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Abstract

A portable computer that can be worn on the body produces unique design constraints.
The wearable computer must be rugged, lightweight, small, and power-efficient. The most
recently-developed wear able computer is the Navigator 2 which will be used as a computerized
maintenance manual with the capacity of speech recognition. Itsthermal management
develops concurrently with the overall design of the Navigator 2.

Thefirst stage of the thermal design isto select the type of cooling arrangement that is
needed. With acompletely closed housing and an anticipated power level of approximately
10W, it is decided early in the thermal management to use conduction to transfer the heat to the
outer casing where it is then dissipated through natural convection.

In the second stage of the thermal design, the thermal contact between the aluminum
heat spreader (used to conduct heat to the outer casing) and the electronics is optimized. The
liquid heat sink (LHS) by 3M, Inc. and the Gap Pad by the Bergquist Company are two
thermal interfaces that weretested. The LHS is éplastic pouch filled with fluorinert liquid that
produces an isothermal platform. On the other hand, the Gap Pad is a conductive elastomer.
In experiments conducted on these devices, the Gap Pad consistently yielded a smaller
temperature rise from the electronics to the surrounding air and is chosen as the thermal
interface.

The third stage consists of numerical simulations modelling the conduction of heat of
the Navigator 2 using natural convection as the boundary conditions. This conduction-only
model approximates the temperatures that are expected in the Navigator 2 before it is
manufactured and predicts that an area of 150 in  of aluminum needs to be exposed to the
ambient air to adequately cool the electronics.

Another aspect of the thermal design of wearable computers is that of embedded
electronics. Because a portable computer worn on the body imposes unique design
congtraints, it has been postulated that embedding the electronicsin a plastic substrate could aid
the conduction heat transfer. By depositing the plastic material over the electronics, all air gaps
are practically eliminated, leaving a nearly perfect avenue for the heat to trandfer into the
substrate. Thus, the plastic aids the heat spreader in removing the heat, making it easier to




minimize the maximum temperature within the wear able computer—the goal of the thermal
design.

Three main parameters are involved in the thermal design of embedded electronics:
the heat spreader, air channels, and substrate material. The heat spreader consists of an
aluminum plate which has good thermal contact with the heat-producing elements. The heat
spreader then extends out of the substrate into the ambient air where heat is removed by natural
convection. Air channels through the substrate aid the process of natural convection by
exposing more of the heat spreader to the ambient air. Various polymer composites were
investigated to determine the effect of the conductivity of the polymer composite upon the
overall heat transfer. The conductivity of the polymer composite can be changed by varying
the amount, type, grain size, and orientation of the conductivefiller that is blended with the
€poxy.




1. Introduction

The goal of the therma design for any computer is to determine an efficient means of
cooling the computer's electronic components such that the operating temperature of each
component does not exceed manufacturer- suggested limits. To meet this goal, the power and
Size of the computer, as well as its environment, must be taken into account to achieve an
efficient thermal design. The focus of this research involves the themial design of computers
that are portable, lightweight, and rugged. These computers are meant to be worn and used on
the body and are known as wearable computers.

In addition to the thermal aspects of wearable computer design, it is necessary to
coordinate with other design criteria. A therma designer cannot arbitrarily select the size,
shape, and placement of heat spreadérs to conduct heat away from the heat-generating
electronics. Industrial design considerations such as the weight, size, and appearance of the
wearable computer affect, for example, the size, shape, and placement of the heat sink
(typically ametallic surface where hest is transferred to the air stream by convection) on the
outer surface. Furthermore, power consumption and placement of the heat-producing
elements are typically aresult of decisions made by the electronics team. This type of design
procedure involves many different areas of specidization from electronics to themial design to
industrial design requiring good interdisciplinary design skills and cooperation. As the
different phases of design from other disciplines mature, the therma design must adjust
accordingly. Concurrent design at each stage of the process is the only way to assure that the
themia design meets the requirements of the changing wearable computer. Concurrent
themial design involves the use of numerical simulations and analytical approximations to
predict at each stage the themia limitations of the design (S. Finger et ai, 1994). Therefore, a
good thermal design is one that keeps pace with dl of the developments in the overall design of
die wearable computer.

Forced air convection is employed in most computer thermal designs. In the thermal
design of wearable computers, however, there are more constraints than the average laptop
computer. Wearable computers need to be small, lightweight, and ergonomic and often must
operate in wet and dirty environments for applications such as those of the marines. This
renders air ventilation dots on the outer case infeasible and the use of fans impractical.
Furthermore, because wearable computers are powered from a battery pack, power usage must
be minimized. Therefore, power-consuming cooling devices like thermoelectric modules are




not typically the best solution. Hence, removal of heat simply by conduction becomes al the
more attractive since it consumes no power and needs no moving pans. The thermal design of
wearable computers optimizes the conduction of heat from the electronic elements to the outer
casing aswell asits removal by natural convection.

Because conduction is a preferable mode of heat transfer for wearable computers, it has
been postulated that embedding the electronics in a polymer-filler composite substrate could
aid the design of wearable computers in several ways. First, by surrounding the electronics
within a protective region of plastic, the design would be more rugged. Second, the
embedding process is more economical since the plastic material can be poured into the mold
containing the electronic board(s). Lastly, embedding the electronics definitely aidsin the
removal of heat when the substrate has a sufficiently high conductivity. By eliminating nearly
al the air gaps, an avenue is made for the heat to transfer away from the el ectronics through the
substrate. Heat transfer into the substrate reduces the reliance upon the heat spreader. Also, a
layer of highly conductive substrate can be used to enhance the thermal performance making it
easier to minimize the maximum temperature within the wearable computer-the goal of the
thermal design.

We investigate various ways to remove heat from the embedded electronics by testing
severa parameters. These include the use of heat spreaders and/or air channels as well as the
type of substrate material. The heat spreader consists of an aluminum plate which isin good
thermal contact with the heat-producing component. The heat spreader then extends out of the
substrate into the ambient air where the heat is removed by natural convection. We cut air
channels through the substrate to allow more surface area of the hest spreader to be in contact
with the air improving the removal of heat with natural convection. Different materials are
investigated to see the effect of material conductivity on the overall heat transfer.

Because the conductivity of the substrate materia is very important for conduction, the
value of the material conductivity must be ascertained with reasonably good accuracy. To this
end, acarbon resistor is embedded in a plastic substrate. By comparing the results of the
numerical simulation with those obtained from physical experiments, an estimate of the
conductivity of the substrate is made. A more precise and easier experimental method using
heat flux sensors has been developed as a better alternative for determining the conductivity of
agiven material.




2. Concurrent Thermal Engineering

In the process of designing a robust portable computer that is comfortably worn,
highly functiona, easily used, and very dependable, many disciplines are required to work
in paralel with each contributing to the overall product: the wearable computer. For
wearable computers, thermal design cannot be an afterthought. Communication with other
disciplines is extremely important to produce the most advantageous thermal design that
can satisfy not only the needs of the thermal constraints but the needs of the other
disciplines as well. For example, the electrical engineering team must be informed from
the outset that high power electronics not only inhibit battery life but also constitute an
important thermal design issue. Industrial designs must also be addressed. For wearable
computers, the outer casing must incorporate the heat sink to facilitate natural convection
heat removal. The heat sink must not only satisfy thermal design but also aesthetic and
ergonomic criteriaas well. Therefore, because thermal design is highly dependent on, and
constrained by, other disciplines, persona interaction with designers from other disciplines
Is necessary, demanding a cohesive design framework in which progress at all levelsis
performed concurrently.

Communication, however, is only one aspect of concurrent engineering. The
thermal design must affect the design of the overall product at each stage of the design
process, and much of the responsibility falls on the thermal designer. The tools of modern
thermal engineering are analytical formulations, numerical simulations, and physical
experimentation. As the design progresses, the thermal designer must employ those tools
which are appropriate as the overall design matures to insure an adequate thermal solution.

2.1 Framework of Concurrent Thermal Engineering

With the application of wearable computers, the thermal design must be flexible
and responsive to changes in the designs from the other disciplines. However, a certain
systematic methods guide the thermal designer through the design process (Nigen and
Amon, 1992) and consists of three stages. The first stage of the thermal design is to select
the type of cooling arrangement that is needed. To do this, first the electronics must be |
specified with their appropriate layout and power levels. Then, apreliminary analytical
estimation is made to determine how much heat is produced and how it should be
dissipated.




In the second stage, the actual device(s) and the expected implementation are tested.
The thermal management devices, used in addition to the aluminum heat spreader, include:
thermal paste, thermally conductive adhesive, and various other thermal interfaces between
the heat-producing components and the heat spreader. For testing these devices, aphysical
experiment is constructed to validate their application for the wearable computer. With
increased knowledge from this stage, the actual device(s) can be selected to fulfill the
demands of the first stage.

After the appropriate device(s) has been selected, the third stage, consisting mainly
of numerical simulations, begins. Inthe numerical simulations, a conduction-only model
of the wearable computer is usually adequate to gain arough approximation of the
temperature distribution throughout its domain. For amore accurate prediction of the
temperature distribution, aconjugate conduction/convection ssimulation is made before the
find prototype is constructed. The conjugate conduction/convection simulation solves the
energy equation for both the fluid and solid domains. This simulation takes a substantial
amount of time even with high speed, high capacity computational facilities andis,
therefore, used only in the last stage of the thermal design.

2.2 An Application of Concurrent Thermal Engineering: -
the Navigator 2

The Navigator2 is a wearable computer designed for the US Marines and Boeing
Corporation to be used by both entities as a computerized maintenance manual. Some of
its capabilities include globa position sensing (GPS), speech recognition, radio and
wireless LAN communication, and heads-up display. Inthe overall design, the electrical
engineering group focuses on minimizing the number, size and power usage of the
electronics. Inthe industrial design, smooth contours and small size are defining
characteristics. The decisions made by the electrical engineering and industrial design
teams strongly affects the thermal design. |

In the first stage of the thermal design, it was anticipated by the electronics group
that a power level of approximately 10 W would be needed. Furthermore, the use of
forced air convection across the electronics was considered impractical because the
Navigator2 is designed with acompletely closed housing for rugged, wet, and dirty




conditions. Therefore, it was decided early in the design process that heat must be
trandferred by conduction to the outer casing and then be dissipated by natural convection.
Because the air gap between the electronics and the heat spreader constitutes the largest
thermal resistance that can be minimized in the conductive path to the outer casing, the
focal point of the thermal design is the thermal contact between the electronics and the
aluminum heat spreader.

In the second stage, two thermal interface devices are tested with a heat sink test
bed (see Fig. 1 and 2). Thetwo devicesto betested are theliquid heat sink (LHS) by 3M,
Inc. and the Gap Pad by the Bergquist Company. The heat sink test bed consisted of eight
7805 voltage regulators which can produce between three and 20 watts of power. In these
experiments, a Gap Pad of 0.125 inch thickness out-performed the LHS by some 25%,
based on the overall temperature rise from the case of the voltage regulators to the
surrounding air of the inside of the test bed. The LHS offers an isothermal platform from
which to conduct the heat, but this characteristic was not considered important enough to
over come the implementation complexities required by the LHS such as the necessity of
even pressure digtribution along the LHS packet. Thus, the Gap Pad was chosen as the
thermal interface between the electronics and the heat spreader.

The third stage of thermal development consists of numerical simulations
conducted to obtain a detailed account of the approximate temperatures that could be
expected throughout the structure of the Navigator2. The geometry of the model was
simplified for the simulations, and the stagnant air inside the housing was modeled as a
solid with the properties of air (Lee et al, 1994). Thus, the internal mode of heat transfer is
conduction, while natural convection removes the heat on the outside of the housing. It
was primarily through this model that an aluminum heat sink with an area of 150 in™ needs
to be exposed to the air on the outside to adequately cool the electr onics well below the
manufacture's limit.

3. Thermal Design of the Navigator 2
The thermal development of the Navigator 2 took the form of the three-stage design

process outlined above. In concurrent thermal design, one of the main challenges is the
lack of timely information from other disciplines. For example, the experimentation of the




thermal interface devices was conducted before the electronics were completely specified.
Once the hardware was finalized, the numerical simulations were begun.

3.1 The Electronics of the Navigator 2

The latest version of the Navigator2 hasjust one printed circuit board (PCB) with
electrical components mounted on each side of the PCB. The expected power ratings of
the mgor heat-producing components are documented in Table 1.

The other components of the Navigator2 are assumed not to produce much heat
and are therefore neglected in the thermal analysis. Also, thisis alist of the components
used inthe initial numerical smulations. However, the prototype of the Navigator2 has
only two voltage regulators since the 78SR174HC voltage regulator has been replaced with
atransistor. It should be noted that the Epson Card is acompact electronic, aluminum-
cased package containing the microprocessor and its necessary accessories.

3.2 Power-Saving Features for the Navigator 2

The eectronic and software design teams made it apriority to reduce the power
consumption of the Navigator2 so that battery life could be maximized and operating
temperatures minimized.

The first design choice of the electronic team was the Viper Board, consisting of an
Intel 33 MHz 486 microprocessor, 16 MB of Dynamic Ram, 1 MB of Erasable
Programmable Memory (EPROM), and aVGA controller. Thermally, the mgjor
drawback of the Viper Board is its power consumption, rated at 7.5 W. The second design
choice consisted of the Epson Card. This card has the same level of capabilities while
producing significantly less power (4.5 W).

For the Epson Card, there are three levels of power savings that can be
manipulated. The first is the CPU Standby Mode where the CPU clock stops, and the
system goes non-operational. This mode occurs when there are no system events for a
certain period of time which can be set as low as 4 seconds or up to 17 minutes. The
Globa Standby Mode occurs only after a certain period of time the system has been in




CPU Standby Mode. Thistime is set between 4 seconds and 36 hours. In this mode,
amost al devices go into the standby state, further saving power. The fina layer of power
saving capability is provided by the Auto Suspend State. This state occurs only after a
certain period of time has elapsed in Global Standby Mode. The timer can be set from 4
seconds to 36 hours, and in this state power is shut off for almost all devices.

The recommended time switches for al of the settings given by the Navigator2
Power Management Team and are listed in Table 2.

3.3 Thermal Design Experiments for the Navigator 2

Using the heat sink test bed shown in Figure 1, aphysical system modeling a
generic wearable computer was created in which various heat spreaders and thermal
interfaces could be tested. The heat sink test bed is made of a Rubbermaid container of the
approximate size of the Navigator2. Its construction allows for near air-tight conditions
simulating the mostly stagnant air found inside wearable computers. Eight 7805 voltage
regulators simulate the heat-producing components of a wearable computer.

In all, seventeen experiments are conducted. Experiments are conducted at the 3.0
W, 5.0 W, and 8.0 W power levels, with and without heat spreaders, and with either the
Gap Pad or the LHS as the thermal interface. Table 3 summarizes the auminum heat
spreaders that are used.

For each of the experiments, thermocouples measure the temperature at selected
points. For the first 11 experiments, the thermocouple wire and heads were dightly bulky
and introduced air gaps (thus enlarging the temperature rise measurements). In subsequent
experiments, thermocouples specificaly designed for surface temperature measurement are
employed that are thinner, smaller, and have an adhesive backing providing good contact
with the surface. Figure 3 shows the five locations in which the temperature data was
taken. Table 4 presents the experimental data.

In the evaluation of this experimental data, the main component of interest is the
overall temperature rise (Ti-5). This represents the temperature rise between the stagnant

ar inside the wearable computer to the highest heat-producing component. Because the
Epson Card has arated maximum operating temperature of 55°C and the stagnant air
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inside the wear able computer could easily approach 35°C, the overall temperature rise of
the Navigator2 should be kept below 20°C

In the first eleven experiments, the effectiveness of the thermal interfaces are
evaluated. Experiments4 & 5,8 & 9, and 10 & 11 find which interface gives the smallest
overall Ti-5 and local (Ti-3) temperature rises when used with a heat spreader. The
temperature rises are presented in Table 5.

Thetable showsthat the Gap Pad yields alocal temperature rise consistently less
than that of the LHS by several degrees Celsius. Thus, the Gap Pad is chosen as the
thermal interface between the heat-producing components and the heat spreader.

Once the thermal interface is chosen, different power levels, heat spreaders, and
types of Gap Pad are explored in the next set of experiments. Experiments 12 through 17
used a thermocouple consisting of very fine wire made specifically for surface temperature
measur ements which adheres to the surface with an adhesive tape backing; therefore, their
results cannot be directly compared with those from the earlier experiments. Hence, more
accurate measurements are obtained in experiments 12 through 17 than in the previous
experiments.

In addition to thermal interface materials, three different heat spreaders are used for
these experiments. Asthe surface area of the heat spreader exposed to air is enlarged by a
factor of three, experiments 13 and 14 show that the overall temperature rise falls by 3.8
degrees, achange of 13%. In experiments 15 and 16, different thicknesses are used for
the heat spreaders. Doubling the thickness from 0.0625 inchesto 0.125 inches causes the
overall temperature rise to fall by three degrees, with the heat spreader temperature drop
simply being cut by a factor of two (a 14.9°C drop was reduced to 7.7°C). Thus,
increasing the thickness and the surface area of the heat spreader produces a significant
lowering of the overall temperature rise.

In experiments 15 through 17, an 8.0 W power level was used to obtain more
realistic data for the Navigator2. Increasing the power from 3.0 W to 8.0 W (an increase
of 267%) resultsin an 188% increase in the overall temperature rise from experiment 14 to
15. This shows that as the temperature rises, the convective thermal resistance from the
heat spreader to the air reduces, and the heat spreader becomes more efficient at dissipating
heat.




The benefits of using a thinner Gap Pad with adhesive on the glass-fiber reinforced
side that is in contact with the heat spreader are two fold. First, reducing the thickness by a
factor of two reduces the temperature difference through the Gap Pad by that same factor.
Second, the Gap Pad is in excellent contact with the electronics due to the conformable
nature of the Gap Pad material, but the glass-fiber reinforced layer has less contact with the
heat spreader than the side in contact with the electronics. The adhesive backing helps the
Gap Pad to adhere better to the heat spreader. The combined effect of the Gap Pad with the
reduced thickness and the adhesive backing is shown by comparihg the local temperature
rise (Ti-T3)from experiments 16 and 17. The local temperature rise fell from 24.4 °C to
16.5 °C, areduction of 32%, and the overall temperature rise is reduced by 4.3 °C.
- Therefore, using as thin Gap Pad as possible with adhesive backing produces significant
results.

Thus, the heat sink test bed experiments reveal several important findings. Fi I,
athough the Gap Pad cannot boast an isothermal temperature distribution like the LHS, the
Gap Pad consistently out-performs the LHS. Second, adding surface area and thickness to
the heat spreaders as well as using athin Gap Pad with the pressure sensitive adhesive
yields the best results.

3.3 Numerical Simulations for the Navigator 2

To obtain an accurate estimation of the temperature distribution within the
Navigator2, numerical simulations were performed using version 2.8 of Nekton. Two
meshes are generated with smplified geometry and estimated material properties. Figure 4
shows the second mesh. The material properties of the two meshes is shown in Table 3.
The Navigator2 will be have acomplex, rounded shape. The meshes, although rectangular,
are of the same approximate surface area and volume of the Navigator2. In the mesh-
generation process, the Navigator2 is represented by a series of layers built up on top of
one another. Each layer is composed of blocks representing different components and
segments.  Such smplified geometry permits the shape to look like a shoebox but still can
accurately predict the thermal behavior of the Navigator2. Another simplification is that
only the mgor heat-producing elements are modeled, namely the three voltage regulators
and the Epson Card.
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The difference between the first mesh and the second is the thickness of the
aluminum subframe, the heat spreader, and the plastic housing (see Fig. 5 for across-
sectional view of one of the layers and Fig. 6 for the vertical cross-sectional view). The
heat spreader, the aluminum subframe, an the housing have the same thickness in each
mesh. The firs mesh used a thickness of 0.0625 inches; the second mesh used athickness
of 0.125 inches. For both meshes, athickness of 0.0625 inches is used for the Gap Pad.

The Gap Pad is given areduced conductivity in an attempt to model the effect of
contact resistance between the Gap Pad and the electr onics components as well as between
the Gap Pad and the heat spreader. A lumped analysisis undertaken to estimate the
conductivity for the Gap Pad-contact resistance model. For the thicknesses and
conductivities involved, a conductivity of approximately 1/3 the original conductivity of the
Gap Pad effectively models potential problems with air voids. A more detailed analysis
was done concer ning the improvement of the conductive heat transfer from the electronics
to the heat spreader when using Gap Pad as opposed to no thermal interface. Itis
determined that conduction of heat from the electronics to the heat spreader is roughly
twice as efficient when using Gap Pad, compared to no interface at all.

Table 6 shows the results of the simulations for both the first mesh and the second
mesh. The parametersthat were varied are the heat transfer coefficient along the sides, the
heat spreader area exposed to the air, the conductivity of the metal used for the heat
spreader and the subframe, and the conductivity used for the Gap Pad.

Because mesh generation is time consuming, the actual mesh was not altered to
enlarge the heat spreader area. Instead the effect of enlarging the heat spreader was
simulated by increasing the convection coefficient used for that area. Therefore, when it is
reported that the exposed heat spreader areais doubled, in actuality, it isthe convection
coefficient that is doubled (since convective thermal resistance is proportional to 1/hA,
where h is the convection coefficient and A is the exposed heat spreader area). This
method of simulation, however, does not model the added thermal resistance due to
conduction through the larger surface area of the heat spreader, causing the resulting overall
tempierture rise to be dightly less than what would actually occur.

In simulations (a) through (e), it becomes apparent that regardless of the

conductivity used for the Gap Pad or the metal, the temperature beginsto fall in significant
amounts only when the heat spreader surface area exposed to air is enlarged.
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The second mesh was constructed to test the thermal effect of doubling the
thickness of the plastic housing, the metal subframe, and the heat spreader. With this
mesh, a more realistic boundary condition is used for the sides and bottom of the
Navigator2. Since the Navigator 2 will have its bottom and sides encapsulated in the
harness, which keepsit secured to the user's back, a much smaller convection coefficient is
used than for the top which is exposed to the air. An insulated boundary condition is
inappropriate since some heat will undoubtedly escape from the sides and bottom of the
Navigator2. However, since it is difficult to ascertain exactly how much heat will escape
from the encapsulated areas, the convection coefficient was simply lowered from 5 W/m?
K to 1 W/m?K.

In simulations (g) through (p), the exposed heat spreader areais again fouhd to be
the main factor causing the temperature to fall asthe areaisenlarged. There are, however,
cases where a smaller temperature is the result of the conductivity value and not the
exposed heat spreader area. For example, simulation (k) islower in temperature than
simulation (j) even though simulation (k) has 17% less heat spreader area. Thereason for
the better results of simulation (k) isits Gap Pad conductivity, wher e the contact resistance
isassumed to be zero. From simulation (1) to (m), even though the exposed heat spreader
areais reduced by 14%, the temperature is reduced by 0.2 °C since the conductivity of the
subframe and heat spreader metal is doubled. Therefore, changing to a more conductive
metal or reducing the contact resistance of the Gap Pad can make a positive impact in the
thermal performance, but ultimately the amount of exposed surface area of the heat
spreader determines the heat that can be dissipated in the conjugate conduction-convection
system.

Mainly, simulations (g) through (p) were used in the thermal design process since
the Navigator 2 will have primarily a 1/8 inch housing thickness. Simulation (m) is
considered the most appropriate thermal model since the conductivity of the metal is that of
aluminum, a moder ate contact resistance for the interfaces of the Gap Pad is included, and
the overall temperatureriseis less than 20 °C over the ambient temperature (25 °C).
Therefore, the thermal design of the Navigator 2 calls for a conduction-convection heat
transfer scheme employing 1/16 inch-thick Gap Pad with pressure sensitive adhesive as the
thermal interface and 150 in? of exposed surface area of the 1/8 inch-thick aluminum heat
spreader.




Recently, a more detailed mesh of the Navigator2 was made to portray its actual
shape. The numerical smulations have not been completed, but Figure 7 displays its
appearance.

3.4 Thermal Management Devices for Wearable Computers

In the thermal management of wearable computers, certain devices are commonly
employed to efficiently remove heat from the heat-producing electronics and thus gresatly
improve the reliability and life expectancy of the product (Johnson, 1989). Thermal
management devices vary gregtly from the mode of heat transfer employed to remove the
heat to the physical mechanism by which it functions. They differ in their size, weight,
thermal efficiency, durability, cost, and their intended application.

3.4.1 Flat Plate Heat Sinks

Of the thermal management devices, flat plate heat sinks are among the most
common devices used in the cooling of electronic components. Flat plate heat sinks are
metallic strips that are placed in good contact with the electronic component viathermal
grease or another thermal interface that insures good thermal contact. Heat from the
component is transferred to the surroundings by the combined effects of natural convection
and thermal radiation (Ahmad et al, 1994).

A recent systematic study on the implementation of flat heat sinks with surface
coatings suggests that radiation can perform an important role in the heat transfer. Table 7
consists of data from two identical heat sinks diss pating the same amount of heat with the
same boundary conditions.

The emissivity of the heat sinks is the only parameter that is changed. By
increasing the emissivity by four fold, the surface coating (black, anodized) of the
aluminum heat sink doubled the amount of heat drawn from the component to the heat
sink by 8%, the temperature drop of the component was significant, 11.5 °C, representing
a 19% decrease in the temperature rise of the component. Thus, flat heat sinks, when
properly designed and installed, can offer avery good thermal solution.
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3.4.2 Liquid Heat Sinks

The liquid heat sink (LHS), pioneered by 3M, Inc., is arelatively new device
offering an enhanced thermal management cooling technique. The LHS consists of a
flame-retardant plastic pouch that is filled with perfluorinated (Fluorinert) liquid. The
conformable nature of the pouch alows the LHS to be pressed against uneven surfaces of
the heat-producing board components. The heat is conducted from the components into
the plastic pouch where the high rate of thermal expansion of the liquid produces efficient
natural convection that transfers the heat to the other side of the bag where heat can be
removed by acold wall or finned heat sink (Remsburg, 1991).

The LHS developed by 3M, Inc. has intrinsic qualities that lend itself well to small
computer systems. Firg, itis very thin (one-eighth of aninch). Second, its liquid
characteristics give it the ability to provide the electronics with some shock absorption
(from adrop test conducted on acomputer disk drive: with the LHS, the maximum G
force sustained was 50; without the LHS, the maximum G force was 60, indicating a slight
cushioning effect with the LHS). Third, it can be used in conjunction with heat spreaders,
finned heat sinks, or other devices depending on the urgency of the situation. Fourth, it can
conform to geometricd irregularities. Finaly, it adds thermal inertiato the system (it not
only smoothes out the high spots in temperature but keeps the temperature from going
through quick fluctuations, as well) (3M Inc., 1994).

The first application of the LHS was the NCR "Model 32/200", a desktop tower
microcomputer whose circuit board produces 60 W. Through physical experiments in
which the results of conventional, forced-air laminar flow are compared to those of the
LHS-cooled circuit board, the LHS was found to be superior to the traditional air-cooled
technique. Chip temperatures using the LHS were consistently below that of the forced-air
cooling. Furthermore, the LHS produces an isothermal effect, averaging the temperature
distribution across the components (Wall, 1989). Typical temperature variations across
components cooled by forced-air convection can be as high as 30 °C; the LHS reduces this
rangeto 8 °C.
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3A3 Miniature Heat Pipes

One of the most effective ways of cooling el ectronic components is achieved
through heat pipes. Heat pipes require no power to operate, have no moving parts, and
produce no noise. The thermal mechanism of heat pipes lies in the phase change of the
liquid within the heat pipe. Typically, heat will enter one end of the heat pipe, the
evaporator region, and cause the liquid to evaporate. The gaseous fluid moves through the
adiabatic section due to apressure gradient and enters the condenser region. Once in the
li quid phasg, it travels back to the evaporator region either by gravity or capillary force
(Sridhar et al, 1994). Inthis manner, the heat exits the liquid at the condenser section
where typically aheat sink is employed to efficiently transport the heat to the
surroundings.

Micro heat pipes etched onto the top of semiconductor chips have been found to act
as an idealized heat spreader (Peterson, et al, 1992). Heat pipes of atriangular cross
section on the order of 100 |im and 20 mm long provide an array of parallel heat pipes.
The result is much reduced temperature gradients and more uniform heat fluxes. By
placing heat sinks on the edges of the chips pérpendicul ar to the plane of heat pipes and
using only 1.35% of the surface areawith the heat pipes, the maximum chip temperature
was reduced by 40%.

3.4.4 Power-Consuming Thermal Management Devices

Other thermal management devices have been designed that are very effective at
removing heat but need to be supplied with power to operate. Such devices are the liquid
cold plate, heat sinks with built-in fans, and the thermoel ectric module.

Liquid cold plates are finned passages usualy made of aluminum or copper in
which alow-pressure liquid circulates to remove liquid by convection from the heat
producing components mounted on the cold plate. Using water, for example, to cool
electronics is practical because it is an excellent transporter of heat. Its density is 800 times
that of air, and its specific gravity is 10 as opposed to 0.24 for air, causing water to be
much more efficient in carrying heat per unit volume (Soule, 1992). Cold plates can
remove higher heat fluxes than traditional finned heat sinks thereby allowing components




to be placed closer together on circuit boards (Pei and Lawson, 1993). The disadvantage of
cold platesis their weight to volume ratio and the required pumping power.

Heat sinks with built-in fans also require an input ‘power but are lightweight and
quite effective. These heat sinks have fans built inside them (Pei and L awson, 1993) and
offer atype of jet impingement cooling where the coolant jets of air directly impact the
surface instead of flowing paralld to it. This breaks the boundary layer causing the heat
transfer coefficient to be up to ten times higher than normal forced-convection ones
(Remsburg, 1994).

One of the most interesting devices is the thermoelectric module (TEM). Thisisa
solid-state, miniature'refrigerator ranging in size from 3 mm to 50 mm laterally and from 3
mm to 6 mm vertically. TEM's are lightweight and noise-free. Furthermore, they can
cool components below room temperature. TEM's operate by passing a current through
metals of different type, thus, creating a temperature difference between thejunctions.
TEM's can also be stacked on top of one another to create higher temperature differentials
(Sridhar era/, 1994).
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4. Embedded Electronics

The unique engineering challenges of designing a wearable computer put many
congtraints on the thermal design. The framework of these constraints is formed by the
‘network of needs that the wearable computer must satisfy. The wearable computer must
be small, lightweight, and ergonomic in order to be worn on the body comfortably, yet it
must be rugged and also be able to be splashed by water and allowed to get dirty; it is not
being designed for an office environment. Furthermore, the power usage of the wearable
computer must be kept to aminimum so as to extend its battery life. Within all of these
congtraints, the thermal design is to produce areliable computer that will operate below the
maximum operating temperature of each of its electronic components.

Because of these constraints, embedding the electronics within asubstrate is agood
option (Bujard, 1988). With this design, the mode of heat transfer within the wearable
computer is conduction. Using metalic heat spreaders and the substrate itself, the heat is
transferred to the outer casing where it is dissipated through natural air convection. This
thermal design needs no battery power, has no moving parts, needs no air vents, and
causes the wearable computer to be extremely rugged. It isfor these reasons that
embedding electronics within apolymer substrate is the focus of my research.

4.1 Numerical Technique

The numerical technique underlying the simulations to be discussed is called the
spectral element method. The spectral element method is a hybrid of two powerful
techniques: the finite element method and the spectral technique. From the finite e ement
method, the spectral element method retains the advantages of geometric flexibility and
sub-domain integral formulation, whereas it acquires the advantages of rapid convergence
and high memory efficiency from the spectral technique (Nigen, 1994).

The spectral element method uses Lagrangian interpolants instead of trial functions,
similar to finite element methods; however, unlike finite element methods, the Lagrangian
interpolants are constructed from higher order orthogonal polynomials. For the orthogonal
collocation technique employed, Gauss-L obatto points are chosen corresponding to the
roots of the selected polynomials which increases its accuracy.
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The discretization of the spectral element method divides the domain into macro
elements that are isoparametrically mapped to alocal coordinate system. Each macro
element is further numerically divided by interna collocation points. The number of
collocation points to be used per element is controlled by the user. For the three-
dimensional macro elements used in the ssmulations, a scheme of 5x5x5 collocation points
was used for each macro element. It is at each of these collocation points where the
temperature is calculated and the differentia energy equation is exactly satisfied for the
steady-state, conduction-only model.

4.2 Numerical Simulations

To gain more understanding of the thermal phenomena of embedded electronics, a
model was constructed so that the various parameters that affect the heat transfer could be
tested. These model consists of a geometric mesh using the Nekton v2.8 software. The
mesh consisted of three dimensional macro elements modeling a 3.0x3.1x2.5 in®
embedded electronic artifact.

The artifact uses a polyurethane composite substrate where the polyurethane is
mixed with afiller (either aluminum oxide or nylon powder). Inside the substrate, in the
center of the artifact, an integrated switching voltage regulator (the 78ST305HC from
Power Trends, Inc.) is used as the heat-producing element. The voltage regulator is
attached to the cross-shaped, aluminum heat spreader by athermal adhesive compound.
Figure 8 shows the schematic representation of the physical model.

4.2.1 Embedded Voltage Regulator Mesh Design

Severa meshes of the embedded voltage regulator "cube" were constructed. The
first mesh to be constructed consisted of a heat spreader that had a diagonal design where
the width increased as the cross-shaped heat spreader reached the edge of the "cube’. This
design allowed more Cross-sectiond area for conduction and more surface area for
convection (see Fig.9) However, due to manufacturing considerations, a second mesh
design was made where the lateral dimensions of the cross-shaped heat spreader were
completely orthogonal (see Fig. 10).




For the air channels of the first two meshes, the air was modeled as "stagnant air",
causing the air channels to act as athermal insulator. In another variation, athird mesh
was created where the heat spreader was again orthogonally shaped, but the air channels
were now modeled by specifying an average convection coefficient for the natural air
convection insde the channels.

For the three above meshes, regardless of how the air channels were modeled, the
heat spreader placed in contact with the outer surface of the "cube”. 1n afourth mesh, the
heat spreader configuration was modified so that the heat spreader was extended parallél to
the outer surface of the "cube" by 3/16 inches (see Fig. 11). This configuration allows
natural air convection to act upon both sides of the heat spreader.

4.2.2 Variations of Thermal Parameters

With the second, third, and fourth meshes, parametric variations in power levels,
material properties, and "cube" configurations were investigated. For these meshes, the
thermal effects of the air channels, the heat spreader, and the substrate material were
investigated.

Three power levels and two substrate materials were investigated. The three power
levels of the voltage regulator that were s mulated are 3.0 W, 10W, and 0.2 W. The two
materials that were tested for the substrate both used polyurethane as the polymer base, but
two different fillers were tried. The first composite consisted of polyurethane and 15%
aluminum (by mass). The second composite consisted of polyurethane and 17% nylon
(by mass). The conductivity of the first composite was found to be approximately 0.7
W/m K and is about double that of the nylon-polyurethane composite.

Different configurations for the "cube" were also investigated. Three
configurations were made from each of the mesh variations discussed above. The first
configuration consists of the "cube" with aheat spreader and air channels, the second has
just aheat spreader, and the third has neither aheat spreader nor air channels. '
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4.2.3 Thermal Analysis of Numerical Simulations

To discuss the effects of the various parameters on the heat transfer of embedded
electronics, three tables showing the results of numerical simulations were constructed.
For each result shown, the ambient temperature is 25.0 °C.

Table 9 presents the effect of the geometry of the heat spreader and of the
convection coefficient on the maximum temperature. Comparison of case B with case C
shows that air flow through the air channelsis important. When the air is completely till
(no natura convection), the air acts as athermal insulator. However, modeling the air with
natural air convection, asin case C, the air channels act to enlarge the exposed surface area
by which convective heat transfer can take place. Thus, maximum temperature of case C is
4.0 °C less than that of case B.

Case A and case B, in Table 9, show the result of increasing the exposed surface
area of the heat spreader. Incase A, the heat spreader exposed to the outside air has 250%
more area than the heat spreader of case B, however, the decrease in the maximum
temperature is not that significant (a change of only 11% above the ambient temperature).
This shows that for this paricular power level (3.0 W), the surface areaof case B is
sufficient for heat removal. For higher power levels, the additional surface areawould be
more critical in order to reduce the maximum temperature.

In Table 10, the effect of the material choice of the substrate as well as the effect of
the power level is shown. As the power level increases from 0.2 W to 10 W, the change
in the temperature rise from ambient to the maximum temperature (the temperature rise of
the voltage regulator) also changes, but instead of changing by afactor of 5, the
temperature rise changes by afactor of 4.15. Likewise, the three-fold increase in power
from 10 W to 3.0 W is accompanied by only a 290% increase in the temperature rise.
Therefore, the change in the power level is not directly proportional to the change in the
temperature rise of the voltage regulator when the heat speader is in contact with the surface
of the substrate. :

To account for this lack of linear proportionality in the relationship between the
temperature rise and a change in the power level, the following formulation is useful.

AT = Ryp*P (1)
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where AT = the temperature change (°C)
Rth = the overall thermal resistance (°C/W)
P = the power level (W)

The overall thermal resistance is acombination of the thermal resistances due to conduction
and convection, Rcond and Rconv » respectively. Thus:

Rth = Rcond + Rconv 2

The eguations giving the conductive and convective thermal resistances are:

L

Reond = k*Acr (3)
1

Reonv = feAsart @)

where L = the material thickness (m)
k = the conductivity of the material (W/m K)
Acr = the cross-sectional area perpendicular to the heat flux (m?)

h = the heat transfer convection coefficient (W/m? K)
Asurf = “e exposed surface area for convective heat transfer (m?)

Because the conductive resistance depends only on the geometry and material of the
"cube", the conductive resistance is independent of the power level used (assuming the
conductivity of the material to be constant and not change significantly with temperature).
Likewise, athough the convective resistance term is highly dependent on air flow
conditions that determine the value of the convection coefficient, the convection coefficient
is fixed in the smulations and does not depend on the temperature (which would affect the
convection due to buoyancy effects). Therefore, for each mesh design, the temperature rise
should change linearly with the power level in the numerical simulations.

A thermal resistance network as shown in Figure 12 may shed some light on the
thermal situation. This resistance network is only an approximation of the physical
situation but shows that the thermal resistances take the form of the "wheatstone bridge”,
the electrical engineering equivalent. This is the reason for the non-linear results.
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If, however, the "cube" consists of the polyurethane substrate only, the thermal
resistances would be expected to stay constant as power changes. Thisis, in fact, observed
in the numerical simulations. For the nylon-polyurethane "cubes' without heat spreaders
or air channels, theratio of AT to AP is practically the same.

Table 11 shows the effect of the air flow through the air channels. Case C hasthe
highest temperature since it has no heat spreaders or air channels. Cases B and D have no
air channels either but do have heat spreaders. The fact that case B has adightly lower
temperature (even though its heat spreader is not extended from the surface) is a
consequence of the modeling of the voltage regulator which is different in the two cases.
The modeling of the voltage regulator in case B is dlightly more accurate in that more
layers were used. The temperature of case E is lower than that of case A because of the
natural convection in the air channels of case E. Finally, the air channelsincase A act asan
insulator (since air is modeled as completely stagnant) causing case A to have adlightly
higher temperature than case B. From this, it can be summarized that the air channels may
help add surface area to the heat spreader for heat dissipation, but the heat spreader, itsdf,
remains more critical than air channels alone for heat removal.

3.4 Thermal Resistance Modd of the " Cube"

To analyze the relative contributions of the heat spreader and the subtrate in the
removal of heat from the embedded voltage regulator, athermal resistance model is
constructed to approximate the heat flow paths. Because the mesh design with the surface
hest spreader produces a nonlinear relationship between AT and AP, the thermal resistance
model is based upon the extended heat spreader design. The thermal resistance network is
smplified to that of Figure 13.

Equations (2) and (4) provide the formulations for the the conductive and
convective resistances. Table 12 shows the values that were used in the model.
Determining the appropriate lengths and cross-sectional areas of the conductive resistances
is difficult, and only appoximations can be made. However, the exact values of the
conductive and convective resistances are not needed to understand the thermal behavior of
the "cube".
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The vaues of the conductive resistance from the voltage regulator to the surface of
the substrate and from the heat spreader to the surface of the substrate are approximately
the same. Because of the high conductivity of aluminum, the conductive resistance of the
heat spreader from its center to its outside surface is less than the other conductive
resistances
but still in the samie order of magnitude. However, the convective resistances of the
substrate and heat spreader were larger than their corresponding conductive resistances. In
fact, the convective resistance of the heat spreader is ailmost 10 times larger than its
conductive resistance. Therefore, in the design of embedded wearable computers where
the surface convection coefficient cannot be controlled and the volumetric size is
minimized, two parameters become critical in the thermal design: the conductivity of the
substrate and the exposed surface area of the heat spreader. These two parameters, if
successfully optimized, can make the wearable computer much more thermally reliable.

To ascertain the accuracy of the thermal resi stance model, it is compared with
numerical simulations of a"cube" having the same geometry and material properties.
Results show that the predicted temperature rises of the thermal resistance model are
approximately 25% less than those of the numerical ssimulations. This error, though
significant, does not strongly affect the capability of the model to predict the heat flow
paths. For the 3.0 W case, the data from the numerical simulations indicate that
approximately 30% of the hesat is dissipated from the heat spreader by natural convection;
the model predicts 29%. However, this fractional value of heat being dissipated by the heat
spreader does not fully account for the importance of the heat spreader. By spreading the
heat lateraly within the substrate, the heat spreader lessens the effective conductive
resistance of the substrate (ie. Rgjoaond is reduced to Re, by the heat spreader).

4.3 Embedded Electronics Experimentation

Physical experimentation is needed as a verification of the numerical simulation and
as atest of the manufacturability of the proposed design. In some instances, physical
experimentation is necessary to obtain critical information before a numerical simulation
can be done, such as determining the thermal conductivity of amaterial.
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4.3.1 Manufacturing Process

An embedded electronics "cube" consists of the following parts: the mold, the
polymer composite, the heat spreader, the electronics, and the thermocouples. Described
below is the genera process that was taken to manufacture the polyurethane-nylon "cube”,
shown in Fig. 14, with the heat spreader, air channels, and the embedded voltage regulator.

To form the outer shape of the experimental artifact, amold is made consisting of
aluminum plates taped together to form the lateral, rectangular shape needed for the
polyurethane composite. The heat spreader, however, introduces acomplication because
the design calls for the air channels to extend from the outer surface of the "cube”. In order
to need only one rectangular mold, the arms of the heat spreader are bent vertically
upwards and later are bent away from the surface. The preparation of the polyurethane-
nylon composite smply consists of mixing two-thirds polyurethane with one-third nylon
powder by volume. The blend is then poured into the mold to a depth of 10 inches.
When completely cured, the air channels are cut with amilling machine.

The aluminum heat spreader is fixed onto the top of the air channels using a
thermal adhesive. The heat sink of the voltage regulator is fixed to the center of the heat
spreader using the thermal adhesive. Exactly 10 W of heat is generated by the voltage
regulators using a custom-made board consisting of diodes, capacitors, and carbon
resistors. This board is connected to the voltage regulator by wires and therefore can be
used by other "cubes'. After the thermal adhesive dries, the polyurethane-nylon composite
is poured to a height of 10 inches above the top of the voltage regulator. After the
composite cures, the holes for the thermocouples are drilled with good precision (+/- 0.02
inches), and the locations of the thermocouples are recorded. The gap between the
thermocouple and drilled hole is filled with the polyurethane-nylon composite. The
locations of the thermocouples correspond to locations used in the numerical smulations
for comparison purposes.

4.3.2 Embedded Electronics Experimental Procedure

A DC voltage source supplies the embedded voltage regulator with power. Before
the power is turned on, the thermocouples are connected to an analog-to-digital (A/D)
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board which is operated on an IBM 386 computer using software specifically written for
the purpose of data acquisition for the thermocouple temperatures. The user inputs the
number of thermocouples, the ambient temperature, the length of time the experiment will
be run, and the time between readings.

The calibration of the A/D board is done by placing two thermocouples of the same
variety in aboiling beaker of water. One thermocouple is connected to ahandhold
pyrometer, and temperature measurements are written down every 30 seconds. The other
thermocouple is connected to the A/D board, and its values are also read every 30 seconds.
A simple algebraic formulais then made to adjust the A/D boards values with that of the
handhold pyrometer. This is then encoded in the software.

4.3.3 Experiments Performed on Each " Cube"

Once the cube is manufactured, six experiments are performed by varying the air
flow conditions within the air channels and over the outer surface and by varying the power
level produced by the voltage regulator. One experiment ssmply consists of taping the end
of the air channel, thus creating the condition of stagnant air inside the air channels with
natural convection operating on the extended heat spreader. In the last experiment asmall
fan (with aknown air flow rate) will be used to move air across the entire "cube". For each
of these experiments, two power levels shall be tested: 1.0 W and 3.0 W.

4.3.4 Types of Manufactured Polyurethane Composite " Cube"

Severa types of "cubes' will be manufactured so as to test the various parameters
of interest, namely the heat spreaders and choice of filler for the polyurethane-filler
composite. The first "cube" manufactured has air channels and an aluminum heat spreader
and consists of a polyurethane-nylon substrate having 17% nylon by mass. This "cube"
has shown that the manufacturing technique is satisfactory and that physical
experimentation is feasible in verifying the therma predictions of the numerical
simulations.

Two additional "cubes’ are aso to be manufactured. The first investigates the
effect of alayer of ahigh conductivity filler used with the polyurethane (for example,
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copper). Thislayer is placed at the level of the heat-producing components and would take
the place of the heat sink. A thin layer of the composite with copper coats the outside of
the surface, acting as an enlarged heat spreader. The mgority of the substrate uses
aluminum oxide as the filler. The second "cube" to be manufactured will have an
aluminum heat spreader and air channels but will be made of a new resin with aluminum
oxide particles comprising 70% of the composite by volume. The new resin is a bisphenol
F epoxy and with the aluminum oxide filler is reported to have a conductivity as high as
4.5 WI/m K, asix fold increase from the conductivity of the polyurethane-aluminum
composite (15% aluminum by mass) used previously.

4.4 Determination of the Conductivity of a Composite Material

When modeling the heat transfer aspects of any object, the most important
property to know is its conductivity. Because not all materials used in physical
experiments are given a specified thermal conductivity, several ways have been devel oped
to approximate the conductivity. Although the determined value of the conductivity is only
approximate, the information is much needed in order to proceed with the numerical
simulations,

4.4.1 Analytical Methods

A very rough estimation of the conductivity of acomposite material can be made
by analytical formulations. If the percent composition of the constituent components is
known as well as their respective conductivities, athermal resistance approach can be used.
Two analytical formulations have been developed to estimate the maximum and minimum
effective conductivities possible for the conductivity. The upper and lower limits of the
conductivity of the composite depend on the configuration of the materials with respect to
the direction of the heat flow. Modeling the heat transfer as either a series or parallel
thermal resistance network helps to analyze the possible configurations.

The series thermal resistance network places alower bound on the conductivity.
Since the heat must flow through both materials, the less conductive material has its largest
possible effect on the overall conductivity in this configuration, causing the lower limit of
the conductivity of the composite to be ascertained. The series formulation takes the form
of:
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. kakb
kcomposite = ==k (5)

where v is the volume fraction of the constituent materials and k the conductivity. The
volume fraction is used as abasis for measuring the relative thickness of the each layer of
the individua materials.

The parallel resistance network, on the other hand, produces the upper limit of the
conductivity of the composite because the heat is allowed to mostly bypass the less
conductive material and flow through the higher conductive material. Its formulation takes
the form:

kcomposite = vk, + vbkb (6)

It must be noted, however, that more accurate formulations have been developed to
determine the conductivity of a polymer-filler blend such as the ones being used in our
experiments.(Bigg, 1986).

4.4.2 Line Source Method

One method for determining the conductivity of acomposite material is to compare
numerical simulations with experimental results. This is an unsteady-state technique that
does not require the materials to reach their steady-state temperature (Bigg, 1986). This
procedure determines the approximate conductivity of the polyurethane-aluminum oxide
composite that is 15% aluminum by mass.

The polyurethane-aluminum oxide composite was poured into cylindrical mold
with acarbon resister inside. After the composite cures, four thermocouples are embedded
inside (see Fig. 15) at predetermined locations correspbnding to locations prescribed in the
numerical simulations. Severa experiments were run to obtain the thermocouple
temperature results corresponding to a particular power level.

A mesh for the numerical simulations is constructed for the prescribed geometry

and thermocouple positions. Many numerical simulations are run with each using a
dightly different conductivity to compare its temperature predictions with those observed
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in the experiment. From this approach, a conductivity of 0.7 W/m K is ascertained for the
polyurethane-aluminum oxide composite with a reasonable uncertainty of +/- 0.1 W/m K.

4.4.3 Heat Flux Experimental Method

A more direct method for obtaining the conductivity of acomposite materia
employs a heat flux sensor and heat flux generator to model aone dimensiona heat
transfer problem for which the conductivity is readily determined (see Fig. 16). Thisisa
steady-state technique requiring two to 24 hours to complete (Bigg, 1986).

A 0.5 inch diameter microfoil heat flux sensor made by RdF Corporation is
sandwiched between a 0.5 inch diameter thermofoil heater made by Minco Products, Inc.
and a 0.5 inch diameter specimen of unknown conductivity with athickness of 0.0625
inches. The thin profile of the specimen will insure the vaidity of the one dimensional
model. Knowing the heat flux going through the face of the specimen and the temperature
on.each side of it using thermocouples, the conductivity of the specimen will be determined
more accurately than the "line source method" described above.

45 Factors Affecting the Conductivity of a Polymer-Filler Composite

Polymers may be made more conductive by adding conductive fillers to the
polymer matrix. The conductive fillers are very fine particles on the size of hundreds of
[Lm and typically have aconductivity of at least 20 W/m K. The parameters that can be
varied in the selection of the filler are its conductivity, particle size, aspect ratio, orientation,
and volume fraction.

As long as the conductivity of the filler is two orders of magnitude higher than that
of the polymer, the conductivity of the filler has very little effect on the conductivity of the
composite (Bigg, 1986). The particle size has little effect on the conductivity of the
composite aswell. However, as the particle size increases, the resulting heterogeneous
character of the composite makes it more difficult to predict its conductivity. The greatest
effect on the conductivity of the composite is produced by the volumetric packing fraction
of the filler. As the volume percentage of the filler increases, the conductivity of the
composite increases exponentially.
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Typical filler materials that are used to enhance the conductivity of the composite
are copper, silver, aluminum, tin, aluminum oxide, silicone, and carbon. (Bigg, 1986).
Two filler materials that have very promising results are aluminum nitride (Bujard and
Ansermet,1989) and boron nitride (Bujard, 1988). Conductivities for composites with
these materials can approach 4 w/mk and 5 W/m K, respectively.

For fibersthat have large aspect ratios (long and thin particles), the orientation can
have a significant effect since a conductive path can be created from the chain of the filler
particles. Chains structures of the filler particles increase with increasing volume fractions
making it more difficult to predict the conductivity of the composite as the volume fraction
is increased.

A model has been developed to predict the conductivity of polymer-filler
composites that agrees well with experimental results. The model was developed by
Nielsen and is a generalization of the Kerner calculation used for determination of the hear
modulus of solids (Bujard, 1986). Nielsen's model assumes the particles to be randomly
scattered and have no thermal resistance of the interface between the particles and the
epoxy. Thefollowingis Nielsen's mode:

ke _(1+ABO) —_
kp -(1-B¢®) (7)

where kc = the conductivity of the composite
kp = the conductivity of the polymer
kf = the conductivity of the filler

A = factor depending on particle geometry
O = volumetric ratio of filler
On = maximum volumetric packing fraction for the filler
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5. Conclusions

Applying heat transfer principles to wearable computers requires that the thermal
design develop concurrently with the designs of the electronic and industrial design teams.
Without concurrent design, the thermal concerns cannot be adequately addressed in the
short design cycle, causing the thermal design to become little more than an afterthought.
Concurrent thermal design should develop in three basic stages. First, the basic type of
cooling arrangement is chosen. Second, the actual devices needed for the cooling
arrangement are selected and their implementation tested. Lastly, anumerical model is
constructed to access the effectiveness of the overall thermal design.

The Navigator 2 is a design based on the framework of concurrent engineering. In
its development, heat spreaders were found to be the simplest and most satisfactory way of
transporting the heat from the electronic components. Thus, the thermal design
concentrated on the most efficient medium to convey the heat to the heat spreader, through
the heat spreader, and from the heat spreader into the ambient air. The design callsfor a
thermal interface material to minimize air gaps between the components and the heat
spreader as well as alarge outer surface area to minimize convective resistance to the
ambient air. '

Embedded electronics is a novel approach to the thermal problems of portable,
wear able computers. Because air is generally an insulating medium when stagnant and
forced-air cooling requires both increased space and power, conduction is seen as a way of
transporting heat from the electronics to the environment. To maximize the conduction of
heat, a combination of heat spreaders and polymer composites with conductive fillersis
being studied. The heat spreader and the polymer composite work together in spreading
and removing heat from the components. Their exact relationship and optimization is
currently being researched.
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Embedded Voltage Regulator Assembly
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Specimen B
(Insulated ENds)

All Dimensions in millimeters

(accuracy =0.3 nm)
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Paint h_
A 1 142
B 1 128
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D 1 12
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Table 1: Heat-Producing Electronic Components of the Navigator 2

Estimated Maximum
Power Operating

Component Level (Wi Temp. (°O
Epson 10-486 Card-Type PC 4.5 55
(with 3.3V 33 MHz 486-SL Processor)

05 60
78SR174HC Power Trends 7V Voltage Regulator

15 60
78ST305HC Power Trends 5V Voltage Regulator

0.75 60
78ST133HC Power. Trends 3.3V Valtage Regulatar

7.25 55

Total Operating Conditions

Table 2: Possible Software Power-Saving Features for the Navigator 2

Mode Timer
CPU Standby 4 seconds
Global Standby 15 seconds
Auto Suspend 5 minutes
Video Disable
Serid 1 4 seconds
Serid 2 4 seconds
Hard Disk 1 minute
TERI Card 4 seconds

Table 3: Types of Heat Spfeaders Used in Heat Sink Test Bed Experiments

Area Exposed to Natural

Designation Thickness (in) Air Convection (in")
A 1/48 36
B 1/16 36
C 1/16 108
D 18 108




Table 4: Temperature Data from the Heat Sink Test Bed Experiments

Exp. Typeof Power Thermal TI T2 T3 T4 "5 TI-5
No, H Spr. (Wi Interface < ce--co--- (QQY--------- ->
1 none 3.0 none 77T — --- - 235 542
2 none 3.0 LHS 770 667 — @ — 36.1 409
3 none 3.0 Gap Pad 808 753 — — 353 455
4 A 3.0 LHS 664 505 462 330 26.0 404
5 A 3.0 Gap Pad 644 616 522 366 355 289
6 A 30 none | 620 — 50.7 358 246 374
7 none 30 none 913 — - — 40.0 513
8 B 3.0 LHS 771 59.0 512 467 410 36.1
9 B 30 Gap Pad 746 737 501 453 405 341
10 B 30 LHS 912 655 564 495 451 461
11 B 50 Gap Pad 857 850 550 485 452 405
2 none 30  nove 772 — — — 345 427
13 B 30 none 658 519 463 410 373 285
14 C 30 Gap Pad 53.6 452 405 320 289 247
15 C 8.0 Gap Pad 758 585 520 371 294 464
16 D 8.0 Gap Pad 704 573 46.0 383 27.0 434
17 D 8.0 *Gap Pad 66.6 60.1 501 406 275 301

* Note: Gap Pad that is 1/16 inch thick and has a pressure sensitive adhesive on the glass-
fiber reinforced side.




Table5: Comparative Temperature Rises in the Test Bed Experiments

Experiment  Thermal Interface T1«3(0Q Ti-5(°C)
_-"—_-“Z“- LHS 20.2 40.4
5 Gap Pad 12.3 289
3 LHS 25.9 36.1
10 LHS 34.‘1 46.1

'I:able 6: Numerical Simulations of the Navigator 2

Mesh  h(W/m?K) h (W/m?K) Exposed H.Spr. kmetal — kQapPad Max*
Type of H.Spr. of sides  Areato Air (in®) (W/mK) (W/mK) Temp(f_(}_)

: 200 0.58 75.7

First (g))) g g ; 400 175 75.0

- 2 4 200 175 74.0

@ - > o 200 175 60.6

© 5 5 54 200 175 52.2

6 s 0 o1 200 0.58 48.4

Second (g) 5 | 74 85 8‘28 ggg
(h) 5 1 74 170 ' '

02 1 o 170 0.50 46.7

O e 1 10 85 0.50 46.2

k) 5 1 124 170 175 45.5

@ 5 1 173 85 0.50 aa.4

M 5 1 149 170 0.50 44.2

o 3 1 108 85 0.50 43.1

© 5 . I 170 0.50 425

o 3 1 1% 170 0.50 43.1

* Note: Ambient temperature is 25 °C




Table 7: Heat Flow Dependency on Radiation from Heat Sink

0
es Qsink/Qtotal Qconv/Qtotal Qrad/Qtoial Tmu( O)

0.8 86% 51% 49% 80.4
0.2 8% 7% 23% 91.9

where 8s = emissivity of the heat sink surface
Qark = heat transferred to the heat sink from the component
Quv = heat transferred to the air stream via natural convection
Q.4 = heat transferred to the air stream viaradiation
Tamax = tOp Surface temperature of the semiconductor chip

Table8: Material Properties of the Second Mesh of the Navigator 2

Materidl k(WmK) p(kg/m®)  Co(J/kgK) pC,(Im*K) u* (W/m
Sagnant @ 0.05 1.1614 1007 1.17x10° 0
plastic 0.50 1.70x10° 0
Gap Pad* 050 eee-eee- 1.70x10° 0
duminum 170 2500 860 2.15x10° 0
PCB 0.20 100 800 8.00x10* 0
Epson Card 120 1700 830 1.41x10° 1.95x10°
V.Reg.(0.5W) 32 800 770 6.16x10° 1.26x10°
V.Reg.(.75W) 32 800 770 6.16x10° 1.89x10°
V.Reg.(L5W) 32 800 770 6.16x10° 3.78x10°

* Note: The pCp vaue for the plastic and Gap Pad is the average pCp value of the two
materials. The conductivity (k) for the Gap Pad is being modelled as 0.5 W/m K instead
of its actual conductivity (1.75 W/m K) to smulate the effect of contact resistance.




Effect of Heat Spreader Geometry & Convection Coefficient

CASE Material/POVVER . Conv. Coef. (W/m? °C) TnaX
al-ox, 3.0 W 5 outsde/stagnant inside  48.6
A u
L |Uj J al-ox, 3.0 W 5 outside/stagnant inside 514
8

L tDJ J al-ox, 3.0W 5 inside/5 outside 47.4
C




Tex lo U 10
Effect of Material Choice aod Power Leve

M aterial/
CASE EQNEB_ Conv, Cocf. (Whni2 »¢) L_a; - Tomer
A [ J al-ox. 3.0W 5 outside/stagnant inside 26.4

U (2.9))
l LI j al-ox, l.ow 5 outside/stagnant inside 9.1
U

(4.14)

1 I_, fl.a-ox, 02w 5 oiiisidc/smgiinm inside 2.2

u

1.3)
D |_ l'El'I Jv\lylon, 3.0W 5 outside/stagnant inside 48.2
(2.9)
E 1,- !—’ J nylon, LOW 5 outdde/sagnant inside 16.6
u _
(4.15)

F 1 J I__, J.. nylon. 0.2w 5 outside/ stagnant inside 4.0




f o ble H _

Effects of Heat Spreaders and Air Channels

CASE

-G[.

Material/POWER ConvACffifiL  (W/m* <0 ZImax

al-ox, 3.0 W 5 outdde/gagnant ingde 514

al-ox, 30W 5 outsde/no air channd 50.5

al-ox, 30W 5 outside/no heat spreader 62.2
/no air channd

al-ox, 30W 5 outsde/2 insi_de h.sor. 50.7
/no air channd

al-ox, 30W 5 outside/3 insde h.spr. 49.3
12 in air channd




Table 12: Thermal Resistance Values of " Cube’ with Extended Heat Spreaders

L K
Rsup.conp = %ﬁfﬁ= 5.94 57

r> LHSR-SUB rro_L.
RHSR-SUB.COND = suBAHSR-SUB = 6-58 w

K

RsuB.conv = n AISUB =6.35 3
L . K
Rusi.conD= o R = 221 W

K
Rusr.conv = h ALHSR = 20.24 W

K
RSUB =9.47 yv

K
RHsR = 2245/:'7

K
RTOTAL = 6.66 3y




Table 13: Data from Polyurethane-Aluminum "Cube" Simulations

Power Level

(W).

0.20
0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80
3.00

Max. Temp.
(©)

26.98
28.67
30.36
32.06
33.75
35.44
37.14
38.84
40.52
42.22
43.91
45.60
47.30
49.00
50.69

Temperature vs Power

60.00 7
50.00 1
40.00 1
30.00
20.00 t
10.00 1
0.00 +—+—————+——+——

Te et th (1

Table 14: Heat Flux Data for 3.0 W Poly-Al Ox "Cube with H.Spr. Only

T{max} T{sub} T{hsr} T{amb}
© © ©) (©)
50.69 39.94 45.06 25 .

[44.5] [37.79] [42.58]

% heat thru

g{sub) g{hsr} g{total) heat spreader
W) (W) W)

2.35 0.99 3.34 0.296

Note: [] indicate Thermal Resistance Model values
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