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With the increase in heat dissipation from microelec-
tronic devices and the reduction in overall form factors,
thermal management becomes a more and more impor-
tant element of electronic product design. Both the per-
formance reliability and life expectancy of electronic equip-
ment are inversely related to the component temperature
of the equipment. The relationship between the reliability y
and the operating temperature of a typical silicon semi-
conductor device shows that a reduction in the tempera
ture corresponds to an exponential increase in the reliabil-
ity and life expectancy of the device. Therefore, long life
and reliable performance of a component may be achieved
by effectively controlling the device operating temperature
within the limits set by the device design engineers.

Heat sinks are devices that enhance heat dissipation
from a hot surface, usually the case of a heat generating
component, to a cooler ambient, usualy air. For the fol-
lowing discussions, air is assumed to be the cooling fluid. In
most situations, heat transfer across the interface bet ween
the solid surface and the coolant air is the lead efficient
within the system, and the solid-air interface represents
the greatest barrier for heat dissipation. A heat sink low-
ers this barrier mainly by increasing the surface area that
is in direct contact with the coolant. This allows more
heat to be dissipated and/or lowers the device operating
temperature. The primary purpose of a heat sink is to
maintain the device temperature below the maximum al-
lowable temperature specified by the device manufacturer.

Thermal Circuit

Before discussing the heat sink selection process, it is
necessary to define common terms and establish the con-
cept of a thermal circuit. The objective is to provide basic
fundamentals of heat transfer for those readers who are not
familiar with the subject. Notations and definitions of the
terms are as follows:

Q . total power or rate of heat dissipation in W,
represents the rate of heat dissipated by the
electronic component during operation. For the
purpose of selecting a heat sink, the maximum
operating power dissipation is used.

T maximum junction temperature of the device
in °C. Allowable T,values range from 115°C
in typical microelectronic applications to aa
high as 180° C for some electronic control devices,

[ ] Ta Ta
f— Rsa

Ts
Ts~e -~ T Res

% X T
ch

Figure 1. Thermal Resistance Circuit

In" specia and military applications, 65°C to 80°C
are not uncommon.
case temperature of the device in °C. Since the
case temperature of a device depends on the location
of measurement, it usually represents the maximum
local temperature of the case.
T, : sink temperature in °C. Again, this represents
the maximum temperature of a heat sink at the
location closest to the device.
T, : ambient air temperature in °C.

Using temperatures and the rate of heat dissipation, a
quantitative measure of heat transfer efficiency across two
locations of a thermal component can be expressed in terms
of thermal resistance R, defined as

R :A_T

Q

where AT is the temperature difference between the two
locations. The unit of thermal resistance is in "C/W, in-
dicating the temperature rise per unit rate of heat dissipa
tion. This therma resistance is anaogous to the electrical
resistance R, given by Ohm's law:

with AV being the voltage difference and | the current.

Consider a simple case where a heat sink is mounted on
a device package as shown in Fig. 1. Using the concept
of thermal resistance, a simplified thermal circuit of this
system can be drawn, as also shown in the figure. In this
simplified modei, heat flows serially from the junction to
the case then across the interface into the heat sink, and
finaly dissipated from the heat sink to the air stream.

The thermal resistance between the junction and the
case of a device is defined as



This resistance is specified by the device manufacturer. Al-
though the R;. value of a given device depends on how and
where the cooling mechanism is employed over the package,
it is usuaily given as a constant value. It is also accepted
that R;.is beyond the user's ability to alter or control.

Similarly, case-to-sink and sink-to-ambient resistances
are defined as
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respectively, Here, Re¢s represents the thermal resistance
across the interface between the caae and the heat sink and
is often caled the interface resistance. This value can be
improved substantially depending on the quality of mating
surface finish and/or the choice of interface material. R,q
is the heat-sink thermai resistance.

Obvioudly, the total junction-to-ambient resistance is the
sum of al three resistances:

T, - T,
Q

Required Heat-Sink Thermal Resistance

Rja = ch + Rey + Ry =

To begin the heat sink selection, the first step is to de-
termine the heat-sink thermal resist ante required to satisfy
the thermal criteria of the component. By rearranging the
previous equation, the heat-sink resistance can be easily
obtained as

Rsa T Rc"Rc:

In this expression, T, Q and R;. are provided by the de-
vice manufacturer, and T, and R., are the user defined
parameters.

The ambient air temperature T_for cooling electronic
equipment depends on the operating environment in which
the component is expected to be used. Typicaly, it ranges
from 35 to 45"C, if the externa air is used, and from 50 to

60" C, if the component is enclosed or is placed in a wake.

of another heat generating equipment.

The interface resistance R., depends on the surface fin-
ish, flatness, applied mounting pressure, contact area, and,
of course, the type of interface material and its thickness.
Precise value of this resistance, even for a given type of
material and thickness, is difficult to obtain, since it may

vary widely with the mounting pressure and other case
dependent parameters. However, more reliable data can
be obtained directly from material manufacturers or from
heat-sink manufacturers. Typical values for common in-
terface materials are tabulated in Table 1.

Table 1: Thermal Properties of Interface Materials!

Material Conductivity | Thickness | Resistance
W/in°C inches in?°C/W
Ther-O-Link 0.010 0.002 0.19
Thermal Compound
High Performance 0.030 0.002 0.07
Thermal Compound
Kon-Dux 0.030 0.005 0.17
A-Dux 0.008 0.004 0.48
1070 Ther-A-Grip 0.014 0.006 043
1050 Ther-A-Grip 0.009 0.005 0.57
1080 Ther-A-Grip 0.010 0.002 021
1081 Ther-A-Grip 0.019 0.005 0.26
A-Pli 220 @ 20psi 0.074 0.020 0.27
1897 In-Sil-8 0.010" 0.008 0.81
1898 In-Sil-8 0.008 0.006 0.78

With all the parameters on the right side of the above
expression identified, R,, becomes the required mazimum
thermal resistance of a heat sink for the application. In
other words, the thermal resistance value of a chosen heat
sink for the application has to be equal to or less than
the above R,q value for the junction temperature to be
maintained at or below the specified T,.

Heat-Sink Selection

In selecting an appropriate heat sink that meets the re-
quired thermal criteria, one needs to examine various pa
rameters that affect not only the heat-sink performance
itself, but aso the overal performance of the system. The
choice of a particular type of heat sink depends largely on
the thermal budget alowed for the heat sink and external
conditions surrounding the heat sink. It is to be empha
sized that there can never be a single value of thermal
resistance assigned to a given heat-sink, since the thermal
resistance varies with externa cooling conditions.

When sdlecting a heat sink, it is necessary to classify
the air flow as natural, low flow mixed, or high flow forced
convection. Natural convection occurs when there is no ex-
ternally induced flow and heat transfer relies solely on the
free buoyant flow of air surrounding the heat sink, Forced
convection occurs when the flow of air is induced by me-
chanical means, usually a fan or blower. There is no clear



distinction on the flow velocity that separates the mixed
and forced flow regimes. It is generally accepted in appli-
cations that the effect of buoyant force on the overal heat
transfer diminishes to a negligible level (under 570) when
the induced air flow velocity exceeds 1 to 2 m/s (200 to
400 Ifm).

The next step is to determine the required volume ofa
heat sink. Table 2showsapproximate ranges of volumetric
thermal resistance of a typical heat sink under different
flow conditions.

Table 2: Range of Volumetric Therma Resistance

Flow Condition | Volumetric Resistance
m/s (1fm) cm’OC/W (in"OC/W)
Natural Convection 500-800 (30-50)
1.0 (200) 150-250 (10-15)
2.5 (500) 80-150  (5-lo)
5.0 (1000) 50-80 (3-5)

The volume of a heat sink for a given flow condition
can be obtained by dividing the volumetric thermal resis-
tance by the required thermal resistance. Table 2 is to be
used only as a guide for estimation purposes in the beginn-
ing of the selection process. The actua resistance val-
ues may vary outside the above range depending on many
additional parameters, such as actual dimensions of the
heat sink, type of the heat sink, flow configuration, ori-
entation, surface finish, atitude, etc. The smaller values
shown above correspond to a heat-sink volume of approxi-
mately 100 to 200 cm’(5 to 10 in®) and the larger ones to
roughly 1000 cm’(60 in’).

The above tabulated ranges assume that the design has
been optimized for the given flow condition. Although
there are many parameters to be considered in optimiz-
ing a heat sink, one of the most critica parameters is the
fin density. In a planar fin heat sink, optimum fin spacing
is strongly related to two parameters. flow velocity and fin
length in the direction of the flow, Table 3 may be used
as a guide for determining the optimum fin spacing of a
planar fin heat sink in typical applications.

Table 3: Fin Spacing* versus Flow and Fin Length

Fin Length, mm (in)

Flow Condition 75 150 225 | 300
m/s (Ifm) (3.0) | 6.0) |0.0) ] (12.0)

Natural Convection 6.5 7.5 10 13
(0.25) | (0.30) | (0.38) | (0.50)

1.0 (200) 4.0 5.0 6.0 7.0
(0.15) | (0.20) | (0.24) | (0.27)

2.5 (500) 2.5 33 4.0 5.0
(0.10) | (0.13) | (0.16) | (0.20)

5.0 (1000) 2.0 25 3.0 35
(0.08) | (0.10) | (0.12) | (0.14)

* in mm (inches)

The average performance of a typical heat sink is linearly
proportional to the width of the heat sink in the direction
perpendicular to the flow, and approximately proportional
to the square root of the fin length in the direction parallel
to the flow. For example, an increase in the width of a
heat sink by a factor of two would increase the heat dissi-
pation capability by a factor of two, whereas an increase
in the length of the heat sink by a factor of two would
only increase the heat dissipation capability by a factor of
1.4. Therefore, if the choice is available, it is beneficia to
increase the width of a heat sink rather than the length of
the heat sink. Also, the effect of radiation heat transfer is
very important in natural convection, as it can be respon-
sible of up to 25% of the total heat dissipation. Unless the
component is facing a hotter surface nearby, it is imper a
tive to have the heat sink surfaces paintedor anodized to
enhance radiation.

Heat-Sink Types

Heat sinks can be classified in terms of manufacturing
methods and their final form shapes. The most common
types of air-cooled heat sinks include

1. Stampings: Copper or auminum sheet metas are
stamped into desired shapes. They are used in tradi-
tional ar cooling of electronic components and offer
a low cost solution to low density therma problems.
They are suitable for high volume production, and ad-
vanced tooling with high speed stamping would lower
costs. Additional labor-saving options, such as taps,
clips, and interface materials, can be factory applied
to help reduce the board assembly costs.

2. Extrusions: These allow the formation of elaborate
two-dimensional shapes capable of dissipating large
heat loads. They may be cut, machined, and options
added. A cross-cutting will produce omni-directional,
rectangular pin fin heat sinks, and incorporating ser-
rated fins improves the performance by approximately
10 to 20%, but with a slower extrusion rate. Extrusion
limits, such as the fin height-to-gap aspect ratio, mini-
mum fin thicknest+to-height, and maximum base to fin
thicknesses usually dictate the flexibility in design op-
tions. Typical fin height-to-gap aspect ratio of up to 6
and a minimum fin thickness of 1.3 mm are attainable
with a standard extrusion. A 10 to 1 aspect ratio and
a fin thickness of 0.8 mm can be achieved with spe-
ciad die design features. However, as the aspect ratio
increases, the extrusion tolerance is compromised.

3. Bonded/Fabricated Fins: Most air cooled beat
sinks are convection limited, and the overall therma
performance of an air cooled heat sink can often be
improved significantly if more surface area can be ex-
posed to the air stream. These high performance
heat sinks utilize thermally conductive auminum-
filled epoxy to bond planar fins onto a grooved extru-
sion base plate. This process alows for a much greater
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fin height-to-gap aspect ratio of 20 to 40, greatly in-
creasing the cooling capacity without increasing vol-
ume requirements.

4. Castings: Sand, lost core and die casting processes
are avalable with or without vacuum assistance, in
aluminum or copper/bronze. This technology is used
in high density pin fin heat sinks which provide max-
imum performance when using impingement cooling.

5. Folded Fins: Corrugated sheet metal in either alu-
minum or copper increases surface area and, hence,
the volumetric performance. The heat sink is then at-
tached to either a base plate or directly to the heating
surface via epoxying or brazing. It is not suitable for
high profile heat sinks due to the availability and from
the fin efficiency point of view. However, it alows to
fabricate high performance heat sinks in applications
where it is impractical or impossible to use extrusions
or bonded fins.

Figure 2 shows the typical range of cost functions for dif-
ferent types of heat sinks in terms of the required thermal
resistance.

The performance of different heat-sink types varies dra-
matically with the air flow through the heat sink. To quan-
tify the effectiveness of different types of heat sinks, the
volumetric heat transfer efficiency can be defined as

1= eaT,,

where, m is the mass flow rate thrqggh the heat sink, c is
the heat capacity of the fluid, and AT,, is the average tem-
perature difference between the heat sink and the ambient
air. The heat transfer efficiencies have been measured for

awide range of heat-sink configurations, and their ranges
are listed in Table 4.

Table 4: Range of Heat Transfer Efficiencies

Heat Sink Type n Range,
Stampings & Flat Plates 10-18
Finned Extrusions 15-22
Impingement Flow 25-32
Fan Heat Sinks

Fully Ducted Extrusions 45-58
Ducted Pin Fin, 78-90
Bonded & Folded Fins

The improved thermal performance is generally associ-
ated with additional costs in either materia or manufac-
turing, or both.

Thermal Performance Graph

Performance graphs typical of those published by heat-
sink vendors are shown in Fig. 3. The graphs are a compos-
ite of two separate curves which have been combined into
a single figure. It is assumed that the device to be cooled
is properly mounted, and the heat sink is in its normally
used mounting orientation with respect to the direction of
air flow. The first plot traveling from the lower left to the
upper right is the natural convection curve of the heat-sink
temperature rise, AT,,, versus Q. The natural convection
curves also assume that the heat sink is painted or an-
odized black. The curve from the upper left to lower right
is the forced convection curve of therma resistance versus
air velocity. In forced convection, ATy, is linearly propor-
tional to Q, hence R,q is independent of Q and becomes
a function only of the flow velocity. However, the natural
convection phenomenon is non-linear, making it necessary
to present AT,. as a function of Q.

One can use the performance graphs to identify the heat
sink and, for forced convection applications, determine the
minimum flow velocity that satisfy the thermal require-
ments. If the required thermal resistance in a forced con-
vection application is 8° C/ W, for example, the above sam-
ple thermal resist ante versus flow velocity curve indicates
that the velocity needs to be at or greater than 2,4 m/s
(470 Ifm). For natural convection applications, the re-
quired thermal resistance R, can be multiplied by Q to
yield the maximum alowable AT,,. The temperature rise
of a chosen heat sink must be equal to or less than the

~ maximum allowable AT, a the same Q,

9 (1)

The readers are reminded that the natural convection
curves aasume an optimal orientation of the heat sink
with respect to the gravity. Also, the flow velocity in the
forced convection graph represents the approach flow veloc-
it y without accounting for the effect of flow bypass. There
have been a limited number of investigations®3 on the sub-
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Figure 3: Typical Performance Graphs

ject of flow bypass. These studies show that flow bypass
may reduce the performance of a heat sink by as much as
50%0 for the same upstream flow velocity. For furtier con-
sultation on this subject readers are referred to the cited
references.

When a device is substantially smaller than the base
plate of a heat sink, there is an additional thermal resis-
tance, called the spreading resistance, that needs to be
considered in the selection process. Performance graphs
generally assume that the heat is evenly distributed over
the entire base area of the heat sink, therefore, do not
account for the additional temperature rise caused by a
smaller heat source, This spreading resistance could typ-
ically be 5 to 30% of the total heat-sink resistance, and
can be estimated by using the simple analytical expression
developed in Reference 4.

Another design criterion that needs to be considered in
the selection of a heat sink is the altitude effect. W bile
the air temperature of an indoor environment is ncormally
controlled and is not affected by the atitude change, the
indoor air pressure does change with the aititude. Since
many electronic systems are installed at an elevate d dlti-
tude, it is necessary to derate the heat-sink performaace
mainly due to the lower air density caused by the lower air
pressure at higher altitude. Table 5 shows the performance
derating factors for typical heat sinks at high altitudes. For
example, in order to determine the actual thermal perfor-
mance of a heat sink at atitudes other than the sez.level,
the thermal resistance values read off from the performar ce
graphs should be divided by the cierating factor before the
values are compared with the reauired thermal resistance.

Table 5:Altitude Derating Factors

Altitude Factor
m (ft)
0, Sea Level 1.00 |
1000 (3000) 0.95
1500 (5000) 0.90
2000 (7000) 0.36
3000 ( 10000) | 0.80
3500 ( 12000) 0.75
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