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1 Introduction

The Balanced Technology Extended (BTX) form factor is a scalable form factor that
allows for a wide range of system sizes and profiles. There are several benefits
associated with a properly designed BTX system over designs from previous form
factor specification generations. These benefits include scalability in system design,
improvements to system power delivery and power dissipation, acoustics, board
layout and routing, high volume manufacturing costs, and structural integrity.
Combined, these benefits represent the value propositions of a BTX design. This
document will focus on delivering technical content that will highlight design
challenges and the associated engineering solutions for a wide range of BTX system
sizes, which demonstrate the proposed value propositions.

1.1 Objective

The Balanced Technology Extended (BTX) System Design Guide is intended to be
technical reference material that encompasses non-product specific engineering
principles as they apply to the BTX form factor. The format in which the material is
presented is designed to identify the design challenge, engineering principle, design
intent, design trade-offs, and offer engineering solutions. Much of the content is based
on learning’s from the development and design of the two Intel® BTX system
reference designs. However, this Design Guide is not limited to the design of systems
similar to the Intel® reference designs; instead it can and should be used to engineer
systems of many different sizes, with many different feature combinations, and usage
models.

This material should provide a detailed understanding of both individual component or
ingredient function and their interdependencies in the overall system design. The
content of this System Design Guide will aid in the design and development of
systems compliant with the BTX Interface Specification that demonstrate the proposed
value propositions. Value propositions included in this design guide will include
scalability in system design, system power delivery and dissipation, acoustics, HVYM
cost, and structural integrity.

The BTX System Design Guide is not intended to be an Intel® product or platform
based document; however, certain boundary conditions derived from Intel product
performance requirements have been assumed in the development of the Intel
reference designs and will be discussed. These boundary conditions do not necessarily
represent limitations of a BTX system or of its subsystem components or ingredients.

1.2 Reference Documents

Document Comment

Balance Technology Extended (BTX) Interface Specification |http://www.formfactors.org

Roark's Formulas for Stress and Strain Young, Warren C., Budynas,
Richard G., 7th Ed., 2002
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Document

Comment

Handbook of Hydraulic Resistances,

|.E. Edelchik, 3™ edition
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Fluid Dynamic Management

2.1

2.2

Table 2-1. Airflow Terminology

Design Guide

Airflow Engineering

The intent of this section is to provide guidance on airflow management engineering
strategies. It is assumed that the reader will have a reasonable understanding of fluid

dynamic engineering principles.

Specifically, this section will address issues and strategies related to impedance and
effective management of airflow in a Desktop System.

Definition of Airflow and Venting Terms

Term Symbol Units Definition
Sound Power BA Sound energy averaged in all directions from

the noise source

Sound Pressure dBA Sound energy in one direction from the noise
source

Coefficient of Lift C. An indication of the Lift force generated on an
airfoil (e.g. fan blade) as it passes through a
fluid (air)

Coefficient of Drag Co An indication of the Drag force generated on
an airfoil (e.g., fan blade) as it passes
through a fluid (air)

Fan The entire radial fan assembly including the
fan motor, fan motor Printed Circuit Board
(PCB), bearing tower, impeller, housing,
thermistor, and wired connector
Impeller Fan blades or airfoils that are connected to
the fan motor
Stator Blades or airfoils at the exit of a fan, whose
intent is to change the angle of airflow
Duct A channel created by a housing that directs
airflow to a desired location or constrains its
path
Volumetric Airflow W CFM The volume flow rate of airflow
Flow Speed \% LFM The magnitude of linear airflow velocity
Flow Axial Component Vaxial LFM and £ |The vector component of the airflow velocity
that is normal to the face of the fan
Flow Swirl Component Vswirl LFM and # |The radial vector component of the airflow

velocity that is radial to the face of the fan
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Term Symbol Units Definition
Exit Angle Pexit degrees |[The angle of the airflow that leaves the
trailing edge of a fan impeller blade, normal
to the fan rotating plane
Term Symbol Units Definition
Angle of Attack Pattack degrees |The angle of the airflow that enters a blade or
airfoil measured relative to the blade chord
Blade Angle Pblade degrees |The angle of the blade or airfoil relative to the
rotating axes of the fan
Sweep Angle bsweep degrees |The angle of the blade relative to the normal
of the rotating axes of the fan
Chord L m The length of a blade or airfoil from its
leading edge (tip) to its trailing edge (tail)
Impedance dP “H20 Resistance to airflow movement
Near Field Impedance dpP “H20 A source of impedance close to the fan’s inlet
or exit plane
Far Field Impedance dpP “H20 A source of impedance distant from the fan’s
inlet or exit plane
Blade Pass Frequency BPF Hz The frequency at which the blades of a
rotating fan pass near to another solid object
Heatsink Thermal qca °C/W The resistance to the transfer of heat flux
Resistance through a heatsink dissipation device, when a
uniform heat power is applied
Heatsink Thermal yca °C/W The resistance to the transfer of heat flux
Resistance through a heatsink dissipation device, when a
non-uniform heat power is applied
Heat Power Q w Power in the form of heat typically generated
by efficiency losses from electrical power
Convective Coefficient h W/m°K  |A description of the heat transfer from the
surface of a material
Thermal Conductivity k W/m°K |A description of the heat transport within a
material
Temperature AT °C A description of the difference in temperature
Difference at two different locations

18

Design Guide




[ ] ®
Fluid Dynamic Management l n tel

Term Symbol Units Definition

Reynolds Number Re A dimensionless indication of the airflow
regime, which is the ratio between the fluid’s
internal viscous to inertial forces

Prandtl Number Pr The ratio of fluid kinematic viscosity to
thermal diffusivity

Thermal Diffusivity a m2/s A fluid heat transport property
Kinematic Viscosity n m2/s A fluid momentum transfer property
Density r Kg/m3 Fluid density.
Specific heat Cp J/kg °K  |Specific heat of the fluid.
Case Temperature Tcase °C The temperature of the surface of a
component

Ambient Temperature | Tambient °C The temperature of surrounding air
Junction Temperature | Tjunction °C The temperature of the silicon of a micro-

electronic device

Fan Speed w RPM The rotational speed of a fan

2.3 Concurrent Design Engineering

The BTX form factor was concurrently developed and engineered by Intel®
motherboard and system engineering groups. Motherboard component placement,
therefore, takes into account not only the routing and electrical performance
requirements, but also the heat transfer and airflow management required to ensure a
proper operating environment.

Intel understands the migration from an existing to a new form factor standard is one
that will create transition challenges, in addition to new opportunities for innovation.
The new constraints imposed by the BTX form factor are ones that Intel anticipates
will, in fact, lead to the use of the Desktop Personal Computer in more environments
and usage models than is allowed by the existing form factors.

Intel has engineered BTX with the anticipation that all components will continue to

evolve and that new components will need to be integrated. For instance, the
motherboard core area — processor, chipset, and memory — has been increased to not
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only decrease component and routing density on today’s platform but also for the
anticipated growth in component power, 1/0 count, 1/0 density, and component
physical size. By providing this additional board real estate, it is anticipated that
standard Desktop systems will to continue to use four-layer motherboard technology
and cost effective component packaging technologies.

2.4 BTX Airflow Management Strategy

2.4.1 Provide the High Power Components with Low
Temperature Air at High Velocity

The benefits of providing low temperature air at high velocity to the high power
components include lower heatsink costs, improvement in acoustic performance, and
the potential for improved component performance.

For a heatsink attached to a component with Heat Flux (Q) and a Package Case
Temperature (Tcase) specified, the heatsink resistance requirement is defined at the
Design Ambient Temperature (Tambient) as:

Equation 1: Thermal Characterization Parameter (Case-to-Ambient)

Wea = [Tcase = Tambiend / Q

Similarly, the component may have a silicon junction temperature requirement
instead of a case temperature requirement. In that case the heatsink resistance
requirement is defined as:

Equation 2: Thermal Characterization Parameter (Junction-to-Ambient)

Vja = [Tjunction - Tambient] /Q

As can be seen from the governing equation, for a given power into a heatsink and a
given component temperature requirement (either Tcase or Tjunction), lower ambient

temperature (Tambient) increases the required heatsink resistance, as shown in below
figure.
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Figure 2-1. Requirement versus Ambient Temperature

Required vy, {"C/W)

Ambient Temperature (°C)
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Higher resistance heatsinks are generally easier and cheaper to manufacture. The
relationship between Tambient and heatsink cost is shown in below figure and illustrates

why BTX was designed to provide lower temperature air to all high power Desktop
system components.

Figure 2-2. Heatsink Cost versus Ambient Temperature

Design Guide

Cost ($)

Ambient Temperature (°C)
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Intel provides the required junction or case temperature specification for its processor
and chipset components in component datasheets. Intel also provides guidance on
designing and measuring the performance of heatsinks for these components in the
component design requirements documents and thermal design guides.

Heatsink performance can be defined in terms of its conduction and convection
performance. Conduction performance is primarily determined by the selection of
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heatsink materials (thermal conductivity, k) and design features such as its cross-
sectional conduction area (Ac ) and the length of the conduction path (L), as
illustrated in Equation 3 by the governing equations for one-direction conduction.

Equation 3: Heat Conductive Performance
Q=kA®T/®L

The governing equations for convection will be used to illustrate the strong
relationship between the velocity of the air that moves through the heatsink fin
channels and the convection performance.

First, the amount of heat that can be dissipated by any convective surface is a
function of the surface area from which it is being conducted (A), the temperature
difference between the surface and the surrounding air (®T), and the convective
coefficient (h).

Equation 4: Heat Convective Performance
Q =hA®T=hA (Tsurface - Tambient)

This equation illustrates the impact of lowering the ambient temperature. It is
desirable to decrease Tambient because it increases the amount of heat (Q) the surface
can dissipate while maintaining a target surface temperature. Alternately, decreasing
Tambient can be used to lower the surface temperature for the targeted heat dissipation
while using the same thermal ingredient design.

Figure 2-3. Effect of Decreasing Ambient Temperature
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Equation 4 also illustrates the impact of increasing the convective coefficient, h. It is
desirable to increase h because it increases the amount of heat (Q) the surface can
dissipate while maintaining a target surface temperature. Alternately, increasing h can
be used to lower the surface temperature for the targeted heat dissipation (below
figure).
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Figure 2-

Note:
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4. Effect of Increasing Convective Coefficient, h
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The convective coefficient, h, is a function of the surface geometry, material
conductivity (k), Reynolds Number (Re), and Prandtl Number (Pr):

Equation 5: Convective Coefficient

h = 0.664 k Re'2 Pri/3 / L

The constant, 0.664, in Equation 5 is a function of the flow regime; this value
increases when the flow transitions from the laminar to the turbulent regime. The flow

regime in most areas of a Desktop system will be laminar, so the use of this equation
is appropriate.

This equation is limited in application to the case where the air is flowing over a flat
plate (for instance, over the surface of the motherboard, add-in card, or drive bay).
For flow within a narrow channel, the boundary layer development will limit the
improvement in convection coefficient due to increasing velocity.

For reference, the Prandtl Number is a function of the air viscosity (v) and the thermal
diffusivity of air (a):

Equation 6: Prandtl Number

Pr=v/a

The Reynolds Number is a function of airflow velocity (V), the length of the surface
(L), and air viscosity (v). The Reynolds Number for flow over a horizontal surface (not

the flow within a channel) can be calculated using the following equation:

Equation 7: Reynolds Number

Re=VL/v
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From Equation 5 and Equation 7, it can be demonstrated that the convective
coefficient, h, is proportional to airflow velocity. Therefore, the convective heat
transfer capability of a surface increases with an increase in velocity. Generally, it can
be stated that heatsink resistance, decreases with increasing velocity.

At a target surface temperature, the heat power that can be dissipated increases with
increasing airflow velocity through a heatsink. Alternately, at a target heat power, the
surface temperature decreases with increasing airflow speed.

Figure 2-5. Effect of Increasing Airflow Velocity

2.4.2
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In summary, the performance of every convective surface is a function of the ambient
airflow temperature and velocity. Lower airflow temperature increases ®T and higher
airflow velocity increases the convection coefficient. The BTX has been engineered to
reduce the ambient temperature and increase the airflow velocity in the region of all
high power components.

Minimize the Total System Impedance

Impedance is the resistance to movement that a moving fluid encounters. Generally,
low impedance is more desirable than high impedance because it allows the air
movers (e.g., fans) to provide higher airflow at each operating speed.

In Desktop systems, there are impedance sources that are more preferable than
others. For instance, when air is flowing through a channel, the walls of that channel
represent impedance to the airflow, but if the fins of a heatsink create that channel
then the air is also working to remove heat. In other words, impedance introduced to
remove heat or improve heat transfer performance is “good” impedance. Examples of
undesirable impedance include airflow turning or forcing air through narrow channels
and expansions or constrictions that do not remove heat from components.

A network resistance diagram should be constructed for every Desktop system design,
illustrating the parallel and series airflow impedances from the airflow entrance to its
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exit. The impedance (resistance) characteristics of each subsystem can be estimated
using hand calculations, or loss coefficient estimates from fluid flow handbooks,
measured in a wind tunnel, or predicted using fluid dynamic numerical tools. A typical,
simple resistance network diagram for a Desktop system is shown in below figure.

Bezel Vent Thermal
Module

Graphics Vent

Figure 2-6. Typical Network Resistance Diagram

Ch1ET11

The total resistance to airflow in a Desktop system determines that amount of airflow
that the various fans can deliver. Lower impedance systems allow more airflow to pass
through them and, as seen from the previous section, this will improve the system’s
heat transfer performance.

Acoustic performance is strongly correlated to the system impedance. That is, for any
required system airflow, higher system impedance will require higher fan speeds and,
therefore, create more acoustic noise. The relationship between impedance and the
number and operating speeds of the fans is described in Section 1.

2.4.3 Provide Above-board and Under-board Airflow

There are several sources of heat within and directly attached to a motherboard. Metal
traces and planes in the motherboard generate heat during the conduction of electrical
current. Surface Mount components directly attached to the motherboard also
generate and transfer heat into the motherboard. Motherboard reliability is
compromised when its temperature exceeds operating specifications; therefore,
removing heat from the motherboard is an important part of a Desktop system’s
thermal design.

By providing airflow above and below the motherboard, two convective heat transfer
paths from the motherboard are established (effectively doubling the available
convective heat transfer surface area relative to that in an ATX system), as shown in
below figure. The improvement in total heat transfer capability from the motherboard
allows higher power components to be attached to the motherboard without
compromising motherboard reliability.
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Figure 2-7. Two Heat Transfer Paths from Motherboard
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System Airflow Direction

The three important airflow management objectives identified in Sections 2.4.1, 2.4.2,
and 2.4.3 were used by Intel system and motherboard engineers in the placement of
high power components in a single airflow stream generated and managed by a
minimum number of fans. With this airflow management and component placement
strategy outlined, the next challenge was to determine the most appropriate direction
for that airflow.

Creating a single airflow stream direction implies that the Desktop system must be
designed with the inlet and exhaust at opposite sides of the chassis.

The path from the chassis pan to top cover was not considered feasible because
airflow would impinge on the motherboard, as shown in below figure. The associated
turning impedance is not “good” impedance, so this flow direction was not selected.

Figure 2-8. Top-to-Bottom Airflow lllustration — Impinging Flow at Motherboard
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Since it is common in Desktop system design to have a single chassis design operate
in desktop and tower orientations, inlet and exhaust from side-to-side or top-to-
bottom would have the inlet or exhaust blocked by the surface on which the chassis
rests (below figure); therefore, these airflow directions were not selected.
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Figure 2-9. Side-to-Side Airflow lllustration — Exit Flow Blocked When System Is

Rotated
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Finally, exhausting airflow out of the front panel of the chassis directs warm ai
exhausted from the system toward the user, as shown in below figure.

Figure 2-10. Back-to-Front Airflow lllustration — Exit Airflow Directed at User
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Therefore, Intel designed BTX to use front-to-back airflow with the high power

components aligned so that a single airflow stream services them all. Placing a fan at
the front of the system creates unique acoustic concerns because the fan is now a

noise source that is directly in front of the system user.

Acoustic management strategies for a noise source at the front of the system are

discussed in the Acoustic Engineering section of this design guide.
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2.4.4.1

CPU Location

The highest power component with the most stringent temperature specifications is
the Central Processing Unit (CPU), so it is located in the front of the motherboard,
near the chassis front panel (typical component locations on a BTX motherboard are
illustrated in below figure). In this position, the CPU will receive the lowest ambient
temperature air moving at its highest speed, as described in the front-to-back airflow
management strategy outlined above.

Figure 2-11. Typical Component Locations on a BTX Motherboard
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The fan in the BTX Thermal Module provides the airflow for the CPU heatsink and the
remainder of the system. Below figure illustrates the position of the Thermal Module
relative to the CPU.
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Figure 2-12. Thermal Module Location Relative to the CPU
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The BTX Interface Specification requires that the Thermal Module Interface be
designed in such a way as to eliminate the potential for air that has entered the
system to re-enter the Thermal Module inlet.

Eliminating recirculation ensures that the CPU heatsink receives the lowest
temperature air, which comes from outside the chassis. It also ensures that the
temperature of Thermal Module exit airflow (which provides the airflow for the
remainder of the system) is not increased by recirculation. Below figure also illustrates
a Thermal Module Interface provided by a vented portion of the chassis sheet metal
front panel.

The Thermal Module supplier is responsible for providing a fan, in addition to the CPU
heatsink and duct assembly. The Thermal Module exhaust air — which exits the CPU
heatsink and duct assembly — provides the airflow for the remainder of the Desktop
system components. Below figure illustrates the primary airflow path generated by
and exiting from the Thermal Module fan.
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Figure 2-13. Thermal Module Airflow Path
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With a properly selected Thermal Module, the exhaust airflow will provide low
temperature air at high velocity to the remainder of the system components. The
importance of selecting a Thermal Module with an appropriate effective fan curve is
discussed in Section 2.4.5.1.

The location of the CPU at the front of the system is beneficial not only to the CPU
heatsink performance, but also to the CPU socket performance. The CPU socket
generates heat when it is delivering the operating current required by the CPU. In
BTX, the temperature of the socket and motherboard are reduced because there is
low temperature, high velocity airflow directed above the motherboard at the socket
and because the bottom of the motherboard is a convective surface due to the under-
board airflow.

Comparison to ATX: ATX CPU thermal solutions typically have a dedicated fan
directing airflow through a heatsink. This impinging flow configuration forces airflow to
turn at the motherboard, which introduces substantial undesirable impedance to the
CPU heatsink fan. This increase in impedance decreases the velocity of the air through
and exiting the ATX CPU heatsink. The exhaust airflow path is constrained by the
location of memory and the first expansion slot, forcing the exhaust air to recirculate
into the CPU heatsink fan. The increase in CPU heatsink inlet temperature decreases
its heat transfer capability. The increase in exhaust airflow temperature also
decreases the heat transfer efficiency around the socket and motherboard. A BTX
Thermal Module will not have turning impedance or recirculation; therefore, the CPU
heatsink and socket-motherboard heat transfer efficiency will be higher.

Refer to Section 2.4.5.1 for more information on the Thermal Module.
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2.4.4.2 CPU Voltage Regulation Location

CPU Voltage Regulation component performance is typically constrained by the
Voltage Regulation component or motherboard temperature specifications. The
electrical efficiency losses that result from the management of the CPU operating
current create heat in the Voltage Regulation components and in the motherboard
traces and power planes.

CPU Voltage Regulation is typically designed using multiple phases; each phase is
comprised of Voltage Regulation components (drivers, capacitors, inductors, etc.) and
is responsible for managing a portion of the CPU operating current. When the Voltage
Regulation component or motherboard temperature specifications are exceeded
because the heat associated with the phase’s operating current, the following design
options are typically considered:

1. Attach heatsinks to the Voltage Regulation components to improve their
convective heat transfer performance and thereby lower their operating
temperature.

2. Provide more airflow to Voltage Regulation components to improve their
convective heat transfer performance and thereby lower their operating
temperature.

3. Add a phase to the Voltage Regulation design to reduce the operating current per
phase and thereby reduce the amount of heat generated per phase.

4. Redistribute the current going to each phase such that it is not equally distributed.

The BTX Thermal Module provides above and below motherboard airflow at low
temperature. This airflow pattern creates the heat transfer illustrated in Figure 2-6.
CPU Voltage Regulation components are typically placed near the CPU socket. The
greatest heat transfer benefit will be realized if these components are placed in front
of the CPU socket, near the front of the BTX motherboard because they will receive
low temperature air directly from the Thermal Module fan.

Comparison to ATX: The exhaust airflow from an ATX CPU thermal solution typically
provides the airflow for cooling CPU Voltage Regulation and the motherboard. As
discussed in Section 2.4.4.1, this impinging flow configuration decreases the velocity
and increases the temperature of the heatsink’s exhaust airflow. This low velocity,
high temperature airflow on only one side of the motherboard does not create an
efficient heat transfer path for CPU Voltage Regulation or the motherboard. A BTX
Thermal Module provides the same high velocity, low temperature airflow to the CPU
Voltage Regulation, socket, and motherboard as it does to the CPU heatsink. It
provides this airflow above and below the motherboard, creating a very efficient heat
transfer path.

For more information on engineering CPU Voltage Regulation airflow, refer to Sections
2.4.5.2 and 2.4.5.3.

2.4.4.3 Graphics Location

Integrated graphics is often included on Intel® Memory Controller Hub (MCH) chipsets.
Refer to Section 2.4.6 for a description of the MCH airflow environment.

A graphics add-in card will typically be located in the first add-in card slot position. In

BTX, the graphics add-in card slot position was shifted to the right side of the core so
that the powered components of the card would be exposed to the exhaust airflow of
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2.4.4.4

2.4.4.5
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the BTX Thermal Module. The card is aligned with the exhaust airflow direction so that
it does not create unnecessary system impedance.

Whether the card is placed directly in the first slot (perpendicular to the motherboard)
or on a riser (parallel to the motherboard), the powered components of the add-in
card — the Graphics Processing Unit, Voltage Regulation, and memory — are exposed
to the Thermal Module exhaust airflow.

Comparison to ATX: In ATX, the powered components on a graphics add-in card are
on the side opposite the CPU, and are facing into a very narrow channel created by
the adjacent card. There typically is very little system-generated airflow on this side of
the card and it is not uncommon for a performance ATX graphics add-in card to
include a thermal solution with a heatsink and dedicated fan. The high velocity, low
temperature exhaust airflow provided by the BTX Thermal Module moves past the
powered side of a graphics add-in card, significantly improving the heat transfer
performance of the card’s thermal solution. The improvement allows lower graphics
card heatsink cost, improved operating temperature, or higher power.

For more information on engineering graphics add-in card airflow, refer to Section
2.4.9.

Memory Controller Hub (MCH) Location

In BTX, the MCH is located immediately behind the CPU on the motherboard. In this
position it will receive the high velocity, low temperature Thermal Module exhaust
airflow. That airflow direction will be consistent in every BTX system so the MCH
heatsink fins can be continuous instead of crosscut.

In addition, a conductive heat transfer path typically exists between the MCH and
motherboard - the MCH solder joints conduct heat from the MCH silicon and package
into the motherboard. This heat flow into the board is eventually transferred by
convection from the topside of the board but generally increases the board
temperature. The above-board and under-board airflow provided in a BTX system
provides two convective heat transfer paths for this heat to leave the motherboard.

Comparison to ATX: The exhaust airflow from an ATX CPU thermal solution typically
provides a portion of the airflow for the MCH heatsink. This impinging flow
configuration decreases the velocity and increases the temperature of the CPU
heatsink’s exhaust airflow. An ATX system fan may also provide a portion of the
airflow for the MCH heatsink, but the direction of that airflow is not consistent in all
ATX system designs; therefore, an MCH heatsink is typically crosscut. The high
velocity, low temperature exhaust airflow provided by the BTX Thermal Module
directly to the MCH heatsink significantly improves its heat transfer performance. And
the below board airflow offers another MCH heat transfer path. These improvements
in heat transfer allow lower cost MCH heatsinks, improved operating temperature, or
higher power.

For more information on engineering MCH airflow, refer to Section 2.4.6.

Memory Location

Much the same as the graphics add-in card slot, memory is aligned with the Thermal
Module airflow to minimize the impedance it introduces. Thermal Module exhaust
airflow will be drawn into and through the memory channels by the power supply fan,
if the PSU is located near the memory fixed motherboard edge. In addition to Thermal
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Module exhaust airflow, memory airflow can be augmented by the airflow that
exhausts below the CPU heatsink from the CPU Voltage Regulation. A BTX Thermal
Module should be designed such that the below-heatsink airflow path is not fully
ducted from the heatsink base to the motherboard. The below-heatsink airflow that is
directed toward memory by the socket is an important system airflow path.

Comparison to ATX: The exhaust airflow from an ATX CPU thermal solution typically
provides a portion of the airflow for memory. An ATX system fan may also provide a
portion of the memory airflow but the direction of that airflow is not consistent in all
ATX system designs. BTX Thermal Module and CPU Voltage Regulation exhaust airflow
will provide consistent inlet flow to the memory airflow; however, managing memory
airflow bypass and exit is important to ensuring an appropriate thermal environment.

For more information on engineering memory airflow, refer to Section 2.4.9.

2.4.5 Subsystem and Component Airflow Management
Strategies

2.4.5.1 Thermal Module Role

The Thermal Module fan is the primary air mover in a BTX system. Not only does the
Thermal Module fan supply airflow directly to the CPU heatsink, CPU socket, and CPU
Voltage Regulation components, its exhaust airflow is used as a medium to provide
the heat transfer for the remaining subsystems and components.

In fact, a typical BTX chassis will not ship with any fans installed since the system
airflow will be provided by the Thermal Module and PSU fans. The Thermal Module fan
will be provided by the Thermal Module supplier and the PSU fan will be provided by
the PSU supplier.

2.4.5.1.1 Thermal Module Effective Fan Curve

The Thermal Module exit airflow characteristics are described by its effective Thermal
Module fan curve, which is a function of the stand-alone fan curve, the CPU heatsink
impedance, CPU Voltage Regulation impedance, CPU socket impedance, and any near-
field impedance effects.

Measuring the volume of airflow that a fan can generate against increasing impedance
generates a stand- alone fan curve. This measurement is typically conducted in a wind
tunnel. The stand-alone fan curve varies with its operating speed, as shown in below
figure. All fan curves reflect the following performance characteristic: at a particular
fan operating speed, as the impedance in a fan’s airflow path increases, the amount of
airflow that the fan can generate decreases. A stand-alone fan curve at the maximum
operating speed is typically in the fan performance data sheet provided by the fan
supplier.
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Figure 2-14. Fan Performance Curve versus Fan Speed (RPM)
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Fans typically include a closed-loop feedback design that monitors and maintains the
requested speed. The impact of the closed-loop feedback circuit on the fan curve is
best described using the following sequence of events:

1. A fan converts electrical power into the momentum of the air it is attempting to
move. The more difficult the air is to move, the more electrical power is required
to impart that momentum.

2. Impedance at the exit of a fan increases the difficulty of imparting momentum to
the air, because the increase in exit impedance increases the pressure in the fan.
The increased pressure in the fan makes it more difficult for the impeller to move
through and impart momentum to the air.

3. If the electrical power input to a fan is fixed, then increasing the exit impedance
causes the fan to slow down. That is, since it finds the air more difficult to move,
the rotation of the fan is slowed.

4. The fan’s closed loop feedback circuit has a tachometer that monitors fan speed.
When higher impedance slows a fan down, the circuit will attempt to return the
fan speed to the requested speed. It attempts to do this by increasing the
electrical current supplied to the fan motor windings.

5. If the fan feedback circuit request for more electrical current can be satisfied, the
fan’s operating speed will be maintained, even as impedance increases. In an
operating regime where the higher current request can be met, the fan will
operate at constant speed. The fan curve in this regime is termed an Iso-RPM fan
curve.

Even if the fan is able to maintain its operating speed against increasing impedance,
the amount of airflow that can be generated decreases with increasing impedance.
That is, the impedance affects the volume rate of air that the fan can move even if the
fan speed can be maintained. This is the performance characteristic reflected in the
fan performance curve (refer above figure).

6. The current required to operate a fan increases as the requested fan speed
increases and as the impedance increases.

7. Therefore, at higher operating speed and higher impedance, the current requested
by the fan motor may eventually exceed the current that can be provided.
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For instance, when the fan is operating at its maximum speed against low impedance
it will draw electrical current that may be near the current limit of the electrical circuit.
As the impedance increases, the fan will request more electrical current in an attempt
to maintain the operating speed. However, once the current limit of the circuit is
reached, the fan will no longer be able to maintain the operating speed. If the
impedance continues to increase, the fan performance curve will reflect the decrease
in airflow volume rate (CFM — cubic feet per minute) from both the impedance
increase and the reduction in fan speed.

Below figure shows the impact of the reduction in fan speed from this constrained
electrical current operating condition. One curve shows the fan curve if electrical
current were unconstrained; the other shows the reduction in CFM after the current
limit is reached. The fan curve in this current limited operating condition is called an
iso-power fan curve.

Figure 2-15. 1so-RPM Vs Iso-Power Fan Performance Curve
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The impedance of any particular airflow path changes with the amount of airflow being
forced into it. This characteristic of the airflow path is called its impedance curve. An
impedance curve can be determined through fluid dynamic numerical modeling
applications or wind tunnel measurement. A typical impedance curve is illustrated in
below figure.
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Figure 2-16. Typical Impedance Curve

m——— |mpedance Curve

Pressure (in H,0)

Airflow Speed (cfm)

OM1ET21

The Thermal Module effective fan curve is an indication of the airflow that the Thermal
Module can provide a system after the airflow has made its way through the CPU
heatsink, Voltage Regulation, and socket. This effective fan curve reflects the impact
that the CPU heatsink and Thermal Module duct have on the stand-alone fan curve.
Theoretically, if the impedance of the CPU heatsink and duct were measured in a wind
tunnel then subtracted from the measured or supplier-provided stand-alone fan curve,

the result would be the Thermal Module effective fan curve. This is illustrated in below
figure.

Figure 2-17. Theoretical Thermal Module Effective Fan Curve Calculated From Stand-
alone Fan Curve and Heatsink Impedance Curve
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However, the near-field impact that the CPU heatsink has on the stand-alone fan
curve is difficult to accurately predict from the stand-alone fan curve and the heatsink
impedance curve. This is because a wind tunnel can measure only the axial flow
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characteristics; whereas a rotating radial fan creates airflow with axial and swirl
components. When the swirl component of the fan airflow enters the heatsink, it
creates additional impedance that is not present in the axial wind tunnel measurement
of the fan curve or the heatsink impedance. It is best to measure the Thermal Module
effective fan curve by inserting the entire Thermal Module (fan, heatsink, and duct on
a test board) into the wind tunnel.

Increasing the axial component and minimizing the swirl component of airflow that

exits the Thermal Module fan can minimize the impact that the CPU heatsink has on
the effective fan curve. The Thermal Module supplier can select or engineer the fan

impeller to increase the axial component of airflow, and select or engineer a stator

that converts a portion of the swirl component to axial. The improvement in the

stand-alone fan curve through this type of fluid dynamic engineering is illustrated in
below figure.

Figure 2-18. Fan Curve Impact from Impeller and Stator Fluid Dynamic Engineering
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2.4.5.1.2 Primary Airflow Paths Within Thermal Module

The Thermal Module is responsible for partitioning the airflow to three distinct airflow
paths: through the ducted CPU heatsink, above the motherboard but below the CPU
heatsink base, and below the motherboard (refer below figure).
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Figure 2-19. Thermal Module Airflow Partitioning
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The network resistance diagram can be refined to show the partitioning of these
airflow paths in the Thermal Module, as illustrated in below figure. This is an excellent
method for identifying and managing airflow partitioning and the specific airflow
volume through each path.

Figure 2-20. Thermal Module Network Resistance Diagram

38

s

CPUHS
Vent Thermal
Vet ve
Module Board

=

Below
Hoard

OM1E725

The airflow through the CPU heatsink is determined by the interaction between the
Thermal Module fan stand-alone fan curve and impedance characteristic of the
selected CPU heatsink design. Improvements in CPU heatsink heat transfer
performance often involve adding material to the heatsink. Improvements in
conduction can be accomplished through increases in the conduction path cross-
sectional area, and improvements in convection can be accomplished through
increases in surface area and the addition of fins. Both of the engineering approaches
typically increase the heatsink impedance because they decrease the channel area
available for airflow. The reduction in airflow from an increase in heatsink impedance
is illustrated in below figure by the superposition of the heatsink impedance curves
and the stand-alone fan curve.
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Figure 2-21. Impact of Heatsink Impedance on Heatsink Airflow
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The reduction in airflow not only impacts the CPU heatsink heat transfer performance
by reducing its convection coefficient (refer Equation 4), but it also impacts the
Thermal Module effective fan curv. Recall that the Thermal Module Effective fan curve
is an indication of the airflow and pressure capability available for the remainder of
the system. It is also important to note that the CPU heatsink impedance also
influences the airflow that will go through the remaining paths; a higher impedance
heatsink may force more airflow into the above and below motherboard airflow paths.

A Thermal Module supplier will need to carefully select or engineer the fan and
heatsink characteristics to achieve the required CPU heatsink heat transfer
performance (yca) and an appropriate effective fan curve. Returning to the network
resistance diagram and using the governing equations for airflow as a function of
impedance (Equation 8), it is obvious that an increase in the impedance of one of the
paths in parallel may increase the airflow to the remaining paths.

Equation 8: Airflow as a Function of Impedance

W = [2 - dP/ ((L1 + L2) - p)]*? Flow through channels in series

W = [2 - dP/ (p - (1/VL1+ 1/VL2)?)]¥2  Flow through channels in parallel Where:

W is the volumetric flow rate

dP is the pressure loss through two channels in series L1 and L2 are the length of the
two channels

p is the density of the fluid (air)

Additional information on selecting or engineering above and below motherboard
airflow impedance is discussed in Sections 2.4.5.2 and 2.4.5.3.

A system integrator will need to select the Thermal Module based on the required CPU
heatsink performance and the required effective fan curve.
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2.4.5.2

Above Motherboard Airflow Path

The airflow for this path enters the channel created by the base of the CPU heatsink
and the motherboard. As stated previously, the airflow speed will be a function of the
Thermal Module stand-alone fan curve and the impedance of the three primary airflow
paths: above and below the motherboard and through the ducted CPU heatsink.

The impedance of the above board airflow path is typically governed by the following
physical characteristics:

a. The dimension of the channel created by the CPU heatsink base and motherboard.

The impedance of the channel decreases as the channel height increases. Since the
base of the CPU heatsink typically rests on the top of the CPU package, there are few
design options to change this channel height.

The shape of the bottom surface of the CPU heatsink base will affect the impedance of
this channel. For instance, in F below figure, the heatsink base shown on the right will
have slightly lower channel impedance than the one on the left due to the relative
reduction in turning loss.

Figure 2-22. Heatsink Base Impact on Above Motherboard Channel Impedance
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b. The size, quantity, and position of motherboard components near the CPU socket.

The impedance of the channel increases as the total frontal area of these components
increases. The frontal area will increase as components are added, as those
components become wider and taller, and when the components are closely spaced.
For instance, in below figure the Voltage Regulation configuration on the right will
have slightly lower channel impedance than the one on the left (in this illustration, the
airflow enters the page) because it has more open area available for the airflow that
moves through it.
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Figure 2-23. Voltage Regulation Component Impact on Motherboard Channel
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Since low profile Voltage Regulation components are typically more expensive, the
system integrator will need balance the cost of the selection or specification of Voltage
Regulation components against the airflow impedance that they will introduce.

c. The size and orientation of the CPU socket.

A larger CPU socket will increase the channel impedance; however, the orientation of
the socket has a more significant influence. If the socket edge is perpendicular to the
airflow direction, its impedance will be at its highest possible value. As the socket is
rotated such that its corner is presented to the airflow, its impedance reduces. For
instance, in below figure the impedance of the socket on the right will be lower than
the one on the left due to the relative reduction in turning loss.

Figure 2-24. Socket Orientation Impact on Impedance
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Also, if the socket body is rotated, it acts as an effective airflow diverter. This allows
the airflow to slipstream around the socket body and be efficiently directed to the
remaining portions of the system. Below figure is an image extracted from a fluid
dynamic numerical model of the airflow near a rotated socket body. In this illustration,

CM18728
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the airflow comes from the Thermal Module fan that is mounted to the right. Note how
the airflow efficiently begins to move around the socket body early in the airflow
stream.

Figure 2-25. Rotated Socket Acting as a Flow Diverter

2.4.5.3
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The above motherboard airflow that goes around the socket and through the CPU
Voltage Regulation components eventually provides inlet airflow to other portions of
the system. Memory, located to the left of the CPU socket (in above figure, memory is
located toward the bottom left of the illustration), receives a portion of the above
motherboard airflow from the Voltage Regulation and socket area.

This memory airflow path complements the Thermal Module exhaust airflow that exits
the CPU heatsink.

Below Motherboard Airflow Path

The Thermal Module provides airflow below a BTX motherboard because the Thermal
Module fan is located in front of, and its exit face extends below, the motherboard.
This airflow allows the bottom side of the motherboard to become a convective heat
transfer surface. The motherboard is, of course, a complex electrical circuit composed
of many conduits for managing electrical current (e.g., traces, planes, vias, and pads).
As these motherboard features manage electrical current, that current generates heat
power and, unless that heat is completely dissipated into the surrounding
environment, the temperature of the motherboard will rise. When the motherboard
temperature at any given location exceeds the operating temperature specification,
the motherboard is subject to performance degradation. Since the above and below
motherboard airflow in BTX allows heat to be effectively dissipated through its top and
bottom surfaces, a BTX motherboard can manage higher current in critical locations.
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Especially in the region of the CPU socket and Voltage Regulation components, the
bottom side heat transfer characteristic significantly increases the amount of heat,
and thereby the amount of electrical current, that can be managed.

Surface mounted motherboard components can conduct a portion of the heat they
generate into the motherboard. When the convective heat transfer capability of the
motherboard is increased by above and below motherboard airflow, more heat from
these surface mount components will conduct into the motherboard, effectively
lowering the temperature of those components. This is especially important for CPU
Voltage Regulation components. Components mounted to the bottom side of the
motherboard will see the direct benefit of below motherboard airflow, since that
airflow creates convective heat transfer directly from the components, in addition to
removing heat from those components that is conducted into the motherboard. Even
for components mounted on the topside of the motherboard, the below motherboard
airflow is of significant benefit.

The below motherboard airflow is also a significant benefit for the Memory Controller
Hub (MCH) and Input-Output Controller Hub (ICH) chipsets. Again, these components
will conduct a portion of their heat into the motherboard and the convective heat
transfer on the motherboard bottom side created by the below motherboard airflow
effectively reduces the temperature of these components. More detail on MCH heat
transfer is provided in Section 2.4.6 and on ICH heat transfer in Section 2.4.7.

The impedance of the below motherboard airflow channel will increase when the
channel area is reduced. As described in Chapter 4, a Structural Retention Module is
required in BTX system designs. Since this component occupies a portion of the space
between the chassis pan and motherboard, it increases the below motherboard
impedance and reduces the airflow. Components mounted on the bottom side of the
motherboard will also increase the impedance.

Additional guidance on the thermal performance improvement from below
motherboard airflow may be provided in subsequent revisions of this guide.

A system designer will need to pay particular attention to the way in which the
Thermal Module airflow is partitioned. While the above and below motherboard airflow
paths are important for managing CPU Voltage Regulation, CPU socket, and, to some
extent, chipset temperatures, the CPU heatsink and the Thermal Module effective fan
curve are typically more important. If the impedance of the above and below
motherboard channels is particularly low, then more of the Thermal Module fan’s
airflow will go through these channels — meaning that less of that airflow will go
through the CPU heatsink. Not only does this reduce the CPU heatsink heat transfer
performance but it can also impact the heat transfer characteristics for the remaining
portions of the system, since the Thermal Module effective fan curve essentially
determines these important total system flow and flow distribution characteristics.

It may be necessary for the Thermal Module supplier to introduce impedance to the
above and below motherboard channels to ensure that the appropriate airflow is
directed to the CPU heatsink. System integrators should select a Thermal Module
based on its CPU heatsink Wca and effective fan curve, but they should also
understand the impact of Thermal Module design options on the above and below
motherboard airflow.
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Airflow into the Thermal Module

The BTX Interface Specification defines a requirement for a Thermal Module Interface.
Chassis suppliers must always provide a Thermal Module Interface that is sealed and
meets the open area, positional, and size requirements defined in the BTX Interface
Specification. A BTX Form Factor compliant Thermal Module Interface may be provided
through the use of a vented or open area in the chassis front panel or by an airflow
duct.

Figure 2-26. Thermal Module Interface Provided by Vented Front Chassis Panel
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Figure 2-27. Thermal Module Interface Provided by a Front Panel or Side Panel Airflow
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The BTX Interface Specification also requires that the Thermal Module Interface be
sealed in a way that prevents recirculated air from entering it. This assures that the
Thermal Module fan will only pull air from outside the chassis through the Thermal
Module Interface. A Thermal Module Interface inside the chassis walls (that is, if it is
not created by the chassis sheet metal front panel) must be provided by the end of an
airflow duct. This airflow duct should start at a chassis panel (above figure illustrates
start positions at both the front panel and a side panel) and end at the Thermal
Module Interface. It would, of course, be beneficial to design gradual turns into any
duct design, as opposed to the sharp turn shown in the rightmost illustration in above
figure.

Should the chassis sheet metal front panel provide the Thermal Module Interface, the
chassis supplier should appropriately engineer the vent open area. The open area is
typically constrained by electromagnetic compatibility (EMC) that the chassis must
also provide. Recall that the CPU is located near the front of the motherboard and,
therefore, near the front panel and that the proximity of this electromagnetic
interference (EMI) source to an open area in the front panel may be a concern.

Nonetheless, the chassis supplier should optimize the hole size, shape, and pattern to
create effective EMC without introducing airflow impedance that will substantially
degrade the Thermal Module Cca or operating point airflow. In this design situation, it
is important for the system integrator to understand the impact that the near field
impedance of the front panel vent will have on these Thermal Module characteristics.
In particular, it may be beneficial to offset the vent area from the front panel to
increase the distance between the vent and the Thermal Module fan.

A Thermal Module Interface is required by the BTX Interface Specification. The

opening and physical interface requirements described must be provided by the BTX
chassis supplier. It is against the Thermal Module Interface physical features that the
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inlet of the Thermal Module will fit. The system integrator will determine the quality of
the seal between the Thermal Module and Thermal Module Interface, although the
Thermal Module supplier will typically provide a compliant physical interface (for
instance, a compression gasket or seal) to accommodate the expected dimensional
tolerance variation.

MCH Airflow and Heat Transfer

Below figure illustrates the heat transfer path and associated network thermal
resistance diagram for an MCH. Intel typically offers the MCH in a Flip Chip Ball Grid
Array (FCBGA) package that does not have a metal lid, molded plastic, or other
substance over the bare silicon die. Silicon is not a particularly good heat conductor
(from below figure, ca would be very high in the absence of an MCH heatsink) but the
die surface is available for heat transfer augmentation, so a heatsink is typically
directly attached to its surface. The heatsink significantly reduces the resistance of
this heat transfer path and heat flow from the top surface of the MCH package is the
primary heat transfer path.

Figure 2-28. MCH Heat Transfer Path and Resistance Network Diagram
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As discussed in Section 2.4.3, the below motherboard airflow augments the heat
transfer for the MCH. It is also true that the above motherboard airflow flows over the
motherboard area near the MCH and this improves the convective heat transfer from
the motherboard topside, as well. Both of these motherboard convective heat transfer
paths augment the heat transfer from the MCH and lower its temperature.

However, because the resistance of the heat transfer path through the MCH heatsink

is so low, the relative importance of heat transfer into and out of the motherboard
diminishes.
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Nonetheless, the heat transfer capability of the motherboard in the area of the MCH
can and should be characterized. Knowledge of these heat transfer paths can be used
to optimize the performance and cost of the MCH heatsink. The network resistance
diagram in above figure can be used to define the total heat transfer resistance
equation (below equation) — in this equation, the “up” and “down” terms are in
reference to the power source (MCH silicon). The required total resistance can be
calculated from the component power and temperature requirements, and the MCH
ambient temperature.

Note: MCH power (QMCH) and case temperature (Tcase) requirement are specified in the
component Datasheet. Ambient temperature (Tambient) in the MCH region should be
extracted from a system level thermal numerical model or from system temperature
measurements. Ambient temperatures characterized in Intel reference design systems
are available in Section 2.7.3.

Equation 9: Total Heat Transfer
Ototal = 1/(1/0up+1/6down)
= 1/((1/6ca)+1/(6cb+1/(1/68a, top+1/0ba, bottom)))

Equation 10: Required Total Resistance

etotal = (Tcase - Tambient) / QMCH

From this equation, the required heatsink resistance can be calculated (Equation 11).

Equation 11: Total Heatsink Resistance

eca :1/((QMCH/(Tcase'Tambient) - 1/(ecb '1/(1/9861, top+1/eba, bottom)))

Above equation shows how the required MCH heatsink performance must improve if
the motherboard heat transfer characteristics are unknown. Below table offers an
example of the relative contribution of the resistance terms — when the motherboard
resistance terms are unknown, they must be assumed to be infinite resistance.

Table 2-2. Motherboard Heat Transfer Impact to Required MCH yja

Case Temperature (°C) 112

Ambient Temperature (°C) 45

MCH Power (W) 18

8cb (°C/W) Bba, top (°C/W) 0ba, bottom (°C/W) Bca
(°C/W)

15 15 15 3.59

30 30 40 3.66

0 e 00 3.72

The performance and cost for the MCH heatsink is also a function of the airflow
through the MCH heatsink. The Thermal Module exhaust airflow is the primary inlet
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airflow for the MCH heatsink. As discussed in Section 2.4.1, the heat transfer
performance of a heatsink is a strong function of the amount of airflow that passes
through it. However, unless it is directed through a heatsink, airflow will often choose
to go around it (refer below figure).

Figure 2-29. lllustration of Airflow through a Heatsink as a Function of Bypass
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The amount of open channel area around a heatsink (termed bypass) determines the
amount of airflow that will go through a heatsink. As illustrated in below figure,
reducing the bypass around a heatsink increases the amount of airflow that will go
through it. Although the airflow through a heatsink improves with a reduction in
bypass, the impedance of that restricted airflow path also increase.

Figure 2-30. Impact of Bypass on Heatsink Airflow and Impedance
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A system designer will need to be cognizant of the bypass around the MCH in the
design or selection of the MCH heatsink, since there are several system configuration
choices that will impact the airflow bypass around the MCH. For instance, an add-in
card on a riser may occupy the volume immediately above the MCH (above the Zone
B Keepout height required in the BTX Interface Specification), as shown in below
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figure or the area above the MCH may be free all the way to the chassis boundary
wall, as shown in below figures.

Figure 2-31. MCH Bypass lllustration — Graphics Add-in Card on a Riser
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Figure 2-32. MCH Bypass lllustration — Chassis Boundary Wall
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It is not unusual for the motherboard supplier to provide the MCH heatsink as part of
the motherboard assembly. Knowledge and characterization of the motherboard heat
transfer characteristics in a typical BTX environment will reduce the performance
requirement for the MCH heatsink; however, the motherboard supplier is unlikely to
have knowledge of the bypass around the MCH heatsink since the system
configuration into which the motherboard will be installed may not be known. In this
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case, the motherboard supplier’s thermal engineer should design the MCH heatsink to
provide the required assuming infinite bypass.

MCH heatsink boundary condition airflow characterized in Intel reference design
systems is available in Section 2.7.3.

ICH Airflow and Heat Transfer

Below figure illustrates the heat transfer path and associated network thermal
resistance diagram for an ICH. Intel typically offers the ICH in a package with a
molded plastic body. Neither silicon nor molded plastic are particularly good heat
conductors so the relative importance of the motherboard heat transfer characteristics
increases.

Figure 2-33. ICH Heat Transfer Path and Resistance Network Diagram
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The heat transfer capability of the motherboard in the area of the ICH should be
characterized. Knowledge of these heat transfer paths can be used to determine if an
ICH heatsink is required. The network resistance diagram and the heat flow
illustration and the network resistance diagram in above figure can be used to
generate Equation 12. The required total resistance can be calculated from the
component power and temperature requirements, and the ICH ambient temperature.

Equation 12: Total Resistance

Ototal = 1/(1/0up+1/0down)
= l/((l/eca)+1/(9cb+1/(1/98a, top+1/9ba, bottom)))

Equation 13: Total Required Resistance

Ototal = (Tcase = Tambient) / QicH

From this equation, the required heatsink resistance (6ca) can be calculated (Above
Equation).

Equation 14: Required Heatsink Resistance
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eca :1/((QICH/(Tcase'Tambient) - 1/(ecb '1/(1/eba, top+l/eba, bottom)))
Above equation shows that the ICH heatsink may be eliminated if the motherboard
heat transfer characteristics are known. Equation 14 offers an example of the relative

contribution of the 0ba resistance terms.

Table 2-3. Motherboard Heat Transfer Impact to Required ICH yya

Case Temperature (°C) 110
Ambient Temperature 50
MCH Power (W) 4
8cb (°C/W) Bba, top (°C/W) |  8ba, bottom (°C/W) | 8ea (°C/W)
15 15 15 14.7
30 30 40 14.9
0 0 ) 15.2

Ambient temperature boundary conditions for the ICH characterized in Intel reference
design systems are available in above section.

2.4.8 Graphics Add-in Card Airflow and Heat Transfer

The PCI Express™* specifications approved in 2003 allow high performance x16 PCI
Express graphics add- in cards up to 75 watts. This power is distributed amongst the
graphics card Graphics Processing Unit (GPU), Voltage Regulation, and memory.

It is not unusual for the graphics card supplier to provide the GPU heatsink as part of
the graphics card motherboard assembly. Knowledge of the airflow characteristics
around a graphics card in a typical BTX environment will allow the heatsink designer
to determine the performance requirement. Ambient temperature and airflow graphics
add-in card boundary conditions characterized in Intel reference design systems are
available in Section 2.7.3.

However, as is the case with the MCH heatsink, the graphics supplier is unlikely to
have knowledge of the graphics card bypass since the system configuration into which
the card will be installed may not be known. In this case, the graphics card supplier’s
thermal engineer should design the GPU heatsink to provide the required assuming
infinite bypass. A graphics card supplier should provide a description of the airflow
boundary conditions (inlet airflow velocity and temperature) for which their heatsink
was designed.

Since a graphics card is typically installed in the first expansion slot (whether directly
into that slot or on a riser), it will receive the Thermal Module exhaust airflow.
Therefore, the performance of the graphics card heatsink will be determined by the
Thermal Module effective fan curve that the system integrator selects. The system
integrator should ensure that the selected Thermal Module provides the required
graphics card airflow boundary conditions.

The airflow pattern in the graphics add-in card heatsink will be strongly influenced by
the rear panel ventilation. More rear panel open area near the graphics add-in card
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heatsink exhaust will allow the airflow to travel completely through the heatsink. Less
open area will force the airflow to leave the heatsink at the top of the fins, reducing
heatsink performance.

Memory Airflow and Heat Transfer

Memory is located to the left of the Thermal Module and MCH. Memory will typically
receive its inlet airflow from two sources: Thermal Module and CPU Voltage Regulation
exhaust.

The Voltage Regulation exhaust airflow will enter memory along the motherboard top
surface. The Thermal Module exhaust will cross over memory upon being diverted by
the MCH heatsink and, potentially, the graphics add-in card if it is on a riser behind
the Thermal Module. The exhaust airflow from the Thermal Module will have
expansion and turning when it exits the Thermal Module, and some of this flow will
make its way across the memory channels. However, some of the Thermal Module
exhaust airflow will go all the way to the rear panel before entering the memory
channel from the rear.

The location of the Power Supply Unit (PSU) and the PSU effective fan curve will have
a significant influence over the memory airflow pattern. If the PSU is located next to
the left (fixed) motherboard edge, the location on the PSU of its inlet airflow will
determine the pressure characteristics near memory, and this will determine how the
Thermal Module and Voltage Regulation exhaust airflow streams will travel over and
through the memory channels.

Generally, airflow will enter the memory channels from the front (CPU Voltage
Regulation exhaust) and the rear (Thermal Module exhaust turned at the rear panel)
and will leave the memory channel near the PSU fan inlet. Physical features over the
top of the memory channel — drives or drive brackets, cables, etc.— will also influence
how the airflow travels through the memory channels.

If a fluid dynamic numerical model of the system is constructed to predict the airflow
pattern, the system thermal engineer should consider significantly increasing the
model’s element mesh density in the Thermal Module exhaust region. This will allow a
more accurate prediction of the exhaust airflow expansion and turning characteristics
and, therefore, a more accurate prediction of the airflow behavior near memory.

It may also be beneficial for the system thermal engineer to use a detailed fluid
dynamic and temperature numerical model to predict memory component
temperature. Memory suppliers will often provide detailed numerical representations
of their memory card products that include detailed representations of each package’s
heat power and heat transfer characteristics. The system engineer may extract the
memory airflow boundary conditions from their system model and apply them to the
detailed memory model to determine if the predicted memory component
temperatures meet the memory supplier’s specifications.

The boundary condition extraction from the system model should include airflow

velocity (speed and direction) and temperature on the inlet planes and pressure on
the exit planes around the memory, as illustrated in below figure.
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Figure 2-34. Memory Airflow Boundary Conditions from the System Model Applied to a
Detailed Memory Model (MCH Position Shown to lllustrate Memory
Orientation)
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2.5 Chassis Vent Design

The selection of chassis venting significantly influences the total system impedance
and the system airflow pattern. The in-line airflow pattern selected by BTX form factor
engineers is one whose benefits will be significantly reduced by poor vent engineering.

The location and design of vents should be determined based on the desired airflow
pattern in the specific system design. Fluid dynamic numerical models are the best
tool to use to predict the system airflow pattern. The use of a numerical tool also
allows the evaluation of different vent designs and locations without the expense of
tooling and evaluating prototype designs.

2.5.1 Rear Panel Venting

Generally, the rear panel should be generously ventilated in the area not consumed by
the Rear Panel 1/0, Expansion Slots, or PSU interface locations.
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Because of the below motherboard airflow generated by the Thermal Module, a BTX
rear panel should include ventilation along the edge nearest the chassis pan (as
illustrated in below figure). Failure to provide that ventilation will increase the below
motherboard impedance and decrease the below motherboard airflow.

Figure 2-35. Below Motherboard Rear Panel Vent lllustration
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Front Panel Venting

Obviously, the chassis inlet to the Thermal Module should be ventilated. Again, a
vented portion of the front panel may be used to provide the Thermal Module
Interface. If a duct is used to create the Thermal Module Interface, then the inlet that
the chassis provides to the duct must be open or ventilated. If ventilated, there may
be acoustic benefit from the vented surface away from the Thermal Module fan inlet.
The BTX Form Factor Specification does not require that the vented area be on a
concurrent plane with the Thermal Module Interface, so an offset vent design is
completely compliant with the specification.

Section 2.4.5.4 shows an offset vent pattern integrated into the required Thermal
Module Interface.

A chassis designer or system integrator should include ventilation around the drive
bays. As in most system designs, creating airflow around the drive bays is difficult;
nonetheless, airflow can be established in the drive bay area through appropriate
inclusion of front panel venting. The system integrator should be aware that these
front panel vents might exhaust airflow for some combinations of Thermal Module and
PSU fan speed settings. In this case, the exhaust airflow from the vents might be
added to the inlet airflow (i.e. re-circulation) for the Thermal Module. It will be
beneficial for the front bezel to include feature that direct the front panel vent exhaust
airflow away from the Thermal Module inlet. At the very least, the bezel design should
now allow immediate recirculation of the drive bay vent exhaust into the inlet for the
Thermal Module Interface.

Vent Design

When a vent is used instead of a fully open inlet, the vent will introduce impedance to
the airflow that passes through it. This impedance, like all other impedance, will
reduce the airflow or force the fan to work harder to maintain the target airflow. Fans
that work harder generate more noise.
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The impedance introduced by vents can be minimized through the appropriate
selection of vent hole size, pitch, and the shape of its perimeter. Large, closely spaced
holes will have lower impedance than small, widely spaced holes. However, the EMC
offered by larger holes is typically not as good as that offered by small holes. Finally,
the tooling cost for closely spaced holes and /or non-circular hole geometries is
typically higher.

A chassis designer or system integrator will need to balance the tooling cost, EMC,
and impedance of each vent location. The impedance for each vent can be calculated
using the method outlined below.

a. Calculate the vent hole hydraulic diameter:

Equation 15: Vent Hole Hydraulic Diameter
dH = 4 - Anole / Phote

where:

Anole is the area of the vent hole

Phole is the perimeter of the vent hole

b. Calculate the Free Area Ratio (refer below figure).
Equation 16: Free Area Ratio; Vent

FAR = X Anole, i / Agrid

where

Agrid is the area of the vent hole pattern outline (refer below figure)

Figure 2-36. Open Area Ratio lllustration (Agria = X - Y)
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c. Calculate the Reynolds Number:
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Equation 17: Reynolds Number

Re = (W - du)/ (FAR - Agrid - V)

where W is the volume flow rate approaching the vent
v is the kinematic viscosity of air (0.000016 m2/s)

d. Calculate the ratio of the channel length (e.g., the sheet metal thickness of the
chassis panel) to the hydraulic diameter:

Equation 18: Channel Length to Hydraulic Diameter Ratio
f = thickness / du

e. For f> 0.015, use Equation 19 to calculate the vent loss coefficient (£c);
otherwise, use Equation 20:

Equation 19: Vent Loss Coefficient (f £ 0.015)

Y 0375 Va
(1 —FAR)
+1-FAR®
fem < J2 f
FAR’

Equation 20: Vent Loss Coefficient

£/
Ref

T('D5+’E ) 216
S5+ T (1-FAR) + (1 —-FAR)” + 64
g J—k—m

Ut

2
FAR

Note: The loss coefficient is inversely proportiosssssnal to the square of the FAR.
f. Calculate the vent impedance:
Equation 21: Vent Impedance

dP =0.5:-p: & - (W / Agrid) 2
where p is the density of air (1.177 kg/m?)

Note: The vent impedance is proportional to the loss coefficient, which is proportional to the
vent FAR. Increasing the open area at any vent location will reduce its impedance. Below
figure illustrates two vent pattern options with equivalent Agrid. Since the packing density
(number of holes per unit area) is higher for hexagonal holes than circular holes, the FAR is
higher and the impedance is lower for the hexagonal pattern shown on the left.
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Figure 2-37. Vent Patterns lllustrations
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Note: The impedance is proportional to the square of the volumetric airflow and inversely
proportional to the square of the vent area. Increasing the allocation of a chassis panel to
vent area (increasing Agrid) reduces the impedance contribution of the vent. A reduction in
system impedance through a reduction in vent impedance typically increases the volumetric
airflow that a Thermal Module fan can force through the system. This increase in system
airflow will result in an increase in the volumetric flow approaching the vent (increasing W),
which increases the vent impedance. This complex relationship is simplified, however, when
the chassis designer or system integrator understands that the increase in volumetric airflow
approaching the vent is typically a small portion of the total system airflow; therefore, vent
impedance will decrease as the vent area is increased.

2.6

Design Guide

Finally, the information and equations used in the impedance calculations above were
based on a review of a reference fluid dynamic engineering text (Chapter 8 of
Handbook of Hydraulic Resistances, 3rd edition, I.E. Edelchik). A chassis design or
system integrator thermal engineer will find this reference text quite useful, since the
equations used above have a limited domain of sheet metal thickness in which they
are valid.

Front Bezel Design

The open area and shape of the front bezel inlet airflow opening will have a significant
influence on the system impedance. A low impedance bezel design assures that the
Thermal Module can deliver the required system airflow at low fan operating speed. As
the bezel’s impedance increases, the system airflow will reduce or the fan’s operating
speed will need to increase to achieve the required airflow.

Higher fan operating speeds increase system noise.

Of course, the front bezel is often the most important industrial design element of the
chassis. Bezel industrial designers are often reluctant to concede that the front bezel
requires airflow inlet openings because they perceive that the opening erodes the
bezel’'s cosmetic value. Also, bezel access for drive bays and front panel 1/0 often
reduces the remaining bezel area allocated for airflow openings.
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The bezel industrial designer must work with the system thermal engineer to design a
bezel that does not substantially increase the bezel impedance. Failure to do so will
erode the system’s acoustic performance and may impact its ability to maintain
compliant operating temperatures within the system.

Numerical CFD analysis studies conducted by Intel have demonstrated that a
reasonably low impedance bezel can be designed with side or bottom inlet ventilation
patterns, leaving the cosmetic front surface of the bezel unencumbered with vent
openings. This is discussed further in Section 2.7.3.1.2.

Bezel Impedance

Bezel impedance is a function of the total open area, the shape of the inlet airflow
passages, and the number of turns from the bezel to the chassis inlet. As with any
airflow channel, decreasing the channel cross-section area, increasing the channel
length, and forcing the airflow to turn will increase the impedance.

Larger systems have larger front bezels that allow the bezel industrial designer and
system thermal engineer more options. In larger systems, the airflow channel may be
longer but the bezel design can compensate for this impedance increase by minimizing
the number of turns or by increasing the channel cross-sectional area.

In small system designs, there are fewer design options for the location and density of
inlet airflow openings. Small system designs are also more likely to use a vented
portion of the front panel instead of a duct to provide the required Thermal Module
Interface. With the smaller area offered by a small front bezel, the bezel inlet opening
must often be located immediately in front of the Thermal Module Interface. The
industrial designer will likely want design the bezel inlet opening in a way that
eliminates the “line of sight” view of the sheet metal chassis front panel that the
opening otherwise might provide. Below figure illustrates inlet vent channel design
options that eliminate “line-of-sight.”

Figure 2-38. Bezel Airflow Channel Design Options That Eliminate “Line of Sight”
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A system integrator will need to balance the tooling cost, industrial design, and
impedance of the front bezel. The impedance of the Louver and Z-Channel inlet
geometries can be calculated using the methods outlined below. The information and
equations used in the bezel impedance calculations were based on a reference fluid
dynamic engineering text (Chapters 3 and 6 of Handbook of Hydraulic Resistances,
3rd edition, |.E. Edelchik). A system integrator thermal engineer (and industrial
designer) will find this reference text quite useful, since the equations and loss
coefficient figures used below have a domain limited to these two inlet geometries.

The inlet geometry dimensions used in the impedance calculations are illustrated in
below figure (Z-Channel) and below figures (Louver).

Figure 2-39. Z-Channel Front Bezel Inlet Geometry
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Figure 2-40. Louver Front Bezel Inlet Geometry
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Z-Channel vent channel impedance calculation method:
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a. Calculate the open area of one slot:

Equation 22: Slot Open Area

Asiot = bo - B

where B is the width of the vent opening

b. Calculate the FAR:

Equation 23: Slot Free Aspect Ratio

FAR =n - Asot/ (B - H)

where B and H are the width and height of the bezel vent opening
c. Calculate the hydraulic diameter:

Equation 24: Slot Hydraulic Diameter

dn =2 - Asiot /(B+ bo)

d. Calculate the Reynolds number:

Equation 25: Reynolds Number

Re = (W - du)/ (n - Aslot V)

where

W is the volume flow rate approaching the bezel vent
n is the number of slot openings in the bezel vent

v is the Kinematic viscosity of air (0.000016 m2/s)

e. Calculate the friction loss coefficient:

Equation 26: Friction Loss Coefficient

&friction =64 -1l /(Re . bo)

Fluid Dynamic Management

f. Select a turning loss coefficient, (Jturning, from below figure based on the ratio of

lo / bo.
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Figure 2-41. Turning Loss Coefficient as a Function of lo / bo
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g. Select the contraction and expansion loss coefficient from below figure based on

the FAR.

Figure 2-42. Expansion and Contraction Loss Coefficients as a Function of FAR
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h. Calculate the total loss coefficient:

Equation 27: Total Loss Co-effiecient

— 2
gtotal - E)contraction_'_ &expansion + (&friction + &turning) / FAR

i. Calculate the front bezel vent impedance loss:
Equation 28: Front Bezel Vent Impedance Loss

dP=05"- p- &total - FAR - W/(n . Aslot)
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Louver vent channel impedance calculation method:
a. Calculate the open area of one slot:

Equation 29: Slot Open Area

Asiot = bl - B

where B is the width of the vent opening

b. Calculate the FAR

Equation 30: Slot Free Aspect Ratio
FAR = b1 /(b1 - t)

c. Calculate the hydraulic diameter:
Equation 31: Slot Hydraulic Diameter
dn =2 - Aslot /(B+ b1)

d. Calculate the Reynolds number:

Equation 32: Reynolds Number

Re = (W - du)/ (n - Aslot - V)

where

W is the volume flow rate approaching the bezel vent
n is the number of slot opening in the bezel vent

v is the kinematic viscosity of air (0.000016 m2/s)

e. Calculate the friction loss coefficient:

Equation 33: Friction Loss Coefficient

Efriction = 64 - L /(Re - b1)

f. Calculate the Louver vent loss coefficient:

If L/ bl <11 (1 — FAR), use Equation 27, otherwise use Equation 28.

Equation 34: Louver Vent Loss Coefficient (L/ bl <11 (1 — FAR))
Elouver = K (O.85+(l-FAR)2+E_,friction)/FAR2

Equation 35: Louver Vent Loss Coefficient
Elouver = K (0.85+(1-FAR)2+E_,friction)/FAR2+ 0.5(11 (1-FAR) — L/by)

where k is determined from below figure
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Figure 2-43. Louver Inlet Design Impact on Variable k
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Note: The Louver design on the right in above figure will have a lower impedance than the
one on the left because the value of k is smaller. The impedance and loss coefficients are
directly proportional to k.

2.6.2

Design Guide

g. Calculate the total vent loss coefficient by adding the contraction and expansion
loss coefficient estimates:

Assume contraction loss coefficient, &contraction = 0.5.
Assume expansion loss coefficient, assume Eexpansion = 0.2.
Equation 36: Total Loss Coefficient

Etotal = Efriction + Econtraction + Elouver + Eexpansion

Calculate the front bezel vent impedance loss:

Equation 37: Front Bezel Impedance Loss

dP=05" p- F,total - FAR - W/(n . Aslot)

The Bezel’s Role in Managing Recirculation

As discussed briefly in Section 2.5.2, the bezel design may need to include features to
manage the airflow exhausted by the front panel vents, since there may be fan speed
settings that create exhaust of higher temperature air from some front panel vent
locations (e.g., drive bay vents). If this exhaust airflow is allowed to immediately
recirculate and join the Thermal Module inlet airflow, it will increase the system inlet
ambient temperature. This will have an immediate and detrimental effect on all
system temperatures. As described Chapter 1, the system may respond to an increase
in the temperature at its monitor points by increasing fan speeds, which will increase
system noise.
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The bezel design can include simple features that segregate the airflow within the
bezel, such that the potential exhaust airflow from other front panel vent locations
does not immediately join the Thermal Module inlet airflow (refer below figure).
Forcing the vent airflow to completely exhaust from the bezel before it rejoins the
Thermal Module inlet airflow will reduce the impact of front panel vent recirculation.

Figure 2-44. lllustration of Bezel Features That Prevent Within-Bezel Recirculation of
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Front Panel Vent Exhaust Airflow
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Vents
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Case Study — Intel® Reference Design System
Airflow Engineering

Thermal Module Effective Fan Curve

Intel fluid dynamic engineering resources have developed an efficient impeller and
stator design that substantially improves the axial flow and pressure capability of the
Thermal Module fan. The exceptional performance allows the Thermal Module fan to
provide sufficient airflow to the CPU heatsink and system at a lower fan speed. Use of
less efficient fan and /or stator designs will require higher operating speeds.

Type | Reference Design Thermal Module

The 90-mm fan engineered by Intel has the maximum operating speed stand-alone
fan curve shown in below figure.
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Figure 2-45. Type | Reference Design Thermal Module Fan - Stand-Alone Fan Curve

0.45
0.4 1
0.35 1
0.3 1
0.25 1
0.2 1
015 1
0.1 1
0.05 1

n T T 1 1 1
0 20 40 60 a0 100 120

Adrflaw (cfm)

Pressure (in H,O)

ObiGTE2

The impedance curve for the LGA775, Pentium® 4 Processor Platform Compatibility
Guide ‘04 B compliant Voltage Regulation, and Intel engineered post-and-plate
heatsink reference design have the impedance curves shown in below figure.

Figure 2-46. Type | Reference Design Thermal Module and RVP VR Impedance Curve
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The resulting reference design Type | Thermal Module Effective fan curve is created by
the subtraction of the combined impedance curve from the stand-alone fan curve, as
shown in below figure.
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Figure 2-47. Type | Reference Design Thermal Module Effective Fan Curve
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The remaining elements in the 12.9 liter reference design system, engineered by
Intel, has the impedance curve shown in below figure.

Figure 2-48. 12.9 Liter Reference Design System Impedance (Less Thermal Module)
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The operating point for the 12.9 liter reference design system can be determined by
the intersection of the reference design Thermal Module Effective fan curve and the
system impedance curve, as shown in below figure.
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Figure 2-49. 12.9 Liter Reference Design System Operating Point
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2.7.1.2 Type 11 Reference Design Thermal Module

The 70-mm fan engineered by Intel has the maximum operating speed stand-alone
fan curve shown in below figure.

Figure 2-50. Type Il Reference Design Thermal Module Stand-Alone Fan Curve
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The impedance curve for the LGA775, Intel® Pentium® 4 Processor Platform
Compatibility Guide ‘04 B compliant Voltage Regulation, and Intel engineered flat base
vertical fin heatsink reference design have the following impedance curves shown in
below figure.

Figure 2-51. Type 1l Reference Design Thermal Module and RVP VR Impedance Curves
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The resulting reference design Type Il Thermal Module Effective fan curve is created
by the subtraction of the combined impedance curve from the stand-alone fan curve,
as shown in below figure.
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Figure 2-52. Type Il Reference Design Thermal Module Effective Fan Curve
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The remaining elements in the 6.9 liter reference design system engineered by Intel
have the impedance curve shown in below figure.

Figure 2-53. 6.9 Liter Reference Design System Impedance (Less Thermal Module)
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The operating point for the 6.9 liter reference design system can be determined by the
intersection of the reference design Thermal Module Effective fan curve and the
system impedance curve, as shown in below figure.
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Figure 2-54. 6.9 Liter Reference Design System Operating Point
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Thermal Module Airflow Partitioning

The Intel reference design Type | Thermal Module uses a post-and-plate (vertical
copper core and horizontal aluminum fin) configuration. When placed on a typical
LGA775 BTX motherboard, the Thermal Module creates airflow that results in below
table natural airflow partitioning through the heatsink, above the motherboard, and
below the motherboard.

Table 2-4. Type I Thermal Module Flow Partitioning

Operating Condition Heatsink Airflow Above Motherboard | Below Motherboard
(CFM) Airflow (CFM) Airflow (CFM)

Maximum fan speed 39.0 7.1 6.2

Minimum fan speed 9.1 2.1 2.1

The Intel reference design Type Il Thermal Module uses a more standard heatsink
(horizontal copper base and vertical copper stacked fin) configuration. The resulting
natural airflow partitioning does not provide sufficient airflow through the CPU
heatsink without the use of a Flow Partition Device, as shown in below table.

Table 2-5. Type Il Thermal Module Airflow Partitioning (With and Without Flow

Partition Device)

Operating Condition Heatsink Airflow Above Motherboard | Below Motherboard
(CFM) Airflow (CFM) Airflow (CFM)

Without Flow Partition Device

Maximum fan speed 19.1 9.3 5.7
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Operating Condition Heatsink Airflow Above Motherboard | Below Motherboard
(CFM) Airflow (CFM) Airflow (CFM)

Minimum fan speed 4.3 2.1 1.3

With Flow Partition Device

Maximum fan speed 28.8 3.4 2.1

Minimum fan speed 6.3 0.8 0.5

2.7.3

Subsystem Airflow and Temperature

The two Intel reference design systems use an integrated Fan Speed Control (FSC)
circuit design that monitors the CPU diode temperature and a System Monitor Point
thermistor. The temperatures reported to the FSC analog circuit are compared to their
respective limit temperatures to determine the Pulse Width Modulation (PWM) signal
that is sent to the Thermal Module fan. The PWM and voltage signal provided the fan
motor will determine the Thermal Module fan speed. Obviously, the total system
airflow and subsystem airflow will depend on the Thermal Module fan speed.

The three operating conditions in which the reference design performance has been

predicted are outlined in below table.

Table 2-6. Standard Load and Ambient Temperature Descriptions Used for System

Evaluation
Representing External Power Load |Anticipated Fan
Ambient Speed
Worst Case Maximum 35 °C All components [PSU: maximum
required capability operating at Thermal Module:
Extreme ambient maximum POWer |maximum
and power loading
Idle Acoustic test 23 °C All components |PSU: minimum
condition operating atidle |Thermal Module:
Sustained typical power minimum
environment and
typical use
Typical Intermittent high 23 °C All components [PSU: maximum
Intermittent power application operating at Thermal Module:
in typical use maximum pPOwWer |intermediate
environment

Both Intel reference design systems were engineered to meet Intel Pentium® 4
Processor Platform Compliance Guide '04 B guidelines in a performance system
configuration. Feature descriptions, power loads, and assumed performance

requirements are described in below table.
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Table 2-7. Reference Design System Loads and Boundary Condition Assumptions

Component Description Qty TDP (watts) Requirement Boundary
. Condition
Worst| lIdle | Inter
Ambient External 35°C | 23°C|23°C
CPU Platform Compatibility 1 115 115 57.5 72 °C Tease
Guide ‘04 B
Voltage Platform Compatibility 1 38.3 | 38.3 | 19.2 91 °C motherboard under
Regulation Guide ‘04 B socket
Component specification
MCH Next Generation 1 17.7 17.7 6.9 Tj = 110 °C
ICH Next Generation 1 4 4 1.2 Tj = 120 °C
Memory DDR400 13.9 | 13.9 6.4 Tj =93 °C
HDD Standard 1 10 10 8 55 °C Natural Convection
(NC)
ODD 12.9 L Standard 1 10 10 5 45 °C NC
6.9 L Mobile 1 3 3 1 50 °C NC
FDD 12.9 L Mobile 0.3 0.3 0.3 55 °C NC
6.9 L None
x16 PCI 12.9 L Full Ht, 1/2 Length | 1 75 75 37.5 104 °C Tcase
Express 6.9 L None
PCI Cards 12.9L Low Profile 2 5 5 3 55 °C NC
6.9L None
ExpressCard 12.9L None 1 2.1 2.1 1 65 °C NC
6.9L Wide
Motherboard 1 10 10 5 55 °C NC
PSU CFX12Vv 1 [280.9(280.9]|142.5 50 °C Inlet
LFX12V 1 226 226 |112.2

Table 2-8. lllustrates the Anticipated Fan Operating Speeds and Resulting Airflow and
Temperature Boundary Conditions for the 12.9 Liter Reference Design
System.
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Worst Idle Intermittent

Thermal Module Fan RPM 4500 900 2600

PSU Fan RPM 3600 1550 3600
Anticipated Operating Point
System Airflow CFM 52.3 13.3 33
Operating point Pressure (in. H20) 0.22 0.017 0.082
PSU Fan CFM 17.7 6.4 15.8
CPU Heatsink Airflow CFM 39 9.1 23.8
Above Motherboard Airflow CFM 7.12 2.1 4.7
Below Motherboard Airflow CFM 6.2 2.1 4.6
Subsystem Airflow and Temperature Boundary Conditions
MCH (LFM)/Temp (°C) 280/44 53/39 163/36
ICH (LFM)/Temp (°C) 160/45 50/40 120/38
Graphics Add-In (CFM)/Temp (°C) 3.5/43 1.2/34 3.2/32
ODD Inlet Temp (°C) 43 39 36
HDD Inlet Temp (°C) 46 41 39
FDD Inlet Temp (°C) 48 44 41
PCI cards - LP Inlet Temp (°C) 43 38 37
PSU Inlet Temp (°C) 45 42 39
Component Temperature Performance
CPU Case Temp (°C) 71 45 53
MCH Junction Temp (°C) 88 86 90
ICH Junction Temp (°C) 112 60 105
PCI Express Graphics Case Temp (°C) 103 87 95
DDR400 Memory Case Temp (°C) 84 61 77
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Table 2-9. lllustrates the Anticipated Fan Operating Speeds and Resulting Airflow and
Temperature Boundary Conditions for the 6.9 Liter Reference Design System.

74

Worst Idle Intermittent
Thermal Module Fan | 6800 1500 3400
PSU Fan RPM 3000 1400 3000

Anticipated Operating Point
System Airflow CFM 34.4 7.6 16.9
Operating point Pressure (in. H20) 0.274 0.017 0.071
PSU Fan CFM 9.6 3.3 9
CPU Heatsink CFM 28.8 6.3 14
Airflow
Above Motherboard [CFM 3.4 0.8 1.8
Airflow
Below Motherboard |CFM 2.1 0.5 1.1
Airflow
Subsystem Airflow and Temperature Boundary Conditions
MCH (LFM)/Temp (°C) 352/45 | 62/38 164/43
ICH (LFM)/Temp (°C) 483/50 97/47 235/45
Temperature
ODD Inlet Temp (°C) 43 45 43
HDD Inlet Temp (°C) 43 50 43
PSU Inlet Temp (°C) 48 47 53
Component Temperature Performance
CPU Case Temp (°C) 71 47 55
MCH Junction Temp (°C) 86 81 97
ICH Junction Temp (°C) 117 67 112
ExpressCard Inlet Temp (°C) 48 53 64
DDR400 Memory Case Temp (°C) 85 67 84
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2.7.3.1

2.7.3.1.1

2.7.3.1.2

System Airflow Performance Sensitivities

Power Supply Operating Point

System airflow in the Intel reference designs is not strongly dependent on the PSU fan
speed. The PSU fan is primarily responsible for providing sufficient airflow to the
internal PSU components to maintain their operating temperature within specification.

Generally, at their maximum operating speeds, the PSU fan will evacuate
approximately 30% of the airflow generated by the Thermal Module fan. Because the
range of operating speeds for the Intel reference design Thermal Module designs are
larger than that of the PSU fan, at their minimum operating speeds, the PSU fan will
evacuate approximately 50% of the airflow generated by the Thermal Module fan. If
the PSU FSC circuit were designed for the same proportional reduction in fan speed
(from maximum to minimum fan speed), the proportion of airflow that the PSU
evacuates from the system would be similar at the maximum and minimum operating
speed.

Thermal Module Interface Inlet Loss Coefficient

For the both the 6.9 liter and 12.9 liter reference design configurations, the Thermal
Module Interface is provided by the front panel sheet metal; therefore, no internal
system ducting is required. In addition to the impedance introduced by the front panel
vent design, the airflow into the Thermal Module is impeded by the front bezel. Both
reference design bezels were engineered to demonstrate the BTX acoustic value
proposition. Specifically, the bezel open area for Thermal Module inlet airflow was
located immediately in front of the Thermal Module Interface to eliminate turning
losses and a louver inlet channel geometry was selected to minimize contraction and
expansion losses.

As the Thermal Module interface inlet impedance is increased, the operating point
airflow will decrease at any fixed fan speed. In order to meet the system temperature
requirements, it will likely be necessary to compensate for increasing inlet impedance
by increasing the Thermal Module fan speed. This, of course, increases the system’s
acoustic noise.

For the 12.9 liter reference design, the following table illustrates how an increase in
bezel loss coefficient impacts the system operating point. Also included in the table
are estimates of the Thermal Module fan speed increase required at the Worst and
Idle operating conditions, and the impact on system acoustic Sound Power. For
reference, the 12.9 liter reference design bezel has a bezel loss coefficient equal to 1.

Table 2-10. Impact of Bezel Impedance on System Operating Point, Thermal Module

Design Guide

Fan Speed, and System Sound Power

Bezel Loss | Operatin [ Thermal Module RPM Thermal Module RPM | Idle Case Sound
Coefficien | g Point | Required to Meet 52.3 | Required to Meet 13.3 Power (BA)

t (CFM) CFM (Worst Case) CFM (ldle Case)

1 52.3 4500 980 3.85

2 51 4615 995 3.86

4 50 4707 1040 3.91

6 48 4903 1060 3.93

75




2.7.3.1.3

Fluid Dynamic Management

Bezel Loss | Operatin | Thermal Module RPM Thermal Module RPM | Idle Case Sound
Coefficien | g Point | Required to Meet 52.3 | Required to Meet 13.3 Power (BA)

t (CFM) CFM (Worst Case) CFM (ldle Case)

8 46 5116 1100 3.98

10 44 5349 1130 4.02

12 42.5 5538 1167 4.06

16 40.5 5811 1215 4.12

20 39 6035 1250 4.16

Ventilation

Increasing the ventilation open area in the rear panel will increase the operating point
airflow and the proportion of airflow that exits the rear panel vents. As an illustration,
in the 12.9 liter reference design, the PCI-Express x16 and x1 full height, half-length
cards on a riser were replaced by two low profile cards perpendicular to the
motherboard. With this card configuration change, the rear panel open area that is in
line with the Thermal Module airflow is increased because the riser card rear panel
slots are replaced with ventilation (refer below figures for an illustration of vent
designs for these two add-in card configurations).

Figure 2-55. 12.9 Liter Reference Design System with Graphics Add-in Card on a Riser
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Figure 2-56. 12.9 Liter System with Four Low Profile Cards
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The resulting 12.9 liter system operating point airflow and mass flow balance changes
are reflected in below table.

Table 2-11. Mass Flow Balance for 12.9 Liter Reference Design System with Four Low

Design Guide

Profile Cards

DescriptionUnits Graphics Card Position
Riser Low Profile | % Change

System Airflow CFM 52.3 54.5 4%

Operating Point Pressure (in. H20) 0.22 0.21 -5%
PSU Fan CFM 17.7 16.8 -5%
Rear Vent 1 CFM -6.9 -6.4 -7%
Rear Vent 2 CFM -1.1 -4.9 345%
Rear Vent 3 CFM -17.5 -19.3 10%
Rear Vent 4 CFM -3.3 -2.8 -15%
Front Vent 1 CFM -3.8 -2.8 -26%
Front Vent 2 CFM -1.9 -1.4 -26%
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2.7.3.2

Front panel ventilation plays an important role in managing drive bay temperatures.
For example, in the CFD analysis of a tower system drive bay spacing, the drive bay
temperatures increased by 7-10 °C if it used the same front panel ventilation as the
12.9 liter reference design. Increasing the ventilation open area will reduce the drive
bay temperatures in the tower configuration. Front panel ventilation reduces airflow
stagnation in the drive bay area, especially in configurations where the drive bays are
farther away from the airflow created by the Thermal Module.

MCH Performance Sensitivities

MCH heatsink performance is a strong function of inlet airflow speed and heatsink
bypass. The Intel reference design MCH heatsink performance as a function of airflow
is shown in below figure.

Figure 2-57. MCH Heatsink Performance Vs Inlet Airflow
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MCH heatsink inlet airflow is a function of Thermal Module operating point. Below
table illustrates the system operating point airflow and MCH heatsink inlet airflow in
the 6.9 liter and 12.9 liter Intel reference design systems as a function of Thermal
Module fan speed. Note that the 12.9 liter system uses a Type | Thermal Module and
the 6.9 liter system uses a Type Il Thermal Module.
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Table 2-12. MCH Heatsink Inlet Airflow Vs System Operating Point

Thermal Module |Operating Point| MCH Heatsink
Fan Speed (CFM) Inlet Airflow
(RPM) (LFM)
12.9 Liter System 4500 52.3 280
2600 33.0 163
1200 13.3 53
6.9 Liter System
6800 34.4 352
3400 16.9 164
1500 7.6 62

In below figure, that despite the lower operating point in the 6.9 liter system (relative
to the 12.9 liter system), the MCH heatsink inlet airflow is higher. This is due to the
difference in MCH heatsink bypass in the 6.9 liter reference design, which has the
HDD above the MCH heatsink, versus the 12.9 liter reference design, which has the
x16 and x1 PCI Express graphics add-in cards above the MCH heatsink.

Figure 2-58. MCH Heatsink Inlet Airflow Vs System Operating Point
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Graphics Add-in Card Performance Sensitivities

The 12.9 liter reference design illustrates the use of a high performance graphics add-
in card in a low profile system. Since it is unlikely that low profile high performance
graphics will become available, the full height half-length PCI-Express card was put on
a riser so that it is parallel to the motherboard. In this position, the powered
components on the card are facing into the Thermal Module exhaust airflow path. In
this orientation, the cards block potential rear panel ventilation area above the Rear
Panel 1/0; the turning impedance introduced reduces the system operating point
airflow.
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In tower system configurations, the system thickness will allow the full height PCI-
Express card to be placed directly in slot 1 so that it is perpendicular to the
motherboard. In this position, the powered components on the card are also facing
into the Thermal Module exhaust airflow path. This perpendicular card orientation
allows more ventilation above the Rear Panel 1/0 because the rear panel area blocked
by the riser card openings can be replaced with vent area. This decrease in rear panel
impedance increases the system operating point airflow.

When the graphics add-in card is moved to the perpendicular position in slot 1, the
Thermal Module exhaust airflow experiences more extensive expansion due to the
increase in expansion open area. The turning associated with that expansion creates
some amount of impinging airflow on the graphics card heatsink, in addition to the
increased axial flow that results from lower rear panel impedance. The increase in
airflow in the parallel and impinging direction improve graphics card heatsink
performance. The graphics add-in card heatsink illustration in below figure establishes
the heatsink surfaces through which airflow can pass. Below table shows the expected
graphics heatsink airflow at the maximum operating speed of the Thermal Module fan
(note that positive values indicate airflow into the surface and negative values indicate
airflow exhausting from the surface).

The important conclusion from this analysis is that rear panel ventilation near the
graphics add-in card heatsink exhaust will substantially improve graphics card
heatsink performance. In the 12.9 liter system, the proximity of the graphics card
heatsink to the Rear Panel 1/0 leaves no room for rear panel ventilation, and the
airflow that enters the graphics card heatsink exhausts out of the top instead of the
rear of the heatsink, reducing the heatsink convective performance.

Figure 2-59. Graphics Add-in Card lllustration of Airflow Surfaces
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Table 2-13. Graphics Add-in Card Heatsink Airflow and Performance versus System

2.7.3.4

Configuration

Configuration System Front Top Rear Airflow Heatsink
Operating Airflow Airflow (CFM) Performance
Point Airflow (CFM) (CFM) cc/rw)
(CFM)
12.9 liter 52.3 3.5 -3.1 -0.4 1.1

Full-height, half-
length card on riser

Tower 56.6 0.4 0.8 -1.2 0.9

Full height card in
slot 1

Voltage Regulation Performance Sensitivities

Intel engineered the CPU Voltage Regulation on the BTX Reference Validation Platform
(RVP) to be compliant with the Pentium 4 Processor Platform Compatibility Guide ‘04
B requirements (refer to the processor datasheet for more information). A complete
description of the initial three phase RVP CPU Voltage Regulation design is available in
the RVP Drop-In Core Layout and RVP Schematic.

Numerical thermal analysis of Voltage Regulation component, motherboard, and
socket was conducted and the predicted temperatures as a function of airflow are
shown in below table and below figure. The temperature predictions were made from
a detailed numerical model that included:

¢ Motherboard, socket, voltage regulation components material conduction properties

¢ Motherboard, socket, voltage regulation component, and SRM physical size and
location

e Type | reference design Thermal Module fan curve and velocity profile

¢ Input power for voltage regulation components, motherboard power planes and
traces, and the socket based on characterized efficiencies (or impedances) at
Platform Compatibility Guide ‘04 B maximum current.

The motherboard, socket, and voltage regulation component temperatures are the
maximum predicted temperature for the worst-case location.

Table 2-14. Voltage Regulation Component Temperature Vs Voltage Regulation Airflow

Design Guide

Voltage Regulation - Component Descriptions
Drivers | High Side [ Low Side | Motherboar Output Socket
FETs FETs d Inductor
Temperature 125 150 150 120 85 91
Specification (C )
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Inlet Airflow Voltage Regulation Component Temperatures
(CFM)
2.8 108 134 130 117 100 75
6.0 96 120 117 103 86 65
9.4 88 110 106 94 78 61

Figure 2-60. Voltage Regulation Component Temperature versus Voltage Regulation
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Note that Voltage Regulation temperatures increase as inlet flow to the area is
reduced. Voltage Regulation inlet flow is a function of the Thermal Module operating
point airflow. Therefore, it is important to understand the Fan Speed Control circuit’s
role in managing Voltage Regulation temperature.

In a system that does not regulate the Thermal Module fan speed, the fan speed and
operating point airflow will always be at their maximum. In systems where the
Thermal Module fan speed is regulated, one of the temperature inputs to the Fan
Speed Control circuit will be the CPU diode temperature. Since the CPU diode
temperature will increase as CPU power increases, the Thermal Module fan speed and
operating point airflow will be proportional CPU input power. CPU input power is
provided by CPU Voltage Regulation, meaning that the temperature of Voltage
Regulation will be strongly correlated to the temperature of the CPU. Therefore, there
will not be conditions in which the Thermal Module fan is not providing sufficient
airflow to manage Voltage Regulation temperature because if the Thermal Module fan
is providing sufficient airflow to meet the CPU temperature requirement, a properly
design Thermal Module will simultaneously provide the appropriate airflow to Voltage
Regulation.

The Intel® 2004 Performance BTX RVP Voltage Regulation supports processors that
require VRD10.1 (Reference Yellow Cover Document #14294). Refer to the Voltage
Regulator-Down (VRD) 10.1 Design Guidelines for Socket 775 Based Desktop and
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Transportable Motherboards for more information. Below table below is an excerpt
from VRD10.1.

Table 2-15. VRD10.1 Requirements

VR Configuration Iccmax | VR TDC Dynamic RLL TOB Maximum
Icc VID
775_VR_CONFIG_O4A| 78 A 68 A 55 A 1.40 m | +/-25 mV 1.4V
775_VR_CONFIG_04B| 119 A 101 A 95 A 1.00 m | +/-19 mV 1.4V

To meet the VRD 10.1 requirements, the 2004 Performance BTX RVP implements a 3
phase Voltage Regulation that is similar to those implemented on the Intel 2004
Performance ATX RVP. BTX allows Voltage Regulation cost optimization relative to ATX
because of the improved thermal environment. Cost reduction is achieved by using
less efficient components. Since more Voltage Regulation power can be dissipated in a
BTX system, less efficient FET components can be used to support a given Total
Design Current (TDC). A 3 phase BTX Voltage Regulation is approximately 15%
cheaper than an equivalent solution in ATX.

Additional Voltage Regulation cost reduction opportunities depend on several key
factors, including system fan speed setpoints and AC-to-DC power supply limitations.
First, at lower fan speeds the airflow to through BTX Voltage Regulation limits the
power that can be dissipated. Second, as Voltage Regulation efficiency decreases, the
amount of power required from the PSU 12V rail increases. The board and system
designer must, therefore, work together to determine the appropriate component
efficiencies. Below figure illustrates input current versus the power delivered to the
processor across a range of component efficiencies.

Figure 2-61. Voltage Regulation Power Vs Current
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The 2004 Performance BTX RVP has been validated to meet thermal and electrical
performance requirements with 2 phase Voltage Regulation in the 12.9 liter reference
design system. A typical Voltage Regulation controller requires that phases be shut
down in a certain order. The initial 3 phase design used on the BTX RVP, however, did
not allow operation as a 2 phase VR with component changes only. below figure shows
the phase order on the 2004 Performance BTX RVP.

Figure 2-62. BTX RVP Voltage Regulation Phase Diagram

A design that would allow 2 or 3 phase operation would require the following:

Al. Set phase order per above figure.

B2. Dual site the output inductors for phases 1 and 2 to allow for higher current

inductors. C3. Move thermal compensation thermistor between phases 2 and 3 per
below figure.

D4. Place feedback components around the controller based on the number of phases
implemented.
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Figure 2-63. BTX RVP 2 and 3 Phase Operation
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The potential cost advantage of a 2 phase solution relative to 3 phase will depend on
component pricing. Intel recommends that board layouts allocate sufficient space and
pursue design practices that would allow 3 phase implementations, taking into
account the guidance offered above that may allow an easy migration to a 2 phase
implementation.

Memory Performance Sensitivities

Memory is the most sensitive subsystem in a BTX system design from a thermal
performance perspective. Airflow to the memory channels is influenced by not only the
Thermal Module operating point airflow, but also by:

e PSU location

CPU Voltage Regulation open area (refer Section 2.4.5.2)

Voltage Regulation exhaust airflow management

Bypass around the memory channel

¢ Rear panel ventilation

Memory position
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2.7.3.5.1

Operating Point

The approach speed of airflow to the memory subsystem is a function of Thermal
Module operating point, as illustrated in below table and below figure.

Table 2-16. Memory Airflow versus System Operating Point

Thermal
Module Fan Operating Point Memory Inlet
Speed (RPM

peed (RPM) (CFM) Airflow (LFM)

6800 34.4 223

_ 3400 16.9 153

6.9 Litre System
1500 7.6 55

Figure 2-64. Memory Airflow versus System Operating Point
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PSU Location

In both the 6.9 and 12.9 liter reference designs, the PSU is located near the rear
panel and immediately next to the Zone C fixed motherboard edge — the board edge
closest to the memory components. Additionally, both reference design Power
Suppliers — the Desoto CFX12V PSU and the Stockbridge LFX12V PSU — use a
pressurizing fan. The proximity of the PSU to the memory location in both reference
systems improves the airflow in the memory channels.

In CFD analysis of a BTX tower configuration, Intel chose to place the PSU with a
pressurizing fan at the rear of the system and at the Zone C board edge. As indicated
in the following table, the channel airflow did not change substantially. As noted in
Section 2.7.3.5.6, rear panel ventilation can influence memory channel airflow. The
fact that the tower CFD analysis indicates equivalent memory channel airflow to the

12.9 liter reference design is due to the dominant effect of the PSU.
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2.7.3.5.3 Voltage Regulation Exhaust Airflow Management

The airflow that goes through CPU Voltage Regulation and toward memory will
approach the memory channels at an oblique angle. The amount of airflow that enters
the memory channel from Voltage Regulation will increase if there are any
components that force it to turn toward the rear of the system as it nears memory.
For instance, a BTX tower configuration may place drive bays perpendicular to the
motherboard near the front of the system and along the Zone C motherboard edge
(refer below figure).

Figure 2-65. BTX Tower
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Hard Disk Drive
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The HDD in above figure nearest the Thermal Module will turn the airflow that
exhausts from the Voltage Regulation toward the rear of the system and increase the
airflow that goes into the memory channel.

Recall from Section 2.7.3.5.2 that the PSU near the Zone C board edge will create
airflow that enters the memory channel from the rear. Therefore, the airflow that
enters the front of the memory channel from Voltage Regulation and the airflow that
enters the rear of the memory channel from the rear panel will meet and become
stangant at some position in the memory channel. This stagnation point will be the
location where the memory component temperatures will be the highest. Below figure
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illustrates how the stagnation point changes based on the strength of airflow that
enters the front of the memory channel.

Figure 2-66. Memory Channel Airflow Pattern — Dependence on Voltage Regulation
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Voltage Regulation Open Area

Voltage Regulation component frontal area and position can effect the memory inlet
airflow speed. Taller, wider components in the airflow path between the Thermal
Module fan and memory inlet will reduce inlet airflow speed. Intel will include more
information on the impact based on two-phase versus three-phase Voltage Regulation
thermal and fluid dynamic analysis and testing in future revisions of this guide.

The approach speed of airflow to the memory subsystem is a function of Thermal
Module operating point, as illustrated in the following table and graph from the 6.9
liter reference design system CFD analysis:

Memory Bypass

Cables, drive bays, and brackets are examples of components that can create bypass
over the memory components. The proximity of these components to memory will
influence the airflow behavior in the memory channel. For example, in the 6.9 liter
reference design, the Hard Disk Drive (HDD) bracket spans from the left side panel to
the right side panel, and a portion of the bracket extends over memory. This bracket
effectively forces that Voltage Regulation exhaust airflow and Thermal Module exhaust
expansion airflow to stay in the memory channels. Below figure illustrates how
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memory channel airflow changes in the 6.9 liter reference design as the HDD bracket
position above memory is moved toward the top panel.

Figure 2-67. Memory Channel Airflow versus Drive Bracket Bypass
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Cables that extend from the PSU or drives are often routed over memory as they
transition from the component to their motherboard connectors. These cables act as
bypass for airflow that enters the memory channel from the Voltage Regulation or
Thermal Module exhaust expansion.

2.7.3.5.6 Rear Panel Ventilation

When the rear panel is well ventilated, the Thermal Module exhaust airflow has a low
impedance path that allows it to cleanly exit the system. As discussed previously, this
can improve the system operating point airflow. However, this may also change the
memory channel airflow. If the rear panel is not well ventilated (as is the case in the
12.9 liter reference design system where the PCI-Express cards on the riser block
potential vent area), a larger portion the Thermal Module exhaust airflow is forced to
turn at the rear panel. In the 6.9 liter and 12.9 liter reference designs, this airflow is
then pulled through the memory channel by the PSU fan. This airflow pattern — from
the rear of the system into the rear of the memory channel — is strongly influenced by
the location of the PSU and the PSU fan curve.

The following table illustrates the impact on memory channel airflow and worst case
DDR-400 memory component temperature in the 12.9 liter reference design system
when the two riser PCI-Express cards are replaced by two low profile cards, and the
rear panel in that area is ventilated.

Also included in the table is the memory channel airflow and temperature behavior for
a full tower configuration; one in which the full height PCI Express card is placed in
slot 1 perpendicular to the motherboard. In this configuration, the rear panel is
ventilated above the Rear Panel 1/0.
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Table 2-17. Memory Airflow and Maximum Component Temperature versus System

2.7.3.5.7

2.8

2.8.1
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Configuration

Configuration Memory Inlet Memory Channel Airflow Memory Component
Airflow (LFM) (LFM) Temperature (°C)
12.9 liter 40-80 50 84

Two full height, half-
length cards on riser

12.9 liter 50-80 15 88
Two low profile cards

Tower 50-80 50 84
Full height card in slot 1

Memory Position

As memory moves closer to the front of the motherboard, less airflow will be able to
enter the memory channels. The below heatsink /above motherboard airflow is
diverted toward memory by the CPU socket. If the socket is oriented perpendicular to
the fan axial flow direction, the flow speed diverted toward memory will be lower. If
the socket is angled, the flow speed diverted toward memory will be higher.

Each memory channel will receive more of this airflow if the memory channel opening
is positioned in this flow path. Refer below figures for illustrations of airflow patterns
that enter memory and memory thermal analysis boundary condition descriptions, for
reference.

Case Study — BTX Tower PC Configuration

A BTX tower system was designed and numerically evaluated to determine if a large
volume, high performance tower system could be adequately cooled without a rear
panel fan and using the Intel® Type | Reference Design Thermal Module Assembly
with a 90mm fan.

The system mechanical design was based on conventional placement of subsystem
components. A thermal numerical model was constructed to analyze the airflow and
subsystem temperatures.

BTX Tower Design and Thermal Model Construction

Below figure illustrates the component placement and vent scheme for the 36 liter
system. Directly below the ODD drive bay are 3.5” drive bays (including one that sits
over the Thermal Module) for multiple FDD and HDD placements. An ATX12V PSU is
located immediately behind the drive bays, near the intersection of the side and rear
panel.

The thermal numerical model also included a 7-slot BTX board with the component
power descriptions from Table 2-7. The Thermal Module Interface complies with the
BTX Interface Specification requirements at the appropriate location, but widens to
120mm square at the front panel.
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Figure 2-68. BTX Tower Component Placement and Vent Scheme

2.8.2 BTX Tower Thermal Simulation — Vent Design
Investigation

Below figure illustrates the airflow temperature parallel to the board through a cut
plane at the midpoint of the TMA and PSU fans.
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Figure 2-69. BTX Tower Thermal Simulation Airflow and Temperature Plot (Top View)

Below figure illustrates the airflow temperature through a cut plane at the midpoint of
the TMA and PSU fans but perpendicular to the board. It also includes a particle
source trace that illustrates the flow pattern entering the bezel, going through the
Thermal Module to the rear panel, and exhausting from the front and side panel after
moving through the drive bay area. Of particular note is that the front bezel uses a
side inlet instead of a front inlet position, which illustrates that the system
performance targets can be met with a bezel whose front surface is in compromised
by inlet venting.
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Figure 2-70. BTX Tower Thermal Simulation Airflow and Temperature Plot (Side View)

Several side panel vent options were evaluated and the results indicate that drive bay
component performance can improve with side panel ventilation. Below figure shows
the airflow pattern with a vent near the drive bays that extends the entire length of
the side panel. Since the exhaust area extends along the entire length of the drive
bay, the airflow exhausts before it effectively lowers the drive bay temperature.

Below figures shows the airflow pattern with a side panel vent limited to an area near

the ODD. This exhaust location improves airflow through the drive bays and reduces
drive bay ambient temperature.
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Figure 2-71. BTX Tower Extensive Side Panel Vent Scheme Thermal Simulation Airflow
Plot (I1so-View)
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Figure 2-72. BTX Tower ODD-Only Side Panel Vent Scheme Thermal Simulation Airflow
Plot (I1so-View)

ODD Side PanelVent

2.8.3 BTX Tower Thermal Simulation — Rear Panel Fan
Investigation

A 90mm rear panel fan was included in the baseline BTX Tower thermal numerical
model to determine its impact to system airflow and temperature. The rear panel fan
was located near the PSU and RPIO.

In order to determine the relative impact, the system performance was evaluated for
three rear panel fan fixed volumetric flow conditions: equivalent to the Intel Type |
Reference Design Thermal Module operating point in the BTX Tower, then above and
below that operating point. The thermal simulation operating point and drive bay
temperature results for these three different rear panel fan flow conditions are
outlined in

Below table. It can be concluded that a rear panel fan is unnecessary in a properly
ventilated BTX Tower when using the Intel Type | Reference Design Thermal Module.
In fact, the addition of a rear panel fan will not only increase the acoustic sound power
but also it may increase drive bay temperatures in some operating conditions. This, of
course, would also require more complex fan regulation schemes.
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Table 2-18. BTX Tower Rear Panel Fan Investigation Results

2.9

2.9.1
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Rear Panel Fan
Flow Rate
N/A 20 CFM 50 CFM 80 CFM
Thermal Module
Fan Operating 59 CFM 61.5 CFM 61.7 CFM 61.9 CFM
Point
ODD Ambient (°C) 44 49 41 37
HDD Ambient (°C) 47 51 43 45

Case Study — BTX Cube PC Configuration

A BTX cube system was designed and numerically evaluated to determine if a small
form factor, high performance cube-shaped system could be adequately cooled
without a rear panel fan and using the Intel Type | Reference Design Thermal Module
Assembly with a 90mm fan.

The system mechanical design was based on tear-down analysis of existing cube-
shape systems. A thermal numerical model was constructed to analyze the airflow and
subsystem temperatures.

BTX Cube Component Placement and Ventilation Scheme

An analysis of existing cube-shaped system designs lead to the use of a two-slot BTX
motherboard, one slot greater than the standard definition of a picoBTX board. This
board size was selected based on the anticipated prevalence of both a PCl and a PCI-
Express slot. The system included full height add-in cards, a CFX12V PSU, standard
drive bay components, and a Type | Thermal Module.

The resultant cube system volume is approximately 14 liters (to the extended face of
the ODD), or 15 liters measured to the front bezel. Using a picoBTX board and Type Il
Thermal Module, the system volume could be reduced to approximately 12 liters;
however, this system option was not analyzed.

Below figure illustrates the component placement and ventilation scheme for the 15
liter cube system. The standard ODD is placed below the two side-by-side standard
HDD placements, and above the Type | Thermal Module. A CFX12V PSU is located
above the Rear Panel 1/0 and the board Zone B volumetric keep-in identified in the
BTX Interface Specification.

The thermal numerical model included a 2-slot BTX board with the component power
descriptions from Table 2-7. The Thermal Module Interface at the front sheet metal
panel complies with the BTX Interface Specification requirements at the appropriate
location.

The 35mm deep front bezel is ventilated on the bottom and each side to allow
sufficient airflow through Thermal Module Interface and into Thermal Module. Again,
this illustrates that an bezel without front ventilation can be used in BTX system
designs and still meet the thermal and acoustic performance targets. In this particular
design, airflow enters the vents on the side panel near the front of the system. That
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airflow is then channeled by a sheet metal wall into the front bezel cavity where it is
then drawn into ventilated Thermal Module Interface on the front sheet metal panel.

Figure 2-73. BTX Cube Component Placement and Ventilation Scheme
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Below figure shows the airflow through the system on a plane 25mm above the
motherboard. The airflow can be seen entering the bezel intake vents and being
drawn into the TMA. The airflow through the TMA is high velocity and exits across the
motherboard behind the TMA. A portion of the TMA exhaust airflow is deflected off of
the rear chassis wall and forced to recirculate through the chassis to cool the memory
components. However, the majority of the TMA exhaust airflow exits the chassis
directly out the rear chassis wall after passing through the graphics card heatsink.
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Figure 2-74. Cube Case Study — Airflow and Thermal Contour Plot

Care must be taken when selecting the graphics card. There are cards with active
heatsinks that exhaust the air in all directions. In this Cube Case Study illustration,
this omni-directional exhaust airflow would likely increase the ambient temperature
near the ODD. Below figures (side view of the system) and (top view of the system)
illustrate the airflow behavior through the front bezel, TMA, and graphics card
heatsink. The unique bezel and chassis side wall inlet to the Thermal Module Inlet are
clearly seen with the particle trace coming in from the left side. The TMA exhaust
airflow through the graphics card and out the rear panel is visible with the particle
trace existing slightly toward the right.
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Figure 2-75. Cube Case Study - System Front View with Air Particle Trace On (Inlet,
TMA, Graphics)
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Figure 2-76. Cube Case Study - System Top View with Air Particle Trace On (Inlet, TMA,
Graphics)

In below figures (front view of the system) and (side view of the system), the particle
trace illustrates airflow near the memory modules, which are to the left of the TMA.
Memory airflow comes from the front of the system by way of processor voltage
regulation exhaust, from the rear of the system as the TMA exhaust turns at the rear
panel, and from the top of the system after it recirculates from the right side of the
TMA. This last airflow pattern also offers cooling to the drive bays, which are located
above the TMA.
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Figure 2-77. Cube Case Study - System Front View with Air Particle Trace On (Memory,
Drive Bays)
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Figure 2-78. Cube Case Study - System Top View with Air Particle Trace On (Memory,

29.1.1

2.10

2.10.1

Drive Bays)

Summary

This cube case study demonstrates the scalability of the BTX into an system profile
that is currently an expensive, custom system domain. It clearly illustrates that
unique system profiles, ones other than “standard” desktop and tower systems, can
be designed and built that in a way that allows the use of standard BTX components
and complies with the BTX Interface Specification. This case study also illustrates that
inlet airflow to the Thermal Module Interface can be provided in a way that does not
compromise the appearance of a unique front bezel, since this case study used only
chassis side panel and front bezel side and bottom inlet ventilation. The thermal
numerical models used in this case study predicted that all component temperatures
were compliant with their specifications at fan speeds that were equivalent to those
used in the 12.9L Reference Design System Case Study.

Thermal Module Engineering

Definition of Airflow and Venting Terms

Table 2-19. System Airflow and Venting Terms

102

Term Symbol Definition

Fan A motor driven impeller that generates airflow
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Term Symbol Definition
CFM CFM Measure of volumetric airflow, cubic feet per minute
Flow Partitioning Feature/geometry that introduces impedance in one of
two parallel flow paths to control the distribution of flow
between
Term Symbol Definition

these two paths

Free Area Ratio FAR Ratio of open/total area within the perimeter of a vent

Heatsink A component designed to provide efficient conductive
heat transfer from a heat source

Airflow Impedance Resistance to airflow, in terms of static pressure as a
function of air speed

Stator Stationary airfoil used to improve axial flow and
pressure capability performance of a fan

2.10.2 Principles of the Thermal Module

The Thermal Module is a key element of the BTX form factor in that it directly affects
the system and its component thermal solution performance. The Thermal Module is a
unitized subassembly that acts as a system fan and flow distributor while providing
immediate and direct cooling to the processor heatsink and processor voltage
regulation. In typical implementations, air is drawn in through the front of the system
to minimize the temperature rise into the Thermal Module and is partitioned into the
heatsink and to the motherboard (above and below board) flow paths. The airflow is
then distributed to the rest of the system components providing a relatively low
temperature, high-velocity airflow. From the system perspective, the Thermal Module
is effectively a system fan providing airflow at two fundamental locations, at the
processor heatsink exhaust and above and below the motherboard at the front of the
system.

The fundamental strategy for the Thermal Module is to maximize and effectively use
the airflow from the Thermal Module fan for the CPU heatsink, VR, and system. This is
accomplished by minimizing preheated air into the Thermal Module, maximizing fan
performance that creates the low temperature, high-velocity airflow. This direct
airflow path that is parallel to the board creates less turning , reduces impedance, and
provides advantageous thermal boundary conditions for the system components..

The Thermal Module is intended to be a subassembly that consists of the Thermal
Module fan, the CPU heatsink, and the airflow management components. The
individual Thermal Module components will be designed and integrated by the thermal
solution supplier for a simple integration of that assembly into the chassis.
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2.10.3

2.10.3.1

2.10.3.2

104

Thermal Module Design

Airflow Split Above and Below Board

Within the Thermal Module the airflow is split into three paths. It is important to
understand how the flow will be distributed down the paths so that proper heatsink
and system performance can be achieved. The flow split is determined by the relative
impedance between the voltage regulation flow path, both above and below the
board, and the heatsink flow path. The impedance of the voltage regulation above the
motherboard is a function of the voltage regulation component type and layout. The
voltage regulation impedance below the motherboard is primarily a function of the gap
to the chassis wall and the Support and Retention Module (SRM) geometry. Refer to
Sections 2.4.3 and 2.4.4 for more details.

The impedance of the CPU heatsink has a strong influence over the natural flow
partitioning that result. Since the CPU heatsink impedance is a strong function of the
airflow cross-sectional area available, the CPU heatsink impedance is quite different
for Type | versus a Type Il Thermal Module. This difference affects how airflow is
distributed in systems that use either a Type | or a Type Il thermal module. For
example; the Type | Thermal Module in the Intel Reference Design system, the
natural flow split is approximately 70% through the heatsink and 30% through the
voltage regulation above and below the board.

For the Type Il Thermal Module, the area ratio between the heatsink and voltage
regulation cross sectional areas is reduced because the Type Il available heatsink
height is 25.4 mm shorter than the Type | height. This reduced ratio will change the
natural flow split to approximately 55% through the heatsink and 45% through the
voltage regulation above and below the board, as evidenced in the Intel Reference
Design system. It may be necessary to add an impedance element in the Thermal
Module to increase the above and below motherboard impedance that also results in
more air forced through the CPU heatsink.

For proper heatsink and system cooling, it is necessary to understand the flow split for
the Thermal Module design. The Thermal Module flow split will determine what type
of fan is necessary to meet the system and heatsink volumetric airflow requirements.
The flow split will determine what steps, if any, need to be taken to augment airflow
to the heatsink path or to the voltage regulation airflow path.

Temperature Rise for Heatsink and Voltage Regulation

The temperature rise into the inlet of the fan for the Thermal Module is expected to be
approximately

0.5 °C relative to the external ambient temperature. The temperature rise is due to
reintroduction of heated air from the following three sources:

e Recirculation of exhaust airflow out of vents in the front of the system

¢ Slight leaks between the Thermal Module seal and the chassis

e Leakage between the unsealed bottom of the Thermal Module fan and the chassis
The Thermal Module should be designed to minimize reintroduction of heated airflow

within the system into the thermal module. The reference designs utilize rubber
gaskets to accomplish this though other design approaches may also be suitable. The
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minimal temperature rise provides a good environment for the CPU heatsink and
voltage regulation as well as the remainder of the system.

The temperature rise exiting the Thermal Module heatsink is important for system
cooling, in particular the cooling of the MCH, ICH, and graphics components. When the
Thermal Module and PSU fan speeds are maximized and approximately 115 W power
is applied to the processor, the mean temperature rise through the CPU heatsink and
voltage regulation will be on the order of 5 °C to 7 °C. This will result in an average
inlet temperature to system components such as graphics, memory, and MCH of
approximately 10 °C lower than a typical ATX chassis.

The CPU Voltage Regulation directly benefits from the low ambient air temperature
provided by the Thermal Module fan. The Voltage Regulation air temperature is
approximately 15 °C to 20 °C lower than typical ATX chassis. This allows the number
of voltage regulation components and/or phases to be reduced, lowering motherboard
cost. The temperature rise for a BTX flow path such as the voltage regulation or
heatsink can be approximated with the following formula.

Equation 38: Temperature Rise Approximation

O(Watts)

®T (°C) = 3 "
plkg/m ) -V(m /5)- Cp(J/! ke’C)

Where: Q is the input power

p is the density of the fluid (air)

V is the volumetric airflow speed

Cp is the specific heat of the fluid (air)

Which can be approximated by the following equation when considering the properties
of air at 35 °C.

Equation 39: Temperature Rise Approximation (Simplification)

QT (°C) ~ 0.263 - LL/VAIS)

v(m’/ 5)

2.10.4 Type I Thermal Module Size Relations to Airflow Design

The Type | Thermal Module is designed to accept a standard 92 mm box fan. The
depth of the fan can be up to 40 mm. The distance between the front of the
motherboard and the Thermal Module Interface is defined in the BTX Interface
Specification and this distance constrains the fan depth. High performance fan
solutions that optimize flow through the heatsink and voltage regulation will be
beneficial for thermal and acoustic performance — refer Chapter 1 for more details.
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2.10.5

2.10.5.1

2.10.5.2

Thermal Module Element Details

Fan Design Strategy

The system fan used in the Thermal Module should be a high performance fan so that
this single fan can provide the majority of the airflow needed for the system while
overcoming the impedance of the heatsink and system. This high performance fan will
usually need a fan speed control that uses pulse width modulation so that a large
range from high to low RPM can be achieved. The large RPM range will allow the fan to
be acoustically acceptable at typical use conditions while meeting the thermal
requirements in the extreme power and ambient temperature conditions. For more
information on fan speed control and acoustics refer to Chapter 1.

The fan is composed of the housing, impeller and motor which all reside within the
Thermal Module duct. The design strategies for these components specifically for the
Thermal Module are discussed in the following sections.

Housing Design Strategy

A key consideration of the fan design for the Thermal Module is to fully utilize all
velocity components exiting the fan. Specifically, it is desirable to efficiently turn the
swirling flow from the impeller and straighten it allowing it to flow through the
vertically or horizontally parallel fins of the CPU heatsink. This can be accomplished
using a fixed blade stator that is attached to or integral to the fan housing
downstream of the impeller. The stators are designed so that the flow vector coming
off of the impeller blade is turned into axial flow to better align with the CPU heatsink
fins. By straightening the flow at the stator exit, the turning losses at the leading edge
of the heatsink fins are greatly reduced resulting in a reduction of overall pressure
loss in the Thermal Module. Detailed stator design is dependent on the impeller design
characteristics such as number of blades, blade angle and airfoil type. Detailed stator
design, if employed, will typically be done by the Thermal Module supplier.

Figure 2-79. Cross-Sectional View of an Impeller and Stator Blade
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The velocity vector entering the stator is related to the axial direction by angle ¢2 and
exits the stator at angle ¢2 as illustrated in Figure 2-80.

Figure 2-80. Description of Airflow Vectors Entering and Exhausting From the Stator
Blade

Stators ——

v

axial, out out

CMABTED

The design intent of the stator is to turn the airflow such that angle ¢2 is minimized.
The mechanism by which this is accomplished can be simply described by looking at
the momentum balance on the stator blade.

Equation 40: Stator Momentum Balance

p-s-vi, - [tan(d) - tan(gy ) |= Lift - cos()

Whereas p is the density of air, s is the pitch between stators, o is the angle between
the chord of the stator blade and the axial flow direction, and the Lift force is
determined as:
Equation 41: Lift Force
Lift=C -9-v"- Area

L 2 i

2 in chord
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Whereas CL is the lift coefficient of the stator blade and Areachord is the area
described by the chord length and blade depth (assumes into page depth is 1m).
Substituting Equation 41 into Equation 40 provides the following expression.

Equation 42: Tangential Expression

tan(¢ ) —tan(g ) = 1. C - cos(m) - behora”, cos(¢ )

1 2'{1 I S.:.:f_l

Since the design intent is to minimize ¢2, it is desirable to maximize the difference
between the tangents of angles ¢1 and ¢2. There are two strategies to maximize the
right side of Equation 42. The maximum lift coefficient for airfoil geometries is known
to occur for angles of attack in the range of 10°-20°, whereas a stall condition
typically occurs beyond an angle of attack of 20°. Therefore, if the inlet angle, ¢1, is
known, the first approach would be to bound the stator entrance angle, ¢2.

Equation 43: Angle of Attack

o= ¢, — (15°to 20°)

The second approach maximizes the chord to pitch ratio by increasing the number of
stator blades or increasing the stator depth. However, it is necessary to balance this
approach against impedance and acoustic detriments. Refer Chapter 1 for more
details.

Another advantage of a good stator design is the improvement in pressure capability
of the fan. In process of turning the flow, the stator converts swirl energy into
pressure head capability, which can be illustrated by Bernoulli’s equation.

Equation 44: Bernoulli’s Equation

in 2 n out 2 out

Whereas Pin and Pout are the static pressures at the inlet and outlet of the stator
blade, respectively. For an ideal stator, the flow is turned completely and Vout is equal
to Vaxial. Substituting back into Equation 44 gives:
Equation 45: Inlet Velocity

v 2 _ VE 2

in axial swirl

Equation 46: Inlet Pressure
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2.10.5.4
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Improvements in pressure capability will vary with fan speed and the impedance in
which it operates, so it is important that the stator is designed for the operating
condition in which the improvements are most needed. This is most often at the fan’s
maximum operating speed and at the impedance where the fan’s performance curve
and the system impedance curve intersect.

For the Type | Thermal Module, the inlet is of similar size to the chassis inlet vent and
contraction or expansion losses can generally be ignored. For the exhaust side of the
fan housing near the entrance to the ducted CPU heatsink, the upper housing corners
will create expansion that will cause some turning recirculation and pressure loss. This
loss can be reduced by providing a smooth transition at the fan-to- heatsink duct
housing upper corners - between the fan impeller exit and entrance of the CPU
heatsink.

For the Type Il Thermal Module, the inlet and exhaust side of the fan is 70 mm by 90
mm. The management of airflow into and exhausting from a rectangular to circular
fan area and back to a rectangular area needs to be carefully considered in the design
of the Thermal Module. The fan housing should be design to draw air from the full
Thermal Module Interface area available to minimize pressure losses. Typically the
Thermal Module duct will have to be designed to manage the airflow into and out of a
standard 70 mm box fan. Custom fan housings may be a better solution as they can
provide a smooth transition to the fan impeller on both the inlet and exhaust side of
the fan and, where applicable, stator blades.

Impeller

The impeller for the Thermal Module should be designed to produce as much axial flow
and as little swirl flow as possible, since the air will be impinging directly on the
heatsink fins which are directly downstream of the fan exhaust (or near-field.) If the
velocity of the air from the impeller has a large entrance angle relative to the heatsink
fins, the airflow will be reduced due to the pressure loss associated with the impinging
and turning of airflow required for the airflow to travel through the heatsink fins.

The blade design should consider the effects of the near-field inlet vent and heatsink
fins, as well as the impedance of the heatsink and typical system in which the Thermal
Module will be installed.

Motor

High performance fans require motors that are capable of delivering relatively high
torque, which efficiently turn the DC power into fluid kinetic energy. It is also
acoustically beneficial to design or select a motor with a wide range of available
speeds for the maximum flow is needed under different circumstances than acoustic
performance (low fan speed) is desired.

High torque motors typically require a large hub diameter, as the torque of a motor is

proportional to the square of the diameter. Torque is linearly proportional to the
length along the axis of the motor. Magnet type and wire gap also have a significant

109



./7 Fluid Dynamic Management
intel

affect on torque capability of motors. Also, if the efficiency of the motor is too low, the
motherboard may not be able to supply sufficient current, causing the motor to
overheat. This will also increase the inlet air temperature to the CPU heatsink due to
the air heating from the extra motor power. Motherboard fan headers (at 12V) are
typically limited to 1 A current draw in steady state operation.

To maximize the performance capability of a fan and minimize its Sound Power
contribution in important operating conditions, a wide operating speed range is
needed. Motors that vary speed by varying supply voltage are typically limited to a
minimum of 5V (12 V. maximum). The voltage range limits the minimum operating
speed of the fan to 42% of its maximum operating speed. For instance, for a fan that
has a 4500 RPM maximum operating speed, the minimum RPM would be 1900 RPM.
Alternatively, digital speed control such as pulse width modulation (PWM) can be
integrated into the motor controller. PWM can allow a minimum operating speed as
low as 18% of maximum operating speed. For instance, for the maximum operating
speed of 4500 RPM, the minimum RPM would be 800 RPM. It is recommended that
PWM implementations use a four-wire motherboard fan header to provide an isolated
PWM control signal.

2.10.6 Airflow Management Design Strategy

2.10.6.1 Duct

The duct is a contributing component to the heatsink thermal performance. Airflow
bypass around a heatsink occurs when the air generated by the Thermal Module
chooses the easier path around the dense fins of the heatsink. This reduces airflow
across the fins and lowers the heat transfer coefficient. In order to minimize the
bypass around the processor heatsink and force the air through the fins, the duct is
used to direct the air through the heatsink. The duct also provides the structural load
path from the heatsink to the chassis structure to maintain the pressure for thermal
interface as well as carry the initial preload and heatsink inertial loads resulting from
system shock loading. Information on the structural role played by the duct is
available in Chapter 4.

In the absence of bypass reduction, the high-density fin configuration on high
performance heatsinks create significant impedance that will cause the airflow to
move around the outside of the fins; thereby reducing the performance of the
heatsink.

2.10.6.2 Thermal Module Interface Seal

The seal is a compressible gasket that seals the inlet of the Thermal Module and the
chassis-provided Thermal Module Interface described in the BTX Interface
Specification. The seal is a design detail implemented to minimize the amount of air
that would otherwise recirculate from the chassis interior back into the Thermal
Module fan. The seal also minimizes noise that could be generated when air passes
through this small potential airflow path. The seal design needs to be compliant
enough to take up the expected dimensional tolerance between the Thermal Module
and Thermal Module Interface. It is recommended that the seal compliance or
compression range be 2 mm to 4 mm.
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2.10.6.3 Flow Partitioning Device

As described previously, partitioning of the airflow may need to be designed into the
Thermal Module to ensure there is sufficient airflow through the CPU heatsink to meet
the thermal performance requirements. The flow partitioning needs to consider the
effects on total system flow since adding impedance to the above and below
motherboard airflow path will increase the Thermal Module impedance and reduce the
total airflow out of all the exhaust paths of the Thermal Module.

A Flow Partitioning Device (FPD) can be incorporated into the fan housing or the duct.
Whether a separate piece or an integral part of the fan housing, the FPD needs to be
integrated into the Thermal Module assembly since it needs be tuned to meet the CPU
heatsink airflow.

2.11 Heatsink Design Strategy

2.11.1 Constraints

BTX Type | and Type Il Thermal Modules have the same motherboard mechanical
interface and motherboard keep-out footprint. The motherboard keep-in volume
described in the Socket and Platform Design Guides describe the constraints for the
design of the CPU heatsink base. The current LGA775 socket keep-in allows the CPU
Voltage Regulation to be installed under the CPU heatsink and that volume
requirement is the same whether a Type | or Type Il Thermal Module is used.

The BTX Interface Specification provides the same width and depth constraint for both
Type | and Type Il Thermal Modules. The height of the Type Il Thermal Module
heatsink is 25.4 mm shorter than the Type | Thermal Module, as defined in the BTX
Interface Specification.

As part of the heatsink design, the thickness of the duct and heatsink to duct
assembly clearances need to be considered. Also, the relative deflections between the
motherboard and the heatsink during preload application needs to be considered.

The mass limit for BTX heatsinks that use Intel reference design structural ingredients
is 900 grams. The BTX structural reference component strategy and design is
reviewed in depth in Chapter 4.

2.11.2 Thermal Performance

The overall thermal performance of the heatsink can be broken down into the
following lower level performance characteristics:

e Case to sink resistance: Represents the Thermal Interface Material (TIM) conduction
resistance. The term, when used in estimates of integrated performance of a
Thermal Module or heatsink, typically includes the 30 performance variation due to
manufacturing, assembly, and material heat transfer behavior tolerances.

e Conduction resistance: Represents the conduction resistance between the heatsink
to TIM interface and the cumulative resistances to the base of the fins (spreading
and conduction). This term can also include a fin to base contact resistance.
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e Convection resistance: Represents the fin efficiency and the convective resistance
associated with transfer of heat from the fin to the air.

¢ Air heating resistance: Represents the reduced sensible heat capability of the air
due to the increase in air temperature as heat is added to the air from the fan and
fins.

Thermal Interface Material

The thermal interface material selection in an important consideration to the overall
thermal performance as is can represent over 25% of the total resistance. Higher
performance materials, such as thermal grease, provide a performance improvement
over a typical phase change material. Also, thermal interface material performance
improves with increased mechanical pressure between the heatsink and IHS as this
reduces the bond line thickness and shortens the TIM conduction path.

The application of preload on the CPU through the attachment of the CPU heatsink is
described in detail in Chapter 4. The pressure on the TIM that this preload generates
typically improves the TIM thermal performance.

Conduction

Reducing the effective length that heat must travel from its source to the base of the
fins and then to the air can minimize conduction resistance. The physical length
divided by the conductivity of the material can characterize the effective length. The
conduction value is difficult to approximate with first order equations, as it is an
iterative problem that is also dependent on the convective heat transfer coefficient
distribution.

For the Type | Thermal Module, the available CPU heatsink volume is relatively high
which increases the importance of creating an efficient conduction path to the top of
the heatsink. A vertical core (spreader) can be used to improve conduction for taller
heatsink designs — they can be more effective than a flat base (spreader) conducting
laterally, even though a vertical core heatsink may require shorter fins than a flat
base heatsink.

For both Thermal Module types, all of the many heatsink manufacturing methods
available for core, fin, and their assembly can be used to design heatsink solutions the
meet the overall performance requirements.

Convection

Convection resistance is primarily a function of mass flow of air through the heatsink
and the total fin area. Other factors such as, fan airflow velocity distribution, boundary
layer development, separation, and fin surface characteristics may also influence the
convective resistance in a second order effect.

Engineering low convective resistance typically involves an optimization of the fin
pitch, fin thickness, and fan performance to achieve the highest performance.
Increasing the fin pitch (hnumber of fins) increases the fin area but increases airflow
impedance, which reduces the mass flow rate. Increasing fin thickness improves the
fin efficiency but also increases heatsink mass and reduces the mass flow rate. These
design optimizations are typically done using computation fluid dynamic (CFD)
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numerical tools. The convection and conduction optimization should be done
simultaneously or iteratively to determine the best split of the available heatsink mass
between the heatsink base (conduction) and the fins (convection).

For BTX Thermal Modules, the airflow velocity is non-uniform since the fan blades
span from the top of the heatsink to below the motherboard and the fan hub does not
generate airflow. The highest airflow velocity from the fan is typically in the last 70 to
90% of the blade span. This results in a mass flow that is distributed in an annular
shape around the hub of the fan. The velocity directly downstream of the fan hub is
typically relatively low. This airflow distribution can be considered in the CFD analysis
and heatsink optimization for convection as well as conduction performance.

Below figure Simplified Fan Blade Velocity Distribution at Which the Maximum Velocity
Occurs at 85% of the Blade Span

Figure 2-81. Simplified Fan Blade Velocity Distribution at Which the Maximum Velocity
Occurs at 85%0 of the Blade Span
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2.12 Characterizing the Thermal Module

2.12.1 Impact of System Impedance

In addition to the many design factors within the Thermal Module, the thermal
performance of the heatsink is also dependent on the impedance of the system into
which it is installed. A system that has high airflow impedance will reduce the airflow
through the Thermal Module and that will reduce the CPU heatsink thermal
performance.

It is suggested that the Thermal Module performance be met when installed into a
system that has known impedance, excluding Thermal Module impedance, described
below. The impedance capability should be specified as part of the Thermal Module
performance estimate.

Design Guide 113



./'7 Fluid Dynamic Management
intel

Figure 2-82. System Impedance Curve Excluding the Contribution from the Thermal
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Thermal Module Case Studies

Type 1 Thermal Module Design (for 2004 Performance
Targets)

A Type | Thermal Module reference design was developed utilizing these guidelines
and is provided as an example demonstrating the design considerations and
engineering approach. The Thermal Module fan is comprised of a 90-mm impeller,
high performance motor, and an integrated stator. The heatsink is a “post and plate”
design utilizing a central copper core with embedded, helically-wound, aluminum fins.
The duct interfaces to the chassis with a rubber seal and provides the structural
retention to the heatsink.

Details of each component are described in the following sections.

The Thermal Module case study that follows, showcases the design of the Intel
Reference Design Type | Thermal Module to meet the Platform Compatibility Guide ‘04
B targets. Section 2.13.1 describes the design of the Intel Reference Design Type Il
Thermal Module for 2004. After reading these sections, refer to Section 2.13.3 for
engineering suggestions for Platform Compatibility Guide ‘04 A Type | and Type Il
Thermal Module development.
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Figure 2-83. Cross-Sectional View of a Type | Thermal Module Reference Design
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Fan Assembly

The design intent of the reference design fan assembly was to provide sufficient
volume of airflow to the processor as well as the system while maximizing the axial
component of the airflow from the fan. In order to provide sufficient airflow,
considerable attention was given to the shape of the impeller blades as well as the
motor design. In addition, the fan design for the Type | Thermal Module was intended
to interface to the duct utilizing the industry standard mounting geometry for a 92-
mm fan.

An airfoil shape was selected for its flow performance and evaluated at various blade
angles in terms of maximizing the blade lift coefficient at minimal sound power levels.
Also, the blades are attached to the hub at a sweep angle of 20°. The sweep angle is
formed by the radius of the fan and the leading edge of the impeller blade. While it
would be desirable to create the fan with no sweep angle to provide best performance,
the manufacturing process required an angle in order to remove the impeller from the
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mold. Therefore, the impeller design was based on a trade-off assessment of

performance and manufacturability.

Figure 2-84. Impeller Design

OM1TOTT

The impeller diameter was selected to be 90 mm and three impeller designs were
fabricated and tested in a wind tunnel and acoustic chamber in order to assess the
flow performance versus acoustics. Below table presents flow rate sensitivity results
for three impeller designs having the same airfoil shape. In this example, the blade
angle was adjusted and the flow rate results are presented at the same sound power
level.

Table 2-20. 1SO-Acoustic Flow Comparison of an Impeller with Three Blade Angles

Blade Angle Airflow
30° 36.6 CFM
35° 35.2 CFM
40° 32.8 CFM

Requirements for the fan motor were based on estimates of the total impedance of
the system, including the Thermal Module. The fan requirements were then translated
into a torque requirement for a given RPM (refer below table).

Table 2-21. Torque Settings for the Fan Motor

RPM Pressure Torque
4500 Free stream 11.2 Nmm
4150 0.15 in H20 11.8 Nmm
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RPM Pressure Torque

3800 0.25 in H20 12.7 Nmm

In addition, it was desirable that the fan operate at speeds less than 1000 RPM to take
full advantage of any acoustic opportunity at low system power conditions. In order to
meet the high torque requirements, the motor required a hub of 20 mm thickness and
38 mm diameter in order to house the windings. Instead of controlling the fan speed
by voltage, which is typically limited to incremental steps between 5 and 12 volts, the
fan is controlled by a Pulse Width Modulation signal operating at a fixed frequency
typically between 21 kHz and 28 kHz. This control approach provides added benefit
over sending a pulsed 12V signal to the fan in that it eliminates fan chatter. The PWM
signal is transmitted to the fan by a fourth wire attached to the new 4-pin fan header.
In the case of the reference design fan, the PWM signal allows the fan to operate at
speeds as low as 900 RPM. By allowing a wide range of RPM, 900 to 4500, the
reference design Thermal Module is able to operate at low acoustic levels when the
thermal demands of the processor and system are low. For more information
regarding the reference design implementation of the PWM signal and fan settings,
refer to Section 3.4.4. Additional details about the 4-pin fan header can also be found
in the Fan Specification for 4-wire PWM Controlled Fans.

The final component of the fan design is the housing. For the reference design fan, the
housing was intended to provide further improvements to the airflow by integrating a
stator at the exiting side of the impeller. The principles of the stator operation are
described in the previous sections.

The first step in establishing the stator design involved determination of the airflow
exit angle off the impeller blades. This step was accomplished through CFD analysis.

Figure 2-85. CFD Analysis of Impeller Airflow

Design Guide

It was found that the exit angle varies with radial distance from the fan hub and the
downstream pressure. Analysis results provided the relationships for exit angles at the
anticipated operating points.
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Figure 2-86. Exit Angle as a Function of Radius and Pressure
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Utilizing these results, the stator blade angle and twist from hub to tip were
determined in order to provide the most effective straightening of the flow. The stator
blades were then integrated into the housing as shown in below figure.

Figure 2-87. Stator Blades Integrated into the Fan Housing

Several stator-integrated housings were fabricated for testing in order to realize the
benefit of the stator. Results of the testing indicated approximately 19% improvement
in air delivery from the fan assembly.
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Figure 2-88. Fan Curves With and Without Stators
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Overall, the fan assembly was developed to provide large amounts of axial airflow to
the Thermal Module. The impeller design was selected based on analysis of various
airfoil types, a high torque motor was utilized with PWM control in order to provide a
wide range of operating speeds (900 to 4500 RPM), and the housing design
incorporated a stator and was designed for integration with the TM duct and interface
to the chassis.

Heatsink Design

In order to demonstrate the cost-savings opportunity and structural capability of a
BTX-compliant system reference design, the heatsink was designed to meet the
thermal performance requirements utilizing relatively inexpensive materials and
manufacturing technology, which in turn, resulted in a mass nearing the maximum
mass requirement of 900 g.

Since the heatsink is directly downstream of the fan, it was necessary to consider the
non-uniform airflow profile entering the heatsink. In particular, the ‘no-flow’ wake
region directly downstream of the fan hub required consideration by the heatsink
design. For this reason, it was determined to utilize a “post and plate” heatsink design
that incorporated a post in the center of the heatsink that takes advantage of airflow
at the sides of the heatsink as depicted in the CFD image in below figure.
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Figure 2-89. Top View of Streamlines through a Post and Plate Heatsink

The technology utilized to create the Type | processor heatsink design was determined
by considering techniques utilized in heat exchanger construction. In particular, the
heatsink utilizes a fin-embedding technique such that a single, helically-wound fin is
embedded into the solid core to create a good structural and thermal interface.

Figure 2-90. Embedded Fin Manufacturing Technology

120

Unfortunately, the heatsink dimensions were constrained by current embedded fin
manufacturing capabilities. Therefore, in order to maximize the volume within the
Type | Thermal Module keep-in, the core diameter was chosen to be 38 mm with 26.4
mm long fins. The heatsink design was also constructed to integrate a structural
retention mechanism. The below Figure shows a top view of the heatsink and below
figure shows a bottom view.
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Figure 2-91. Processor Heatsink Design with Cu Core and Al Fins (Top View)
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Figure 2-92. Processor Heatsink Design with Cu Core and Al Fins (Bottom View)
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The core was chosen to be copper in order to minimize spreading and conduction
resistance from the IHS of the processor to the fins. Due to the high density of
copper, a small portion of the core was cutout to reduce the heatsink mass below the
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limit of 900 g. The cutout volume was determined through numerical analysis of the
conduction resistance within that region, to minimize impact to performance.

The fins were constructed of 0.4-mm thick aluminum with a pitch selected to be 2.21
mm/fin in order to optimize the convection resistance versus heatsink impedance.

Expressed in terms of percent contributions, the resistance stack of the heatsink when
operating at a high power, high flow rate condition is illustrated in the bar chart in
below figure.

Figure 2-93. Resistance Contribution within Embedded Fin Heatsink
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Duct Design

As mentioned in preceding sections, it is necessary to minimize the airflow bypass to
the heatsink in order to meet the flow requirements of the heatsink and the system.
For the Type | reference design, the duct was intended to provide an interface to the
fan and heatsink while providing the structural retention support for the TM to the
system chassis. In the case of the embedded fin heatsink, it was especially important
to provide a fully-enclosed duct solution to prevent the escape of air from the sides of
the heatsink. It was also determined, that the duct could provide additional
performance improvements for the heatsink by diverting air at the downstream
portion of the fins to minimize the wake region behind the post. The flow benefit can
be easily understood by inspection of the CFD image in below figure.
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Figure 2-94. Top View of Flow Vectors through Embedded Fin Heatsink with

Downstream Flow Diverters

The flow diverters within the Type | reference design were incorporated into the
design of the duct and are illustrated in below figure.

Figure 2-95. Flow Diverters at Downstream Side of Heatsink
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The duct also provides a feature by which to retain a seal that interfaces the duct to
the interior chassis wall. The seal is integral in preventing recirculation of heated air
from the system back into the intake of the Thermal Module. The rubber seal also
provides structural compliance at the interface of the TM and chassis. It should also be
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noted that since the seal attaches to the duct, and not the fan housing, it provides the
opportunity to use industry-standard 92-mm fans within the Thermal Module.

Performance Validation

The performance of the Type | Thermal Module was measured experimentally within a
12.9 liter reference design system. Performance was based on the yca performance as
measured by a thermocouple attached to the IHS, measuring Tcase, and four ambient
thermocouples at inlet to the Thermal Module Interface.

At the Thermal Module maximum operating point and a Design Ambient condition of
35C, the reference design meets the Platform Compatibility Guide ‘04 B requirement.

Type 11 Thermal Module Design (for 2004 Performance
Targets)

A Type Il Thermal Module reference design was also developed utilizing these
guidelines and is provided as an example demonstrating the design considerations and
engineering approach. The Thermal Module fan is comprised of a 67-mm impeller,
high performance motor, an integrated stator, and an attached flow partitioning
device. The heatsink is a stacked fin, parallel plate fin design utilizing a forged copper
base and copper fins. The duct interfaces to the Thermal Module Interface with a
rubber seal and also provides the structural retention to the heatsink. Below figure
shows a Type Il Thermal Module attached to a picoBTX motherboard. Details of each
component are described in the following sections.

Section 2.13.1 showcases the design of the Intel Reference Design Type | Thermal
Module for 2004 Performance targets. This section describes the design of the Intel
Reference Design Type Il Thermal Module for 2004 performance targets. After reading
these sections, refer to Section 2.13.3 for engineering suggestions for 2004
Mainstream Type | and Type Il Thermal Module development.
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Figure 2-96. Type Il Thermal Module Attached to a PicoBTX Motherboard

2.13.2.1

Design Guide

Heatsink

Motherboard

Stator

Airflow Path 1

L Airflow Path 2 —
[ ] .
I 1Ty

R
(&

Airflow Path 3

Fan Assembly

The design objective of the reference design fan assembly for the Type Il Thermal
Module was identical to that of the Type | Thermal Module; that is, to provide
sufficient volume of airflow to the processor as well as the system while maximizing
the axial component of the airflow from the fan. The Type Il Thermal Module utilized
the same impeller blade design as the Type | reference design, at a blade diameter of

67 mm, and utilized the same motor with a slight winding change to obtain the correct
RPM values at the high and low values of the operating speed range.

The Type Il reference design impeller also utilizes the same airfoil shape and 30°
blade angle as the Type | reference design (refer below figure).
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Figure 2-97. Type 11 Reference Design Impeller
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The engineering approach utilized to assess the stator geometry was also similar to
Type |. However, the resulting stator geometry is different than that used in the Type
I reference design stator because the speed, pressure, and airflow vector from the
Type Il impeller is different than those for the Type | impeller.

Specifically, the stator blade angle and tip-to-hub twist are different. The Type 11
reference design stator is shown in below figure.

Figure 2-98. Stator Design for Type 11 Reference Design Thermal Module
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A significant difference in the Type Il Thermal Module volumetric and the Type | is the
shape of the Thermal Module inlet area. As noted in the BTX Interface Specification,
the Type | Thermal Module Interface is nearly square whereas the Type Il Thermal
Module Interface is not as tall as it is wide.

Therefore, the duct and housing design for a Type Il Thermal Module must consider
the transition from a rectangular Thermal Module Interface through a circular fan, and
then back out to the allowable width of the heatsink. Due to this transition, the fan
housing was developed to minimize pressure losses and flow restrictions into and out
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of the fan. During development, it was necessary to evaluate different housing
geometries to address these issues.

Two different housing geometries, at the exit of the impeller, were considered. When
looking from the side of the fan assembly, these geometries can be described as
concave and convex. Through fluid numerical analysis, the geometries were evaluated
based on impact to pressure loss for a fixed flow rate. It was found that a convex
housing geometry provided the smallest impact to pressure loss when used in
conjunction with the integrated Type |l reference design stator blades. Thus, convex
housing is used in the thermal module.

Similar to the Type | design, the Type Il Thermal Module incorporates a rubber seal at
the Thermal Module Interface to restrict flow recirculation at the fan inlet. Unlike the
Type | reference design, the Type Il reference design seal is incorporated into the fan
housing. By attaching the seal directly to the fan housing, it was possible to maximize
the impeller diameter within the Type Il Zone A and Thermal Module Interface height
limitation. The Type Il reference design impeller and fan housing are shown in below
figure.

Figure 2-99. Type 1l Reference Design Impeller and Housing

-

Another significant difference between the Type | and Type Il reference designs was
the need for a flow partitioning device within the Type Il due in large part to the
difference in ratio of heatsink-to-Voltage Regulation inlet area. However, it should be
noted that not every Type Il Thermal Module may need to incorporate a flow
partitioning device, nor will it be the case that a Type | Thermal Module will never
benefit from a flow partition device. Therefore, it is necessary in each design to assess
the flow rate requirements and impedance of the heatsink versus that of the below
and above board flow region.

In order to provide the necessary flow to the reference design Type Il heatsink while
maintaining the minimum airflow requirements to the motherboard components, a
flow partition device was inserted to restrict the airflow to the above and below board
airflow path. The flow partition device increases the resistance of that path, essentially
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forcing more airflow into the heatsink. The flow partition device design is effectively a
porous sheet metal screen located immediately downstream of the stator exit, as
shown in below figure.

Figure 2-100. Type Il Thermal Module Flow Partitioning Device

Without flow partitioning, the Type Il reference design resulted in an airflow split to
the heatsink and above-below board paths of 59% and 41%, respectively. However,
in order to meet Platform Compatibility Guide ‘04 B thermal requirement the heatsink
required significantly greater airflow. Instead of increasing the Thermal Module fan
operating point to achieve the required flow, the flow partition device was used to
increase the airflow to the heatsink; effectively allowing a lower fan operating speed in
this configuration. The perforations in the flow partitioning device were adjusted until
the airflow split was 85% to the heatsink and 15% to above-below board path. The
Type Il reference design flow partitioning device has a Free Area Ratio FAR of 0.15.
The benefit of the split is easily realized by applying the system impedance curves to
the Type Il fan curve as summarized in the following table.

While the system flow rate is diminished by approximately 2.5 CFM it is shown that
the heatsink flow rate increases by approximately 7.5 CFM. The advantage of flow
partitioning can be seen from below figure.

The high flow impedance of flow partitioning device forces the fan airflow to go
through heat sink.

Table 2-22. System Flow Rates With and Without Flow Partitioning Utilizing the Same

Fan Curve
Flow Rates Without Flow Partitioning With Flow Partitioning
System Flow (CFM) 36.5 34
Heatsink Flow (CFM)
21.5 29
VR Flow (CFM)
15 5
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Figure 2-101. Airflow Path with Flow Partitioning Device (Cross-Section Side View of
Type 11 Reference Design Thermal Module)

2.13.2.2 Heatsink Design

A Type Il Thermal Module has less available height, therefore it is desirable to
maximize the volume available within the keep-in while maintaining high fin efficiency.
For this reason, the Type Il heatsink utilizes copper fins, stacked along a horizontal
copper base, that occupy the entire available volume.

Figure 2-102. Type Il Thermal Module Heatsink

«&
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Use of high thermal conductivity solder as interface between the fins and heat sink
base minimizes the contact resistance (refer below figure). The fin thickness of 0.4
mm and pitch of 2.31 mm was optimized through the use of 1st order hand
calculations and numerical conductive and convective detailed thermal analysis.
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Similar to the Type | heatsink analysis, the approach utilized a velocity profile that
represented the detailed vector flow from the reference design fan and stator. The
airflow pattern in heat sink is depicted in Figure 2-104.

Figure 2-103. Copper Stacked Fin Technology

The base of the Type Il reference design heatsink has a unique shape and was
designed minimize spreading losses and conduction resistance while minimizing its
weight. A view of the bottom surface of the heatsink base is shown in below figure.
This optimized shape is manufactured using a micro forging manufacturing
technology. After the forging process, secondary operations are performed to finish
the IHS pedestal surface and the fin attach surface to ensure reasonable flatness.
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Figure 2-105. Type Il Reference Design Heatsink Base (Bottom View)

Design Guide

The heatsink base also incorporates structural and mechanical interface features at
the edges that mate with the Thermal Module duct. With this type of interface to the
duct, a heatsink clip is unnecessary. This type of heatsink base design will be
considerably stiffer than one that employs a clip to attach the heatsink to the duct.
This will be important when designing the duct to apply the appropriate preload, since
the preload requirement is a function of the Thermal Module stiffness and the Thermal
Module stiffness will change significantly between these two configurations.

The bar chart in below figure provides the percentage breakdown of the four key
resistance components of the Type Il reference design heatsink.
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Figure 2-106. Resistance Stack-up of the Type Il Heatsink
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Duct Design

Like the Type | Thermal Module reference design duct, the Type Il design was also
developed to minimize airflow bypass around the heatsink, as well as house the
various Thermal Module components. The Type Il reference design duct also provides
the structural interface to the chassis. The exploded assembly view of the Type Il
reference design in below figure provides a good understanding of the duct design.
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Figure 2-107. Exploded View of Type Il Thermal Module Assembly

2.13.2.4

2.13.3
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Performance Validation

The performance of the Type Il Thermal Module was measured experimentally within
a reference design system. Performance was based on the yca performance as
measured by a thermocouple attached to the IHS, measuring Tcase, and four ambient
thermocouples at inlet to the Thermal Module Interface.

At the Thermal Module maximum operating point and a Design Ambient condition of
35C, the reference design meets the Platform Compatibility Guide ‘04 B requirement.

Type | and Type Il Thermal Module Designs for 2004
Mainstream Targets

Intel segments the processor guidelines into Performance and Mainstream to offer
maximum flexibility in system and motherboard design. The platform requirements for
Platform Compatibility Guide ‘04 A are typically easier and less expensive to
implement than those that meet the Platform Compatibility Guide ‘04 B platforms,
since they scale with the required power delivery and dissipation requirement. It is
Intel’s intention to provide new Performance and Mainstream guidance each year, and
to have the requirements for the next generation Mainstream targets align with the
platform capabilities required for the previous year’s Platform Compatibility Guide.

The Thermal Module case study descriptions provided in previous sections target the

Platform Compatibility Guide ‘04 B. This section will provide coarse guidance on
Thermal Module design options for Platform Compatibility Guide ‘04 A. In outlying the
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Thermal Module changes that the reduction in required performance allows, Intel
explored cost and acoustic reduction options.

Figure 2-108. Platform Compatibility Guide ‘04 A Thermal Module Design Options
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Mainstream Thermal Module - Cost Reduction

One option that Intel considered was to modify the Platform Compatibility Guide ‘04 B
Type | Reference Design Thermal Module (refer the embedded fin description in
Section 2.13.1.2). A reduction in the fin count and copper core height would reduce
the Thermal Module performance and cost. In fact, reducing the Type | Reference
Design core height until the predicted heatsink performance met the required Platform
Compatibility Guide ‘04 A thermal performance allows this reduced-height heatsink to
be used in a Type Il Platform Compatibility Guide ‘04 A Thermal Module.

The Type | Platform Compatibility Guide ‘04 A reduced core height embedded fin
heatsink is approximately $2 cheaper than both the Type | Platform Compatibility
Guide ‘04 B reference design (embedded fin heatsink) and the Type Il Platform
Compatibility Guide ‘04 B reference design (copper base — copper stacked fin
heatsink).
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Below figure shows a cross-section view of a reduced core height embedded fin
heatsink in a Type | Thermal Module assembly, including arrows representing the
three airflow paths: through the heatsink, through the Voltage Regulation (VR), and
above the heatsink.

Note: The airflow path above the heatsink is created because the heatsink does not use the
full height available inside the Thermal Module duct.

As discussed in the Type Il Thermal Module Case Study (Section 2.13.1), the fan
airflow will bypass the heatsink if there is large open channel area available. In the
Type Il Reference Design Thermal Module, a Flow Partition Device (FPD) was inserted
into the Voltage Regulation flow channel to force more airflow through the heatsink.
For the Type | reduced core height heatsink illustrated in below figures (side view
cross-section) and (front view), a FPD inserted into the open channel between the top
of the heatsink and the duct improves the thermal performance by forcing more air
through the heatsink.

Figure 2-109. Mainstream — Type | Reduced Height Embedded Fin Heatsink (Side View
Cross Section)
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Figure 2-110. Mainstream - Type | Reduced Height Embedded Fin Heatsink (Front
View)

It may be beneficial to have a portion of the Type | FPD be completely solid, while
leaving a portion of it perforated, as coarsely illustrated in above figure.

Intel’s evaluation of the same heatsink design in a Type Il Thermal Module indicates
that it meets Platform Compatibility Guide ‘04 A requirements, but requires a smaller
FPD (below figure).

Figure 2-111. Mainstream - Type |l Reduced Height Embedded Fin Heatsink (Front
View)

Below figure shows that Intel’s performance predictions from detailed numerical
thermal analysis meets the Platform Compatibility Guide ‘04 A requirement. The
system operating points show the expected airflow through the heatsink when the
Thermal Module is inserted into 12.9 liter (Type | Thermal Module) and 6.9 liter (Type
Il Thermal Module) system level numerical model.
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Figure 2-112. Mainstream - Reduced Height Embedded Fin Performance Predictions
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Mainstream Thermal Module — Acoustic Improvement

A second option that Intel considered was to reduce the volume airflow through the
Platform Compatibility Guide ‘04 B Reference Design heatsinks by reducing the fan
speed. Again, Intel used detailed numerical thermal analysis to determine the
heatsink volume airflow required to meet the Platformm Compatibility Guide ‘04 A
requirements and the system volume airflow required to meet the subsystem
temperature requirements.

Below table outlines the fan speed reductions and the predicted reduction in system
sound power and Thermal Module cost. The cost improvement is available because the
fan motor torque requirement is lower for the lower Platform Compatibility Guide ‘04 A
fan speeds, and a lower fan torque requirements allows the use of lower cost fan
motor components.

Table 23: Mainstream - Fan Speed Reduction

Design Guide

Thermal Fan Speed Idle Acoustic Cost
Module (RPM) (BA) Improvement
Type | Platform 4500 maximum |3.72 N/A
Compatibility Guide (900 minimum
‘04 B
Platform 3250 maximum |3.61 $0.55
Compatibility Guide 500 minimum
‘04 A
Type 11 Platform 6800 maximum |4.1 N/A
Compatibility Guide 1550 minimum
‘04 B
Platform 5500 maximum (4.1 $0.55
Compatibility Guide 1550 minimum
‘04 A
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Figure 2-113. Mainstream - Acoustic Improvement Constrained By Subsystem
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It is important to emphasize the interdependency between the Thermal Module fan
and the subsystem temperature behavior. A reduction in Thermal Module fan speed
will reduce the system operating point and the reduction in system airflow may lead to
subsystem temperature violations. Of course, a lower operating point may be
tolerable since a Mainstream system will have lower power loads than a Performance
system. Since lower power loads result in lower temperature rise than high power
loads, a lower system operating point may be sufficient. In system level numerical
thermal analysis of the 12.9 liter and 6.9 liter Reference Design systems, lower
processor power (compliant with the Platform Compatibility Guide ‘04 A) and lower fan
speeds (per above table 2004 Mainstream settings) were evaluated and found to be
compliant with the subsystem temperature requirements.

Mainstream Thermal Module - Cost and Acoustic Optimization

The third option that Intel considered was one that used the minimum Thermal
Module fan speed required to meet subsystem temperatures (refer Section 2.13.3.2)
and investigated heatsink technologies and design options that would reduce heatsink
cost. This extensive evaluation included the following heatsink technologies:

Design Guide



®
Fluid Dynamic Management l n tel

Note:

Note:

¢ Embedded fin heatsink copper core height Vs heatsink airflow
e Copper base — aluminum stacked fin heatsink, varying fin count and fin height

¢ All aluminum heatsinks

— Aluminum embedded fin core

— Aluminum micro-forged base with aluminum stacked fin
— Aluminum extrusions (horizontal base and vertical fins)

The outcome of that investigation resulted in the heatsink technology, fan speed
settings, and estimated cost savings outlined in below table. The absence of all
aluminum heatsink designs from the table is an indication that analysis showed these
designs incapable of meeting the Platform Compatibility Guide ‘04 A thermal
performance requirements.

The cost improvement is relative to the Platform Compatibility Guide ‘04 B Type | and
Type Il Reference Design Thermal Modules identified in Section 2.13.1 and_2.13.2,
respectively.

The micro-forged copper base in the heatsink technology description is the same base
used in the Platform Compatibility Guide ‘04 B Type Il Thermal Module Reference
Design identified in Section 2.13.1.

Table 2-23. Platform Compatibility Guide ‘04 A - Optimized Heatsink and Acoustic

Design Guide

Performance
Heatsink Technology Thermal Module | Thermal Module Cost
/Design Description Fan Speed (RPM) Improvement
Type | Thermal e Micro-forged copper base 3250 maximum Approximately $3
Module e Aluminum stacked fins 600 minimum

(soldered to copper base)
— 0.16 in. thick fins
— 27 fins

— Fins extend to
IType | Thermal Module duct

height
Type Il Thermal o Micro-forged copper base 5500 maximum Approximately $3
Module e Aluminum stacked fins 1550 minimum

(soldered to copper base)
— 0.16 in. thick fins
— 32 fins

— Fins extend to
IType Il Thermal Module duct
height

8 8
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3.1

3.2

This Chapter provides guidance on acoustic engineering principles as applied to
Desktop Computer Systems. Specifically, issues and strategies related to the effective
management of typical sources of noise in a Desktop System are outlined.

Special attention will be paid to integrated Fan Speed Control schemes.

Measures of Noise

Sound Power and Sound Pressure are two measures of the noise generated by any
noise source and set of noise sources. Sound Power is, in essence, the average of
noise in all directions, whereas Sound Pressure is noise in a particular direction. For
Desktop computer systems, Sound Pressure is typically measured at a location directly
in front of the system termed the Seated Operator Position. Since the directional noise
characteristics of each Desktop system will vary with each design, Sound Pressure is
not the most relevant characteristic to compare its acoustic performance, since some
system designs may have very high Sound Pressure in directions other than the
Seated Operator Position. The use of the Sound Power characteristic ensures a
thorough, appropriate, and relevant comparison of Desktop systems.

Sound Power and Sound Pressure are two measures of the noise generated by any
noise source and set of noise sources. Sound Power is, in essence, the average of
noise in all directions, whereas Sound Pressure is noise in a particular direction. For
Desktop computer systems, Sound Pressure is typically measured at a location directly
in front of the system termed the Seated Operator Position. Since the directional noise
characteristics of each Desktop system will vary with each design, Sound Pressure is
not the most relevant characteristic to compare its acoustic performance, since some
system designs may have very high Sound Pressure in directions other than the
Seated Operator Position. The use of the Sound Power characteristic ensures a
thorough, appropriate, and relevant comparison of Desktop systems.

Acoustic Performance Targets

Table 3-1. Acoustic Performance Targets

140

Consumer Electronics Standard PC
Outstanding | Target | Minimum | Outstanding | Target | Minimum
Acoustic Maximum 5.3 5.3 5.3 6.7 6.7 6.7
Acoustic Threshold 4.0 4.3 4.6 4.8 5.3 5.8
Acoustic Typical 3.3 3.8 4.3 4.3 4.8 5.3
Acoustic Floor 3.0 33 3.6 3.8 4.3 4.8

NOTES:

Acoustic Maximum — The maximum allowable system Sound Power at any operating
condition. Acoustic Threshold — The high end of acceptable system Sound Power in the
majority of operating conditions.
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Acoustic Typical — The acceptable system Sound Power in Idle operating condition.
Acoustic Floor — The minimum relevant system Sound Power in Idle operating
condition.

3.3 Sources of Noise in a Desktop System

Noise is sound energy that is transmitted by structural or airborne vibrations. Typical
sources of noise in a Desktop system include Hard Disk Drive (HDD) spindles and the
various radial fans. Generally, the individual noise sources in a desktop system can be
summed using Equation 47 to predict the system Sound Power:

Equation 47: Sound Power Summation across Multiple Sources of Noise
BA system = log10 (10 BA Source 1 + 10 BA Source 2 + 10 BA Source 3 + ...)

From this equation, it should be obvious that one tactic for minimizing system sound
power is to reduce the number of contributing individual noise sources. In BTX, a
typical desktop system may satisfy all the subsystem temperature performance
requirements using only two fans (the Thermal Module Fan and the PSU fan); thereby,
reducing the typical sound power of a BTX system.

In Desktop Idle Mode per ISO 7779, a HDD is required to be spinning but not
accessing. The Sound Power generated by an HDD in Idle Mode will largely be a
function of the bearing type used in the HDD spindle.

Each operating fan in the system will contribute to the total system Sound Power. To
minimize their contribution in Idle Mode, a Fan Speed Control scheme should be
designed so that each fan operates at the minimum operating speed (RPM —
revolutions per minute) necessary. Generally, fan speed should increase as ambient
temperature and the power draw of various Desktop components increases, since
these both contribute to component temperature increases. Fans are responsible for
providing the airflow required to maintain component temperatures within their
specifications. When fans provide the minimum airflow required to maintain
component temperature compliance, the fan speed will be at its minimum, as will the
Sound Power generated by fans. The relationship between Sound Power and fan speed
is illustrated in below figure.
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Figure 3-1. Sound Power as a Function of Fan RPM
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Near Field Impedance Selection

Acoustic sound energy is often generated in the presence of near field impedance.
When impedance is located very near the entrance or exit of a fan the acoustic sound
energy often increases. This is an especially important consideration in the design of a
Thermal Module and the Thermal Module Interface.

Within the Thermal Module, the location of near field exit impedance should be
engineered to balance the airflow benefit against the acoustic detriment. Conditioning
the airflow from a fan using a stator is discussed in detail in Section 2.8. If this type of
engineering is pursued, characterization of the acoustic impact of the stator should be
used to understand the integrated airflow and acoustic behavior. If the flow is not
conditioned, the relative distance between the fan exit and heatsink entrance should
be evaluated for its acoustic impact versus thermal performance benefit.

The Thermal Module Interface required by the BTX Interface Specification may be a
ventilated opening or a fully open area. If ventilated, there may be acoustic benefit
available by moving the vented surface away from the Thermal Module fan inlet. The
BTX Interface Specification does not require that the vented area be on a concurrent
plane with the Thermal Module Interface, so an offset vent design is completely
compliant with the specification. Section 2.4.5.4 shows an offset vent pattern
integrated into the required Thermal Module Interface.

Fan Design for Acoustic Performance

Generally, the noise energy contribution from fan motor bearings is negligible. The
type of bearing used is selected largely based on the long-term reliability performance
required.
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Whenever a fast-moving object passes closely by another object, the dynamic change
in the regional air pressure and local air separation generates sound energy.

Most fan assembly housings have mechanical features connecting the fan motor to the
outer portion of the fan housing, often termed struts. It is inevitable that the rotating
blades of the fan’s impeller will pass by these struts and generate this type of sound
energy. The frequency at which this occurs is termed the Blade Pass Frequency (BPF)
and it is a function of the operating speed and number of fan impeller blades.

Equation 48: Blade Pass Frequency

BPF = RPM « Number Blades / 60

BPF is a function of the fan’s operating speed and blade count, as illustrated in below
figure. That is, the BPF is higher at the fan’s maximum operating speed than it is at its
minimum operating speed. BPF decreases as the number of blades decreases.

However, it is important to note that the sound energy created with each blade pass
does not change with fan operating speed.

Figure 3-2. BPF as a Function of Fan RPM and Fan Blade Count

= BPF (Hz) N=3
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If the ratio of the number of impeller blades to the number of fan struts is an integer,
then a blade will pass each strut simultaneously. With this design, the sound energy
generated at each strut location will occur at precisely the same time and at the BPF.
These individual sound energy contributions will cumulate to increase the total sound
energy at the BPF.

In a frequency spectrum graph of the sound energy generated by a Desktop system,
the BPF and its second harmonic (BPF = 2) are often easy to identify because they are
typically the frequencies with the peaks of high sound energy. A typical radial rotating
fan frequency spectrum is shown in below figure and the first and second harmonics
of BPF are identified.
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Figure 3-3. Typical Fan Sound Energy Frequency Spectrum Plot
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A fan or Thermal Module supplier can eliminate blade pass sound energy by
eliminating mechanical struts or moving them very far away from the rotating face(s)
of the fan impeller. This is a difficult mechanical engineering task given the space
constraints imposed on fan assemblies by small Desktop system designs.

However, even with fan struts, a fan or Thermal Module supplier can change the way
the sound energy created by each blade pass cumulates. If the ratio of the number of
fan blades to fan struts is not an integer, the blade pass will not occur simultaneously
at each strut location. Although blade pass will occur at the BPF at each strut location,
the individual blade pass sound energies will not cumulate because they do not occur
at the same point in time. Fluid (air) separation within the fan is another potential
source of noise. There are several important fluid dynamic characteristics that
describe these airflow and noise generation behaviors.

A blade creates airflow by creating changes in pressure. As a blade rotates and moves
through the fluid (air), it creates pressure fields along and across both the front and
rear surfaces of the blade. In the pressure field illustration, the black object is a blade
profile and the pressure gradient uses dark blue to represent the lowest pressure and
bright red the highest.
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Figure 3-4. Pressure Along a Fan Blade

These pressure fields create lift and drag forces on the blade and influence the way in
which air is pulled into and pushed from the rotating impeller. Blade airfoil shapes
designed to increase the lift force are desirable since they improve the volume airflow
that a blade can pull in and exhaust. However, the drag force generally increases
when the blade is designed to increase the lift force. Since the drag force decreases
the volume airflow, the selection of an appropriate airfoil shape for a rotating impeller
is a complex fluid dynamic engineering task that is not described in this Design Guide.

The blade airfoil shape also determines the amount of fluid separation that occurs
along the blade. Separation occurs in fluid flow when shear forces overcome the fluid’s
momentum. These forces are highest in areas where the pressure gradient is highest.
Since sound energy is created whenever separation occurs, the airfoil shape and fan
speed determine the amount of sound energy generated due to separation.

It is also true that separation will occur when there is interaction between leading (in
front of the blade) and trailing (behind the blade) pressure gradients. If the blade
pitch is too narrow — that is, if the blade count is too high — there is likely to be an
increase in the sound power due to flow separation. On the other hand, increasing the
blade count increases the impeller’s surface area, which can increase the impeller
volumetric flow rate. It is likely that wind tunnel measurements of a fan’s performance
curve and acoustic chamber measurements of a fan’s sound power will be required to
optimize the blade count.

Fan supplier fluid dynamic engineers should understand and apply these general
guidelines to select and engineer airfoil shapes appropriately.

A radial fan design creates a somewhat complex airflow velocity field at its exit. The

exit airflow vector is a function of the airfoil shape and blade angle (refer below figure
for a description of blade angle).
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Figure 3-5. Blade Angle

Figure 3-6. Airflow Vector as a Function of Blade Radius
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The vector along which the airflow is directed off each fan blade changes along the
length of the blade — from the blade hub to the blade tip (below figure is a Top View of

a rotating fan).

Tip
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Its component directions can define any vector. Blade airflow vector components are
defined as axial and swirl, and are illustrated in below figure. Axial flow is flow in a
direction parallel to the motherboard and orthogonal to the fan face.
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Figure 3-7. Airflow Vector Components — Axial and Swirl
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The axial component of the airflow generated by the Thermal Module is the most
important component. Axial flow enters the CPU heatsink with less impedance than
swirl flow and is, therefore, more efficient in creating heat transfer.

A fan impeller can be engineered to increase the axial component and decrease the
swirl component of flow. Again, this is complex fluid dynamic engineering that is not
described in this guide.

Additional Airflow Improvements for Acoustic
Performance

A fan or Thermal Module supplier may also engineer an increase in the axial
component of flow entering the CPU heatsink through the application of a stator. A
stator is essentially a fixed (non-rotating) array of airfoil blades positioned near the
exit of the rotating fan. Properly engineered, the stator converts a portion of the fan’s
swirl component to pressure. This increases the fan performance curve and, for a
particular CPU heatsink design, will increase the total flow and axial flow entering the
CPU heatsink. In below figure, this is reflected by the larger Vswirl, in than Vswirl, out
and by the larger Vaxial, out and Vaxial, in when the stator is included in the fan’s exit
airflow path.
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Figure 3-8. Stator Increase of the Airflow Axial Component
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The stator’s reduction of the swirl component also decreases the flow impedance of
the CPU heatsink and reduces the pressure in the rotating impeller portion of the fan.
These impedance reductions lower the heatsink impedance curve and allow the fan to
deliver even more airflow (refer the fan performance curves in the Airflow section of
this Design Guide).

The amount of axial flow that a fan can deliver to the CPU heatsink and system is
determined by the fan performance curve. The amount of flow that a CPU heatsink or
system requires is determined by the system thermal design and the various
component heat powers and their temperature specifications.

When a fan is engineered to deliver more axial airflow — through appropriate impeller
blade and /or stator design — it can deliver the airflow the system requires at lower
fan speeds than a fan that delivers less axial flow.

In summary, a fan engineered to improve the axial component of flow reduces the
impedance of the objects in the airflow path and the pressure in the fan. These allow
the fan to deliver more useful axial airflow at any fan speed or the required airflow at
lower fan speed. Since the fan’s sound power is related to its operating speed, a
system that uses a fan engineered to improve the axial component of flow will be
quieter than one that does not.

The relative location of impedance in the airflow path influences the amount of

volumetric flow that a fan can deliver. Impedance sources located very close to the
fan’s inlet or exit are termed near-field impedances — those farther away are termed
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far-field impedances. Near-field impedance sources reduce the volumetric airflow
capability of a fan more than far-field.

Generally, the fan performance curve is an indication of its ability to delivery
volumetric airflow against increasing far-field impedance sources. Since the impact of
near-field sources may be greater, it will be relevant for Thermal Module and system
integrators to conduct wind tunnel testing to determine the exact impact that a near-
field impedance source may have.

Case Study engineering and test validation information for Intel reference design
systems (6.9 liter and 13 liter system volumes) will be included in future revisions of
this document.

Specific information on the engineering of the Intel reference design Type | and Type
Il Thermal Module fan impeller and stator will be included in Thermal Module Design
Requirements Documents.

3.4.4 System Fan Speed Control

3.4.4.1 General Fan Speed Control Circuit Behavior

The objective of Fan Speed Control (FSC) in Desktop systems is to reduce the noise
generated by a system when the system operating condition allows.

Generally, FSC circuits are designed to monitor critical system temperatures and
adjust the speed of system fans accordingly. As described in detail in the Airflow
section of this Design Guide, the heat transfer from any component or heatsink
improves with increasing airflow. Increasing the airflow in a Desktop system is
typically accomplished by increasing the operating speed of the system’s fans.

The FSC circuit requires that a limit value be provided for each system temperature
that it monitors. A circuit diagram for a typical FSC circuit is shown in below figure.
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Figure 3-9. Typical Fan Speed Control Circuit Diagram
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When the temperatures reported to the FSC circuit from each monitor location are
below their limits, the FSC should allow the system’s fans to operate at their minimum
speeds.

When the temperature at any of the monitor locations exceeds its respective limit, the
FSC must direct the fan speed to increase. FSC circuit requests to increase fan speed
should continue until each reported monitor temperature is at or below its limit.

The relationship between monitor temperature and fan speed is illustrated by starting

with below figure, which will be the basis for the remaining FSC figures and
subsequent descriptions.
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Figure 3-10. Fan Speed Response to Monitor Temperature
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In region A, the fan speed is at its minimum. When the reported temperature at the
monitor location is at or below its temperature limit, the FSC circuit will allow the fan
speed to be at its minimum operating speed. Note that in Region A, the reported
monitor temperature is increasing. This may be due to an increase in the external
ambient temperature, an increase in the power applied to system components, or a
combination of changes in external ambient temperature and applied power that
results in increasing monitor temperature.

Above figure, Point Al is a point at which the reported monitor temperature exceeds
its limit. The FSC circuit should immediately direct the fan speed to increment.

In below figure Region B, the increase in fan speed is sufficient to maintain the
reported monitor temperature at its limit and the FSC circuit will maintain this fan
speed. Region B could represent on operating condition in which the external ambient
temperature has stabilized at a higher value, the power applied to system components
has stabilized, or a combination of changes in external ambient temperature or
applied power that results in steady monitor temperature.

Above figure, Point B1 is the point at which the reported monitor temperature again
exceeds its limit. The FSC circuit should immediately direct the fan speed to
increment.

In below figure Region C, the FSC circuit continuously detects that the reported
monitor temperature exceeds its limit and continuously directs the fan speed to
increment. Region C could represent operating conditions similar to those described
for Region A (refer above figure); however, the fan speed increments requested by
the FSC circuit improve the heat transfer behavior to offset what would otherwise be
an increase in monitor temperature. Therefore, the monitor temperature is maintained
near its limit.
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Above figure, Point C1 is the point at which the fan is operating at its maximum
speed. At this point, the fan cannot respond to FSC circuit requests to increment the
fan speed despite the fact that the reported monitor temperature is above its limit.

In above figure Region D, the fan speed is at its maximum operating point and the
reported monitor temperature continues to increase. Region D could represent
operating conditions similar to those described in Regions A and C; however, the fan
speed cannot be incremented nor can the heat transfer behavior be improved.
Therefore, the reported monitor temperature will continue to climb as dictated by the
changing operating conditions.

In this circumstance, the maximum heat transfer capability of the system will
determine not only the maximum reported monitor temperature but also the
maximum temperature for all system components. If the external ambient
temperature or applied component powers exceed the maximum values for which the
system is designed, there may be component performance degradation, component
failure, or a reduction in the system’s long term reliability.

Intel® processors have a Thermal Control Circuit that is designed to detect a processor
over- temperature condition and temporarily lower the processor’s operating speed to
lower the dynamic CPU power. This control design attempts to detect and avoid
processor operating temperatures that might cause catastrophic failure or erode the
processor’s long term reliability. More information on the Thermal Control Circuit is
available in processor Datasheets.

If the reported monitor temperature drops below its limit, the FSC circuit should direct
the fan speed to decrement. If the reported monitor temperature remains below its
limit, fan speed reduction can continue until the fan is operating at its minimum
operating speed.

Below figure illustrates the relationship between Sound Power and fan speed. It
should be obvious that it is desirable to have all system fans operating at their
minimum speed across a broad range of system operating conditions.

The temperature at system monitor locations is a function of the ambient temperature
external to the Desktop system and the temperature rise introduced by heat
transferred into the airflow by powered components. The temperature rise of the
airflow is influenced by the number of powered components in the airflow path and as
the power applied to these components — as both increase, the airflow temperature
rise gets larger, as illustrated below figure.

Design Guide



™1 ®
Acoustic Engineering l n tel >

Figure 3-11. Airflow Temperature Rise as a Function of the Number of Powered

3.4.4.2
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Fan Speed Control Circuit Input Selection

An independent Fan Speed Control (FSC) circuit within the PSU typically manages the

PSU fan speed. PSU fan speed is typically correlated to the power it is delivering to the
system and the inlet airflow temperature. Although these two characteristics are often
integrated by monitoring the temperature of a single PSU electrical component.

A BTX system will not require FSC circuit communication between the PSU and
motherboard. That is, the Thermal Module and PSU fans can be regulated
independently.

The FSC circuit for the Thermal Module fan should be integrated into the motherboard
design. A control chip mounted to the board and connected to appropriate input and
control motherboard traces forms the basis for Thermal Module fan regulation. The
motherboard 4-pin fan header recommendations are outlined in the Thermal Module
Design Requirements Document.

A Heceta-6e FSC circuit is limited to two monitor inputs, each of which includes a
temperature signal from a monitor location and the temperature limit associated with
that monitor location.

The Heceta-6e FSC circuit requires that the motherboard fan header for the Thermal
Module fan be a 4-pin header that allows Pulse Width Modulation.

It is recommended that one of the FSC circuit input signals be acquired from the CPU
diode (reported temperature) and TControl register (diode temperature limit).

There are anticipated system operating states in which the CPU power may be low but
other system component power may be high. If the only FSC circuit input is from the
CPU diode, the fan speed and related system airflow is likely to be too low to maintain
component temperature specifications in these operating states. Therefore, it is
recommended that a second input be acquired from a monitor location within the
system.
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The System Monitor Point is best determined through extensive system-level
numerical thermal model execution or extensive prototype thermal testing. In either
case, the temperature of critical components or the air temperature near critical
components should be assessed for a range of system external temperature,
component power, and fan speed operating conditions. The temperature at the
selected location for the System Monitor Point should be well correlated to the
temperatures at or near critical components.

For instance, in numerical model simulations or prototype testing it may be useful to
monitor the temperature at the PSU airflow inlet, the MCH heatsink airflow inlet, the
graphics add-in card heatsink airflow inlet, and the memory airflow inlet measure —
since the component temperatures are typically directly proportional to their inlet
airflow temperatures.

The simulation or empirical testing will need to be conducted across a range of
operating conditions representative of the anticipated system use conditions. The
following recommended operating conditions could be used to establish the correlation
between a System Monitor Point temperature and critical component temperatures.

A system integrator will, of course, ensure compliance with the component
temperature specifications at worst case power and external ambient temperature — a
condition in which the Thermal Module and PSU fans must operate at their maximum
operating speeds.

In the power and external ambient operating condition required by the system
integrator’s acoustic validation, all component temperature specifications must be met
when the Thermal Module and PSU fans are at their minimum operating speeds.

Applications that force the graphics add-in card, memory, or chipset components to
consume power near their maximum power limits but allow the CPU power
consumption