tel

Small Form Factor Cooling
Considerations for Intel®
Processors and Chipsets

White Paper

February, 2004

Order Number: 300244-001



Small Form Factor Cooling Considerations for Intel® Processors and Chipsets

INFORMATION IN THIS DOCUMENT IS PROVIDED IN CONNECTION WITH INTEL® PRODUCTS. NO LICENSE, EXPRESS OR IMPLIED, BY
ESTOPPEL OR OTHERWISE, TO ANY INTELLECTUAL PROPERTY RIGHTS IS GRANTED BY THIS DOCUMENT. EXCEPT AS PROVIDED IN
INTEL'S TERMS AND CONDITIONS OF SALE FOR SUCH PRODUCTS, INTEL ASSUMES NO LIABILITY WHATSOEVER, AND INTEL DISCLAIMS
ANY EXPRESS OR IMPLIED WARRANTY, RELATING TO SALE AND/OR USE OF INTEL PRODUCTS INCLUDING LIABILITY OR WARRANTIES
RELATING TO FITNESS FOR A PARTICULAR PURPOSE, MERCHANTABILITY, OR INFRINGEMENT OF ANY PATENT, COPYRIGHT OR OTHER
INTELLECTUAL PROPERTY RIGHT. Intel products are not intended for use in medical, life saving, life sustaining applications.

Intel may make changes to specifications and product descriptions at any time, without notice.

Designers must not rely on the absence or characteristics of any features or instructions marked “reserved” or “undefined.” Intel reserves these for
future definition and shall have no responsibility whatsoever for conflicts or incompatibilities arising from future changes to them.

The product may contain design defects or errors known as errata which may cause the product to deviate from published specifications. Current
characterized errata are available on request.

This document as well as the software described in it is furnished under license and may only be used or copied in accordance with the terms of the
license. The information in this manual is furnished for informational use only, is subject to change without notice, and should not be construed as a
commitment by Intel Corporation. Intel Corporation assumes no responsibility or liability for any errors or inaccuracies that may appear in this
document or any software that may be provided in association with this document.

Except as permitted by such license, no part of this document may be reproduced, stored in a retrieval system, or transmitted in any form or by any
means without the express written consent of Intel Corporation.

Contact your local Intel sales office or your distributor to obtain the latest specifications and before placing your product order.

Copies of documents which have an ordering number and are referenced in this document, or other Intel literature may be obtained by calling 1-800-
548-4725 or by visiting Intel's website at http://www.intel.com.

AnyPoint, AppChoice, BoardWatch, BunnyPeople, CablePort, Celeron, Chips, CT Media, Dialogic, DM3, EtherExpress, ETOX, FlashFile, i386, i486,
1960, ICOMP, InstantlP, Intel, Intel Centrino, Intel logo, Intel386, Intel486, Intel740, IntelDX2, IntelDX4, IntelSX2, Intel Create & Share, Intel GigaBlade,
Intel InBusiness, Intel Inside, Intel Inside logo, Intel NetBurst, Intel NetMerge, Intel NetStructure, Intel Play, Intel Play logo, Intel SingleDriver, Intel
SpeedStep, Intel StrataFlash, Intel TeamStation, Intel Xeon, Intel XScale, IPLink, Itanium, MCS, MMX, MMX logo, Optimizer logo, OverDrive, Paragon,
PC Dads, PC Parents, PDCharm, Pentium, Pentium Il Xeon, Pentium Il Xeon, Performance at Your Command, RemoteExpress, SmartDie,
Solutions960, Sound Mark, StorageExpress, The Computer Inside., The Journey Inside, TokenExpress, VoiceBrick, VTune, and Xircom are
trademarks or registered trademarks of Intel Corporation or its subsidiaries in the United States and other countries.

*Other names and brands may be claimed as the property of others.
Copyright © 2003, Intel Corporation

2 White Paper



INtal

Small Form Factor Cooling Considerations for Intel® Processors and Chipsets

Contents

OO I | 01 A oL [T Yo (o] o R TP UTT TS TUOTPPPPPPN 4
1.1. Cooling Intel's High-Performance ProCeSSOrS .......cccoiiiiiiiiiieeeee e 4
2.0 Thermal Design Considerations for Small FOrm Factors .......cccooeeoiiiiiiiiiiiiiiiiiieeeeeseeeeeeeee e 5
2.1.  System Boundary CONUITIONS ..........uuueiiiiiiiiiiiiiiiiieiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeerereerereees 5
2.1.1. Board Size and Maximum Height ..., 6
2.1.2.  Local AmMbBIient TEMPEIAtUIE ....ccoee e 7
P2 e T | o Lo AP PP PP ST PPPPPPUPPTN 8
2.2, Component ChAraCleriSICS ... ..uuuiiiiiiiiiiiiiiiiiiiiieeeeeeee ettt ettt e et e e e e e eeeeeeeeeeeeseeeereeeeeeenees 9
2.2.1.  Component SPECIfiCAtiONS.....ccciiiii i 9
2.2.2.  Component PlaCement ... 9
2.2.3.  Thermal SOIULION DESIGN coceeiieeee e 10
3.0 Thermal SOIULION TYPES oo 12
3.1, Natural ConVeCtion HEALSINKS .........eeiiiiiiiiiiiiiiee et e e e s s e e eeas 12
3.1.1.  Ultra Low Voltage INtel® Celeron® PrOCESSOI .......cciioeeeeeeeeeeeeeeeeee e 12
3.2, PassiVe Thermal SOIULIONS .......c..uuiiiiiiie e e e e e e e e e e e e s e nbbneeeeeas 14
3.3, Active Thermal SOIULIONS........ooiiiiiiiiie e e e e e e e e e s e 14
v O B ©7o T o o] 1T L= [0 ] o TP PP PP PR P PPPTPUPPPPPTN 15
Figures
Figure 1. Typical Small Form Factor Mechanical Stack-Up .............uuuuuiiiiiiiriiiiiiiiiiiiieiiiieieeeeerereeeeeeeeeeee. 6
Figure 2. Local Ambient TempPerature LOCALION. .........uuuuueeeirreeieeeieeeeeeiteeeeaeeeeeeeseeeseesassesseseeseesesaseeeesrerrrree 7
Figure 3. Thermally Optimized Component PIACEMENT ............uuuuiiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeererrreeeeeeae——.. 10
Tables
Table 1: Ultra Low Voltage Intel® Celeron® Required Thermal Solution Performance...............c.cccc....... 13

White Paper 3



. e
Small Form Factor Cooling Considerations for Intel® Processors and Chipsets

1.0

Introduction

Small form factors are widely used for market segments such asindustrial applications, consumer products,
point of sales/information terminals, medical devices, communications, transportation, education terminals,
traffic control and many more.

The continuing use of small form factors has brought opportunities to implement Intel’ s high-performance
microprocessors and chipsets into embedded computer applications and build athermal solution to
effectively cool the board. This document provides considerations on implementing Intel® processors and
chipsetsinto small form factors with these thermal solutions:

*  Natura convection (fanless)
e Passive (with system airflow)
* Active

A small form factor can be characterized as: a system board that contains processor and chipset whose total
board areais less than 300 cm?. Many of these small form factor boards are placed in a chassis that
contains multiple boardsin arack configuration, asthe main board, or as a daughter-card/mezzanine-card.

There are multiple configurations that are available for small form factor boards, so the thermal solution
will depend on which market segment the board istargeted at. Because of the many available
configurations, there isno one standard thermal solution that appliesto al small form factor boards.

Consideration and implementation of the recommendations in this document enable better thermal
solutions, lower design time, and faster integration.

1.1. Cooling Intel’s High-Performance Processors

The selection of processors and chipset relies heavily on current cooling capacities. The therma solution
design isgreatly affected by the constraintsimposed by the chassis configuration and system boundary
conditions.

To meet the requirements of the market, these microprocessors must comply with these key requirements:
e Compactnessin design

e Low power consumption

e Anemphasison high reiability

While small form factors have enormous potential for multiple market segments, the ability to cool high
performance processors and chipsets can be the main limiting factor in designing a small form factor board.
Planning the thermal solution early in the design cycle with the recommendationsin this document will
ensure devel opment of an effective cooling solution.
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2.0 Thermal Design Considerations for Small Form
Factors

There aretwo categories of parametersthat primarily influence thermal solution design:
e System boundary conditions

e Component characteristics.

Thermal solution design must address both of these issues.

2.1. System Boundary Conditions
The environmental parameters that influence thermal solution design are determined by the system and
chassis configuration. System boundary conditions that influence thermal solution design include:
* Board dimensions
« Allowable height for the thermal solution
e Maximum local ambient temperature (T, )

e System airflow
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2.1.1. Board Size and Maximum Height

The size of the board isimportant to thermal solution design because it dictates what components can fit on
the board and how large the thermal solution footprint can be. When designing aheatsink, thereisa certain
thermal solution volume that is needed to dissipate a given power. To accomplish the necessary volume,
the thermal solution can either be taller or wider depending on the boundary conditions. It isimportant to
note that ataller hestsink is more efficient than a wider one.

Figure 1 shows an example of what atypical mechanica stack-up of a processor in a small form factor
would look like. When designing athermal solution, it isimportant to consider aspects such as maximum
component height and maximum height for the thermal solution. Exact dimensions for these heights can be
found in the small form factor you are using, or in the applicable Processor Therma Design Guide.

Figure 1. Typical Small Form Factor Mechanical Stack-Up
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2.1.2. Local Ambient Temperature

The local ambient temperature (T») isasignificant influence towards cooling a processor and chipset in
small form factors. The T is defined asthe local temperature measured approximately 1" upstream of the
thermal solution in a passive system or directly above the fan of an active solution. The local ambient
temperature includes the ambient temperature, plus any temperature rise due to other componentsin the
system (T a = Ta + Tiise). The measurement location of T4 isshown in Figure 2.

Figure 2. Local Ambient Temperature Location
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The therma resistance or W (Psl) is calculated for a given thermal solution so that it may be compared to
other thermal solutionsin identical conditions. In any computer system it is necessary to calculate the
required thermal resistance needed in order to keep the processor and chipset within their operating
temperatures. The thermal solution must maintain the processor die at or below the specified junction
temperature. The equation for cal culating the junction-to-ambient thermal resistance is shown in Equation
1
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Equation 1: Junction-to-Ambient Thermal Resistance

Y., = TJ max _TLA
JA

TDP

Where:
W;a = junction-to-ambient thermal resistancein °C/W
T max = Maximum junction temperature of processor as specified by the datasheet in °C
TLa = Maximum local ambient temperaturein °C
TDP = Therma Design Power in watts (W)

When calculating therequired thermal resistance, the T, 4 isimportant to determine the allowable
temperature delta from the maximum operating environment to the component’s maximum specification.
It isimportant to know that lower W, valuesrequire better thermal solutionsand vice versa.

Typical T valuesfor smal form factorsrange from 45-55 °C.

Example 1: Cooling an Intel® processor
The thermal solution needed to cool an Intel® processor with a Ty of 100°C andaTDP of 10 W ina
system with a T 4 = 50°C, would need to have a junction-to-ambient thermal resistance of:

100-50

W =50°"C/W

The thermal solution for this situation requires a thermal resistance less than or equal to 5.0°C/W to keep
the component within specifications.

For more information on Intel® specifications for processors and chipsets, including thermal measurement
methodol ogies, refer to the various product specific thermal design guides located at
http://devel oper.intel.com/design/intarch/.

2.1.3. Airflow

There arethree basic types of thermal solutions: passive, active, and natura convection.

Passive and active therma solutionsrely on airflow from an external device (fan) to remove the heat from
the device.

Natural convection heatsinks do not rely on external airflow, only the movement of air caused by
thermodynamicsis used for convection.

Passive heatsinks are the most common type of thermal solutionsin embedded and small form factors.
Embedded computer systems have passive heatsinks attached to the computer chip(s), and the system fans
supply airflow through the fins. The design of a passive heatsink is dependent on the amount of airflow
that can be provided by the system. The more airflow, the better the heat transfer, resulting in alower
(better) thermal resistance of the heatsink. By providing more airflow, the size of the heatsink may be
reduced in some cases. In general, most embedded systems and small form factors can provide airflow at a
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rate of 100-300 Linear Feet per Minute (LFM) at the heatsink. The measurement of thisairflow istaken at
the same points as T a, which is shown in figure 2 for passive heatsinks. Thethermal solution for a small
form factor should have the heatsink optimized for the amount of airflow provided.

Active fansinks are not as widely used in small form factors. Thisis dueto the fact that they generaly
reguire more height than a passive solution and introduce reliability issues associated with the fan. Active
fansinks are a good choice for systems that have the available height, due to better performance when
compared to passive heatsinks. Fansinks generally have better performance because the impingement
airflow removes heat more efficiently. Theresidual airflow that exitsthe finsis also beneficial for the
surrounding components. Other heat dissipating devices located close to the processor usually use passive
heatsinks and rely on the exhaust airflow from the active heatsink  The type and amount of airflow
provided by the system is an important factor and needs to be considered when designing therma solutions
for small form factors.

2.2. Component Characteristics

When designing athermal solution for asmall form factor board, consider the following:
e components (i.e., processor, chipset, memory)

e gpecifications

e placement in the system

The specifications for the components are important in thermal design because they determine how feasible
itisto develop athermal solution for asmall form factor. The most important specifications are the
maximum component temperature and the Thermal Design Power (TDP). Once all factors are considered,
the solution should be optimized for the intended system.

2.2.1. Component Specifications

The maximum component temperature for Intel® processors and chipsets is generally specified as Ty OF
Tease max- ASShown in Section 2.1.2, Tynax, TLa, @nd Thermal Design Power are used to determine what the
reguired thermal resistance for the thermal solution isneeded to keep the components within their operating
temperatures.

The processors best suited for small form factors include the Intel® Pentium® M, low power Pentium® I,
and the low power Celeron® families. These processors areideal, due to high maximum junction
temperature and low Thermal Design Power. With careful component selection and accounting for the
system boundary conditions, an optimized thermal solution can be devel oped for small form factors.

2.2.2. Component Placement

Another factor to consider once the processor and chipset have been selected isthe actua placement of the
components on the system board. It isimportant to place the components on the board so that the airflow
passing through the processor thermal solution isnot preheated or blocked by other components for
maximum cooling effectiveness. Figure 3 shows an example of a small form factor board with optimal
component placement. This placement isfor thermal optimization and does not take into account other
design constraints such as routing.
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Figure 3. Thermally Optimized Component Placement
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As shown in Figure 3, the processor is at the leading edge of the board to prevent preheating and airflow
blockage. The next most critical component, the MCH, isthen placed on the board so that it can benefit
from the airflow that bypasses around the processor thermal solution. The main ideato take away from this
example layout, isto account for all components on the board in the system thermal solution design.

2.2.3. Thermal Solution Design

The actual design of the thermal solution should take into account all of the factors mentioned in the
preceding sections of this document. The system and thermal solution designer should have a good idea of
what type of solution needs to implemented based on system boundary conditions and component

specifications.

To develop an optimized thermal solution, whether it is passive, active, or natural convection, designers can
take advantage of therma modeling tools. Performing system level therma modeling early in the design
cyclewill allow designersto devel op a solution that will solve their thermal challenges.

Therma modeling can test options when designing a computer system. |f modeling resultsindicate
undesirable conditions, parameters can be varied such asincreasing airflow, moving the location of system
fans, changing the componentsto lower power dissipating parts, or rearranging the componentsin the
chassis. Anayzing multiple tradeoff scenarios can be achieved with thermal modeling and help optimize
the thermal solution to meet component requirements.
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With proper system-level thermal modeling, the thermal solution designer can optimize thermal solutions
with confidence in their performance, prior to fabricating hardware. Thiswill result in better solutions,
lower design time, and faster integration.

Small Form Factor Cooling Considerations for Intel® Processors and Chipsets
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3.0 Thermal Solution Types

12

The threetypical types of therma solutionsimplemented in small form factor cooling include active,
passive and natura convection heatsinks. The previous sections in this document described design
considerations and recommendations. The following sections will highlight benefits and examples of each
type of thermal solution, particularly for Intel® processors and chipsets.

3.1. Natural Convection Heatsinks

Natural convection thermal solutions are highly desired solutions for small form factors. A natura
convection heatsink is designed without a fan and relies only on naturd airflow devel opment by
thermodynamic effects. The main benefits of natural convection cooling are high reliability and the
absence of fan noise. Fans aso have moving parts, which eventually break and cause the system to be
unavailable.

Emphasis must be placed on optimizing a heatsink for the given conditions, due to the absence of forced
airflow in anatura convection system. There are many different market segments that take advantage of
natural convection cooling, but thereis not one industry wide specification. Whilethisretains flexibility in
designing thermal solutions, it makesit difficult to design a sandard solution for a given processor that will
be applicable for al small form factors. In order to ensure a successful solution, it iscritical to perform
thermal analysis and modeling as explained in Section 2.2.3.

When performing the thermal modeling, the single most important consideration isthe chassis venting for a
natural convection solution. Since natura convection relies on naturally generated airflow, the size and
placement of the ventsin a chassis need to be optimized.

Therearelimitsto using natura convection thermal solutionsin small form factors. Most small form
factors don’t have the space for alarge thermal solution, which resultsin a maximum cooling limit per
component. For Intel® processors the cooling limit in small form factorsis approximately 10 W. Thereare
anumber of Intel® processors that fit within this thermal envelope, as mentioned in Section 2.2.1. The
following section shows an example of anatural convection solution for the Ultra Low Voltage Intel®
Celeron® processor.

It isimportant to note that al parameters must be considered in determining the natural convection cooling
limit including Tia, Tamax, fOrm factor congraints, venting and Therma Design Power.

3.1.1. Ultra Low Voltage Intel® Celeron® Processor

The following example of a natural convection thermal solution was designed in a small form factor that
measures 170 x 170 x 50 mm, which represents atypical system chassis for the Mini-ITX* form factor.
The guidelines and recommendations presented in this section are based on specific parameters. It isthe
responsibility of each product design team to verify that therma solutions are suitable for their specific use.

The following table shows the thermal specifications for the ULV Celeron® processor and the required
therma solution performance at various local ambient temperatures. The thermal resistances are color
coded to show the feasibility of achieving anatura convection solution. The higher the T, 4, the more
challenging it isto develop anatura convection solution that meets the thermal target. Thistableit shows
that for the 400 MHz ULV Ceeron® processor, it is very possible to develop a solution upto a T of 70
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°C. For the 650 MHz ULV Celeron® processor, the table shows that oncethe T, is greater than 55 °C, a
workable solution isincreasingly difficult and once beyond 70 °C it is challenging-to-impossible to develop
a suitable natural convection solution.

Table 1: Ultra Low Voltage Intel® Celeron® Required Thermal Solution Performance

Required Thermal Solution Performance at
Various Local Ambient Temperatures

Celeron® Processor 40°C | 45°C |50°C|55°C|60°C|70°C

UltraLow Voltage Intel®

MHz  [Max (W) [Max cC)| camw) | comy | comw) | comy | comy | comw)
400 4.2 100 14.2 13.0 11.9 | 10.7 9.5 7.1

650 8.3 100 1.2 6.6 6.0 5.4 4.8

Notes:

«  Specifications (TDP, T,) are provided for reference only. Refer to the latest datasheet for the most
recent data.

e ¥ 4 = (T Jdunction — T Ambient)/ TDP, junction-to-ambient thermal resistance for the thermd solution.

« Thefeashility was determined by therma modeling.

FEASIBLE CHALLE-

Noticethat it is easier to design anatura convection thermal solution asthe local ambient temperature and
the power decrease.

An example solution has been designed for the 650 MHz Ultra Low Voltage Intel® Celeron® processor at a
Toa Of 45 °C using thermal modeling software. The following isalig of the system parameters and thermal
solution characteristics used in the simulation.

e Ta=45°C
« TDP=83W
¢ Chasssdimensions; 170 mm X 170 mm X 50 mm
- Note: the ends of chassis have venting with 100 percent free arearatio
e Heat sink dimensions: 63 mm X 52 mm X 28 mm
- Basethickness: 4 mm
- Finheght: 24 mm
- Finthickness: 1.15 mm
- Fin Spacing: 3.2 mm
- Number of fins: 15
- Materia: Extruded Aluminum
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Thermal modeling of the above parametersindicate that the junction-to-ambient thermal resistance for this
solution is 6.5 °C/W in natural convection. With this performance the heatsink could sufficiently cool the
650 MHz ULV Celeron® processor in a system with a T4 up to 45 °C.

Thisis one example of anatura convection solution for small aform factor. Depending on system and
chassis configuration, adifferent thermal solution can be optimized for the intended system. Parameters
could be changed to obtain a smaller solution such as using alower power processor or lowering the
maximum local ambient temperature.

3.2. Passive Thermal Solutions

Embedded computer systems and small form factors use a number of different typesto therma solutionsto
keep the processor and chipset within their operating temperatures. The most common method is the use of
passive heatsinks with system airflow. The majority of these passive solutions are used on processors and
chipsets which are placed in a chassiswith arack configuration. The racks accommodate a number of
computer boardsthat generally have a small spacing between boards. The spacing limitsthe available
height for athermal solution and restricts the use of an active thermal solution. Instead, the chassishave
fansthat supply the airflow to the system.  There are usually a number of redundant fansin the rack.
Should one break, then the additional fans provide airflow until the broken fan can be replaced.

Since the mgjority of embedded market customers use passive cooling solutions, Intel’s Embedded
Architecture Division actively devel ops reference thermal solutions for processors and chipsets suitable for
usein small form factors. Inted® processors such as the Pentium® M, LV Pentium® 111, LV Celeron® and
ULV Cderon® families have anumber of reference designs described in their respective processor thermal
design guides. These solutions can apply toward anumber of small form factors that use passive cooling
with system airflow. Refer to the design guides on the Embedded Intel® Architecture developer site,
http://devel oper.intel.com/design/intarch/. In addition to reference designs, the thermal design guides
contain design considerations and thermad testing metrology.

3.3. Active Thermal Solutions

Active thermal solutions are heatsinksthat include an integrated fan. In general, small form factor boards
do not use active thermal solutions primarily because of fan rdiability, size of the fansink.

For systemsthat can integrate fansinks there are anumber of options available. Fansinks are usually used
on processors with higher power than typical low voltage processors. Typical fansinks for these processors
are approximately 23-45 mm tall. Current solutions available have relatively small footprints of 50 mm X
50 mm. These fansinks can cool a24.5 W Pentium® M and a 30 W Pentium® 4-M processor in a system
with aT  of 45-60 °C. These solutions can aso be used for any mobile type processor in the Micro-
FCPGA and Micro-FCBGA packages. For more information on these solutionsrefer to applicable
Processor Thermal Design Guide.

Aswith any system, the overall system thermal solution must be considered in the design. There are other
components such as the northbridge, southbridge, and memory that may require either athermal solution or
some amount of airflow. Theairflow provided to these other chips can come from the air leaving the active
fansink or by placing fansin the system to provide air movement in and out of the chassis. Itisvery
important to perform thermal simulations and testing on the chassisto optimize the airflow and venting in
the system to provide maximum cooling effectiveness.
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4.0 Conclusion

The design of thermal solutions for small form factor computing systems has to take many different
parametersinto consideration, including:

e boardsize
e available height for thermal solution
e maximum local ambient temperature

* arflow

In addition to the system conditions, the processor and chipset specifications and location of these
components must be considered.  After the system has been defined, there are three basic types of thermal
solutions: natural convection, active, and passive. Each of these have benefits and limitations that
designers can use to their advantage. With proper thermal design considerations, Intel® processors and
chipsets can provide high performance processing power in small form factors.
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