfied:

ΔPcap ≥ ΔPv + ΔPl + ΔPg

(1)

where,
=
=
=
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ΔPcap
ΔPv
ΔPl
ΔPg

capillary pressure 			
pressure drop of vapor flow
pressure drop of liquid flow
pressure drop due to gravity

So, the capillary pressure provided by the wick
must overcome the pressure drops due to vapor
and liquid flows. The capillary limit refers to the
maximum heat that a heat pipe can transfer and
this can be expressed as:
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= surface tension of working liquid (N/m)
= effective pore radius of the wick (m)
= mesh wall - working liquid contact angle
(degrees)
= gravitational constant (m/s2)
= heat pipe length (m)
= heat pipe’s inclination angle (degrees)
= porosity of the wick
= Reynolds based friction factor
= vapor space cross-sectional area (m2)
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viscosity of the liquid (Pa•s)
viscosity of the vapor (Pa•s)
effective length (m)
permeability of the wick (m2)
wick cross-sectional area (m2)
density of the liquid (kg/m3)
density of the vapor (kg/m3)
latent heat of vaporization of the working
fluid (J/Kg)

Since the heat pipes presented in this paper have a
rectangular cross-section, hydraulic properties are
used in equation (2).
In general, a PCB serves as a carrier, providing
mechanical support and enabling electrical
connections between all mounted electronic
components. A typical PCB consists of several
polymeric layers (such as FR4) laminated together.
Conductive patterns (traces) need to be etched in
order to interconnect the electronic components.
Usually, several layers are laminated together,
forming a multilayer PCB.
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The process of manufacturing a PCB can be
presented sequentially as follows:
a) individual layers are patterned
b) layers are stacked with intermediate bonding
layers
c) the entire stack is laminated in a special press
at an elevated temperature
Advances in Technology Integration
In recent years, significant advances in integrating
the heat pipe technology and PCB technology have
been made. Jones et al. [2] proposed embedded
micro heat pipes in laminate substrates with the
wick microgrooves placed vertically in a staggered
lay-up (Figure 2).
The staggered lay-up introduces an additional
constraint on the board design. As heat pipe
performance is a function of the number of PCB
layers, additional, electronically non-functional
layers must be introduced. Water was used as the

a) staggered lay-up (schematically)

The heat pipe pictured in Figure 3 b) was tested
using the experimental set up illustrated in Figure
4. The heat pipe was insulated and clamped in a
hinge to allow testing in various orientations. The
power input was raised in steps. After reaching
steady state, readings were made and the next
step was implemented. The experimental run was
terminated when the heat pipe would experience
a sudden rise in temperature, signaling a dry out
condition.
Seal grooves

Heat pipe cavity

Capillary grooves

a) integrated heat pipe structure
Power resistor

Diaphragm

Condenser area

b) microgrove detail
Figure 2. Integrated Heat Pipe [2]
Thermocouple areas

working fluid and the cavity was made of copper. To
reduce the contact angle and, therefore, increase
the capillary pressure, a cleaning method was used.
A reduction in contact angle from 104 degrees
to 56 degrees was achieved. In terms of thermal
performance, heat pipe failure occurred around 10
W, due to delamination of the PCB.
Wits et al. [3] proposed another way of integrating
a heat pipe into the PCB. In their design, the
microgroove wick was placed on the top and bottom
layers of the internal cavity (Figure 3). The grooves
are manufactured using a metallic plating technique
based on conventional dry film lithography,
commonly used in electronics manufacturing. The
working fluid was also water and the cavity was
made of copper. Figure 3 b) shows the technology
demonstrator. The heat transfer in and out of the
heat pipe was accomplished with thermal vias.

Pressure gauge

b) technology demonstrator
Figure 3. Copper Mesh Used for Ultra-Thin Heat Pipes [3]
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flat. However, just over the mid-way point, the
temperature starts to drop, indicating the presence
of non-condensable gases (air). Vertically, the heat
pipe was able to transport a maximum of 12 W of
heat.
When tested with the working fluid ascending
against gravity, the prototype did not function at
all. The capillary microgrooves were not able to
pump the working fluid back up to the evaporator.
However, the PCB did not delaminate as in the
Jones et al. [2] case.
Integration Challenges

Heat pipe (insulated)

Hinge element

Figure 4. Experimental Setup [3]

Figure 5. Temperature Distribution Along The
Heat Pipe [3]

Figure 5 presents some of the test results, for two
power input levels (2.5 W and 10 W), and for two
orientations (horizontal and vertical). The vertical
orientation refers to the condition whereby the
working fluid returns to the evaporator assisted
by gravity. For 2.5 W input power, the thermal
performance for both orientations is similar. At the
evaporator end, the temperature profile is fairly
8

Based on a thorough analysis of the previously
proposed designs, the following three challenges
have been identified for the design of a PCB with an
integrated heat pipe:
a) operation against gravity: microgroove structure
must be improved
b) lower thermal resistance from the top to the
bottom of the PCB in the normal direction
c) minimize the amount of dead volume (bonding
layers in contact with heat pipe cavity)
To address the first challenge, it is useful to take
a look at Equation (2). In the numerator, the
first term, indicating capillary pressure, must be
enlarged in comparison with the second term,
corresponding to pressure losses due to gravity. The
capillary microgrooves of both presented designs
failed to transport the working fluid against gravity;
therefore, a different wick structure, with a smaller
pore radius, should be chosen. Both microgroove
designs had an effective pore radius of about 50100 μm. A screen mesh, sintered media or metal
foam will yield lower pore radii. Also from Equation
(2), it is clear that for a chosen mode of operation,
geometry and working fluid, only the internal
distribution of vapor and liquid areas and the wick
structure remain at the designer’s discretion.
Based on this discussion, a new PCB prototype was
built by Wits et al. [1] (Figure 6). The PCB features
an insertable wick structure with a smaller pore

to seal the remaining top intermediate permeable
zone.

Figure 6. Prototype Heat Pipe Design [1]

diameter, to address the first challenge. The wick is
positioned inside the cavity with the aid of copper
inserts, which are also lowering the top to bottom
thermal resistance. Therefore, the second challenge
is addressed as well.
The prototype is constructed from three layers of
double plated polymeric material (FR 4+). The top
layer has two machined openings for the pressure
sensor and filling tube. Also, multiple small thermal
vias are provided. The vias are plated and filled
with a thermally enhanced epoxy (k = 3.5 W/m∙K).
The middle layer features a rectangular slot that
forms the heat pipe cavity. The third (bottom) layer
is a regular flat laminate. The second and third
layer will be laminated together and subsequently
metalized. Before assembling the multilayer board,
each layer is given a surface finish to enhance the
bonding strength. Since the surface finish also
enhances the wettability, the wick structure is also
treated with this surface finish. The wick structure
is placed inside the heat pipe cavity and the copper
inserts are placed in the evaporator and condenser
areas.
The third challenge can be overcome by
introducing an intermediate process step during
the construction of the PCB. For instance, the
bottom and intermediate layers can be assembled
first to allow overplating and the sealing of the
intermediate permeable zones from the inside. The
second process step will then include stacking and
laminating the bottom half of the board with the
wick structure, copper insert and top layer. Finally,
a seal groove needs to be machined and plated

The theoretical maximum amount of heat that
can be transported with a PCB such as this one,
presented in Figure 6 with a sintered wick structure,
is 11 W, according to Equation (2). This value was
obtained assuming an operational temperature
of 80 oC. Also, this value is for the worst case
scenario, with the heat pipe working fluid ascending
against gravity.
Conclusions
In conclusion, two existing concepts for integrating
heat pipes into PCBs have been presented.
Several challenges have been identified and a new
prototype for a PCB- integrated heat pipe design
has been proposed.
The heat pipe is integrated within the laminated
structure of the PCB. The wick structure of the
heat pipe is positioned with the help of two
copper inserts that also minimize the top-bottom
thermal resistance. Additional plating steps were
introduced in the manufacturing process with the
result of considerably reducing the dead volume.
The new prototype should transport 11 W of power
independent of orientation.
This is the first step towards further integration,
with the designers of the future PCBs also designing
the thermal management solution. Obviously,
validation of the concept needs to be done, with
short and long term tests for reliability as a part
of it. For volume production, reliability testing
(including shock and vibration) is absolutely
necessary.
Even though it looks like a very promising new
integrative approach, the end user should always
be cautious when deciding to use it in a real
application. First of all, an analysis of the risks
versus rewards of this technology should be
performed. Why should one use such a method
versus the traditional heat pipe, what are the
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benefits and at what risks? Last but not least, what
is the cost of a PCB integrating a heat pipe and is it
justifiable?
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