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Executive Summary

National Instruments is a major supplier of datquagition (DAQ) equipment in
the measurement and testing industry. N.I. hadioadble managing excess heat
produced by components on the circuit boards ise¢l2AQ units. National Instruments
has requested that the design team survey micregsoc industry cooling methods. The
design team researched heat sinks, forced coneeatiflow via small electronic fans,
thermal electric coolers, heat pipes, chip eleatrogfrigeration equipment, liquid
immersion coolants, and heat exchangers (see sattitsolution Refinement”).
However, after the team considered cost (see seldid’Project Cost Analysis”),
availability, feasibility, and compared each deisgeerformance parameters to the
team’s design constraints (see section V, “Solutefinement), the team chose to test
heat sinks, heat pipes, and electric fans, sepaatd in combination. The design team
built a prototype of an aluminum DAQ enclosure &nmnulated a plan for testing the
cooling method alternative. N.I. provided the desgroup with Virtual Bench for
LabVIEW temperature measurement software and thesople wires to aid the group in
its experimentation and selection of alternativéhods. The team recorded temperature
data with the measurement software and analyzedattaefor trends that indicated

advantageous properties inherent to particulariegohethods.

For comparison purposes, the team compiled a tdlimperature values taken
during experimentation for each cooling variantg &les 3 and 4 in section VI,

“Experimentation”). These tables listed the stesi@dye temperature readings reached for



each experiment with and without the aid of a f&nom these values, the team
calculated the junction temperatures of a typic&lDmicroprocessor (see tables 5,6, and
7 in section VI, “Experimentation”). The team pé&ut the data from these tables, and
derived an equation that allowed them to give Natidnstruments the ability to estimate
the temperature of the junction temperature atbdénat any wattage. Based upon this
relation, the team calculated that for the hea¢ pith aluminum mounting plate and
pinned heat sink that utilized only natural coni@gtthe junction temperature of a chip
would be able to remain at or below I’IDfor power levels up to approximately 7.75
watts in an ambient temperature of&5 Ultilizing the heat pipe setup with
impingement fan, the junction temperature couldaenat or below 110C for power
levels up to approximately 13.75 watts in an amtiiemperature of 55C (see section

6.2.6 “Description and Analysis of Variants Tesbed”

By noting the cooling capabilities of the variougsarios, the team became
aware that some of the cooling methods would bécgipe at different wattages. For
the lower wattages, a spreader or heat sink caulasbd if necessary. For the middle
wattage values, a heat pipe utilizing only nateaaivection could be utilized. Finally,
for the upper values including the 16 watt dissgratised in the initial testing
(corresponding to 10 watts from the main mock chippgat pipe with impingement flow

could effectively cool the chip.



[. Introduction

National Instruments is a major supplier of datguesition (DAQ) equipment in
the measurement and testing industry. N.I. hagioathle managing excess heat
produced by components on the circuit boards im (W&Q units. As the heat builds, it
reduces the efficiency and speed of the circuétng may even damage the circuit board
components. Ever searching for innovative sohgito challenging design problems,
N.I. has sponsored a design team from the Uniyeo$iT exas at Austin to analyze the
DAQ heat problem. The team, consisting of memBensl Rodriguez, Chris Specht, and

Steve Talbot, refer to this problem as the “Coox'Baroject.

1.1 Company Background

National Instruments (N.l.) was formed in 1976 hy Dames Truchard and two
colleagues from the University of Texas at Austmigion and Culture,” 1999].
Focusing on innovation, growth, and leadership, beban production on its first
General-Purpose Interface Bus for connecting staindiesktop PCs to traditional
measurement instruments in 1977 [“Our History,” 299N.I. continued development of
PC-based measurement and automation hardware Huoutne next decade and a half,
releasing instrumentation software, industrial endtion hardware and software, general-
purpose machine vision systems, and data acquigiaodware and software for analysis

of physical data, among other products (Figuré\What We Make and Sell,” 1999].



Figure 1 : Company (CW from upper left) I/O Distributor, Vision System,
I/O board, DAQPad, LavView [National Instruments caalog, 1999].

Earning approximately $40 million dollars net ptaihnually [“National Instruments...
Growth In First Quarter,” 1999], National Instrunteservices the telecommunication,
automotive, semiconductor, aerospace, electroaemical, and pharmaceutical
industries from its 37 offices in 27 countries tgbout Europe, Asia, and North and

Latin America [“Worldwide Offices,” 1999].

1.2 Product Background

National Instruments designed its first data adgtjarsboards (DAQ) in 1987 for
analyzing physical data such as temperature, pessuvibration. N.I. designed the
DAQ boards to function as the hardware interfadevéen physical measurement

instrument sensors and personal computers running NabVIEW virtual



instrumentation software package. When monitoramyderature for example,
thermocouples are attached to the DAQ, which in &ue attached to the CPU where
incoming data could be recorded and analyzed byieatn Other instrumentation
manufacturers have designed costly fixed-functsaif-contained DAQ and analysis
software combination systems. N.I. is seekingoimgete with these other manufacturers
by addressing the disadvantages of self-contaipg@ms, relying on the attractiveness
and power they could obtain from PCs. Today, Neidnstruments is one of the

world’s leading DAQ hardware suppliers. [“Our Histd 1999].

Traditionally, most data acquisition boards haverbeomprised of a circuit board
with input and output ports attached. These DA&)é&sthen inserted into a CPU. Having
to insert the DAQ board every time into the CPU ofian be undesirable or
inconvenient to the customer. For this reasoh,bégan designing DAQ’s that were
self-contained, while still adhering to a philosgpdf keeping their DAQ hardware and
analysis software separate. In other words, ead®@ [@as manufactured with its own

enclosure and ports.

II. Project Background

The DAQPad-6070E is a data acquisition unit designeoute analog and digital
instrumentation signals via a physical cable cotioed¢o a PC for analysis. The
DAQPad-6070E consists of a metal enclosure housrgral circuit boards, RF
connections, and power input/output connectionguifé 2). The circuit boards and their

components can heat up due to internal resistanbeeent to all circuitry. The majority



Figure 2: DAQPad-6020E
[National Instruments catalog,
1999].

of this heat is dissipated from the main procesbqr. Heat sources nearby the DAQ

also contribute heat energy to the system (Figure 3

Figure 3. Typical DAQ Orientation [National Instru ments
catalog, 1999]

Currently N.I. regulates the total amount of hewrgy that the circuit boards are

subjected to during operation by including a srfallin the DAQ enclosure that actively



provides forced convective airflow. However, Nvished to decrease the width of the
current DAQ enclosure by two-thirds, requiring team to analyze the current heat
management strategy of the enclosed circuit boAtslo, N.I. wanted the team to survey
the current cooling technology available to dewaseefficient method for cooling the

enclosure that meets the constraints and requiresnh@nthe smaller product.

2.1 Constraints

Currently the DAQ enclosure has dimensions 12.he@savide, 10 inches deep,
and 1.7 inches high (Figure 4). This height isrtteasurement and testing industry
standard for DAQ equipment and was a constraintherenclosure redesign. The DAQ
enclosure can be positioned for use in any of thremtations. The DAQ equipment is
often rack mounted either horizontally or vertigafl its first two positions. The
industry standard length between rack slots isriciies. Therefore two of the
dimensions of the enclosure, height and width, khba some multiple of this 1.7 inch

industry standard length to accommodate the hotét@md vertical positions.

Figure 4: Current DAQ Dimensions [National Instruments catalog, 1999].



In addition, the width of the enclosure design daubt be any smaller than the
circuit boards that it will enclose (Figure 5). eflBAQ equipment is also often
positioned next to a laptop computer (Figure 3isThird orientation for the DAQ is the
most difficult to design because the end userlikilly position the DAQ on its side,
backwards, or even upside down, introducing furgiasition considerations. Finally, the
cost and availability of materials used for thelesare were also constraints for this

project

Figure 5: Circuit board to be cooled (5.3 in X 7.7n)

2.2 Requirements

The most important requirement for this projecswraat the team equip the
enclosure with a cooling method that would sigmifitty reduce the chip junction and
circuitry temperatures. A junction temperature thatteam aimed for was 1’10, as
suggest by their sponsor. This value is a typugatiion temperature that might be

specified by chip manufacturers for optimal chipfpenance. This cooling technique



needed to cost less than $50 dollars per box tieecurrent design, be able to operate in
various orientations (e.g. on its side), have na@ven the top or sides of the enclosure,
and dissipate approximately 25 Watts. Additionathe enclosure width needed to be
smaller than the current size, but no smaller thaerthird its current size. Finally, using
computational fluid dynamic software or proper expentation needed to be done

before prototypes were built.

. Methodology

The approach the team used for this project wadadof methodologies
containing elements of redesign, selection designfiguration design, and parametric

design. The team considered several factors wdikming their version (Figure 6).
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Figure 6. Methodology Flowchart
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Among these factors were the time constraint aadatisence of a customer driven
analysis.

Our methodology first required that the team cleaih original problem
statement, and then develop a specification stetatlithg the constraints and
requirements of their project (appendix A). Thantethen begins to evaluate the possible
solutions available as well as exploring new aneintive solutions. Before the first
phase of solution refinement can begin, the teaates mass flow and heat transfer
models and compares each. These models wouldiggteam an understanding of how
typical cooling setups might work (e.g. a fan oadlat plate, or a heat sink). The team
refines the solution by using the specificationethhe compare the design parameters
against the criteria. After ordering the partsdeskfor experimentation, the team makes
a test enclosure to simulate the enclosure ofitia¢ product. The team then carries out
testing using the cooling components and test snobowith varying arrangements and
conditions. The size of the test enclosure may fram one possible solution to the
next. After testing the selected cooling solutidhs team evaluates the test results,
culminating in a final decision and a useful coglmethod. Throughout the team’s
design process, this procedure allowed for lategea that might result from research of

new cooling methods not yet tested by the team.
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IV.  Project Cost Analysis

4.1 Professional Consultation and Services

The team instigated a rigorous cost analysis of@w®l Box” project. The team
first analyzed the contribution to their projectduytside consultants. The team'’s
corporate sponsor, Paulina Mosley, loaned the #&ast of thermocouples for sensing
temperatures on the DAQ circuit board and a Ndrrtal analysis software package
called Virtual Bench for LabVIEW. Paulina did meguire the team to pay for the use of
this equipment. Doctor Raul G. Longoria of the k@aical Engineering department of
the University of Texas at Austin offered the tettam supervised use of the computers
and electronic equipment in his electronics lalmctor Longoria did not require payment
for this usage. Doctor Dennis E. Wilson and Do@&odike A. Ezekoye of the
University of Texas both advised the team on curcemputer processor cooling
methods based upon the doctors’ many years of eagiy experience. These

professors required no consultation fee for thetvises.

4.2 Price Data

The team checked web sites, magazines, and veatidogs of heat sinks,
cooling fans, heat pipes, and thermal greases.tédm was able to set ranges of costs of
these products based upon information availabliernternet. These costs were
compiled and can be seen in table 1 below. Iditeecolumn of table 1, the current

cooling products available for purchase are listath the most affordable product types
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listed in bold characters. Also noted in the tabkethe web pages from which the team

found these price ranges.

Table 1: Product Price Ranges

Product Type Price/ltem Range Source of Data
Heat Sink $0.69 - $2.00 www.chipcoolers.com
Heat Pipe $5.00 - $10.00 www.thermacore.com
Impinging Fan $4.00 - $15.00 www.coolinnovations.com
Centrifugal Fan $1.00-$4.00 www.coolinnovations.com
Sleeve Bearing Fan $1.00-$4.00 www.indek.com
Ball Bearing Fan $4.00-$8.00 www.aptekus.com
Thermal Electric Cooler (TEC) $40.00 - $50.00 www.aoc-cooler.com
Thermal Grease/Adhesive $1.99 - $10.00 www.aptekus.com

Based upon these ranges of prices for coolingymtsdthe team calculated the
approximate cost of testing different cooling metio The cooling methods listed in
table 2 below are feasible combinations of the iprgly listed product types from table
1 above that the team felt were feasible for tgstihe approximate cost ranges listed in
the second column of table 2 were calculated bynsmgy the” Price/ltem” of each
“Product Type” for a “Cooling Method” for both thewer and upper bounds of the cost
range. The “Order of Least Expense” column ofddbtates the cooling methods from

the least (1) to most (16) expensive method.
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Table 2: Product Combinations

Cooling Methods Approximate Cost Range |Order of Least Expense
Heat Sink $0.69 - $2.00 1
Ball Bearing Fan $5.00 - $10.00 10
Sleeve Bearing Fan $1.00-$4.00 2
Impinging Fan $4.00 - $15.00 7
Heat Sink and Ball Bearing Fan $4.69 - $10.00 8
Heat Sink and Sleeve Bearing Fan $1.69 - $6.00 3
Heat Sink and Impinging Fan $4.69 - $17.00 9
Heat Sink and Centrifugal Fan $1.69 - $6.00 4
Heat Sink, Ball Bearing Fan, and Thermal Grease $6.68 - $20.00 11
Heat Sink, Sleeve Bearing Fan, and Thermal Grease $3.68 - $16.00 5
Heat Sink, Impinging Fan, and Thermal Grease $6.68 - $27.00 12
Heat Sink, Centrifugal Fan, and Thermal Grease $3.68 - $16.00 6
Heat Sink, Ball Bearing Fan, Thermal Grease, and TEC $46.68 - $70.00 15
Heat Sink, Sleeve Bearing Fan, Thermal Grease, and TEC $43.68 - $66.00 13
Heat Sink, Impinging Fan, Thermal Grease, and TEC $46.68 - $77.00 16
Heat Sink, Centrifugal Fan, Thermal Grease, and TEC $43.68 - $66.00 14

4.3  Cost Strategy

The team’s strategy for testing was to begin uaisggle product type as their
cooling method, measuring temperature data, antincong to add appropriate product
types to their cooling method in a manner simitathie cooling method listing of table 2.
Once the team identified a few optimized desigmsy tvould discard the unused product
types in favor of a few chosen cooling methods thatteam selects. Further details of
testing and prototype construction proceduresttieateam chose are discussed later in
this report. However, the team decided on sonthaxfe testing and prototype
construction procedures early on in the projeatabee they needed to analyze which
combinations added to the final prototype wouldibancially acceptable to their
sponsor National Instruments.

Adding product types increases the end cost ofimgltest prototypes. The team

desired to keep the end cost of the final protoimpe its production low, preferably
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under $50 dollars. The team anticipated that teéepred product type or some
combination of product types used in the final ptgpe would be the heat sink, heat
pipe, impinging fan, ball bearing fan, centrifufah and/or thermal grease. A heat sink
was the least expensive product type, and coulefive be included in any cooling
method chosen. The thermal grease only adds &2adillars to the end cost of the
prototype. Thermal grease can be used with seeeadihg methods to reduce contact
resistance between surfaces. Because of the Isino€the thermal grease, the team
anticipated its use. The other product typesdistll met the team’s $50 dollar upper
limit constraint, even in combination, except whiea team included the more expensive
versions of thermal electric coolers (TECSs) incldidethe cooling method. These TECs
have a retail price of $49.95, and are custom nfi@deach customer application.
However, the team anticipated a reduction in amstife TEC if purchased in bulk which
would make the most expensive versions afforddbiesed the team would choose the
lowest priced versions to first prove the TEC'sfubeess. If the TEC proved useful or
an inexpensive solution not found, the team woglamconsider more expensive TEC
versions with their anticipated cost reduction.

Paulina Mosley explained to the team that N.l.&agyhly diverse selection of
products for sale, but that demand for each of fr@duct lines is usually small. N.I.
can expect to produce five hundred to one thousairtd in the first year of manufacture
and as many as five thousand in the subsequerg géaranufacture for any of its
products. Manufacturers usually sell product tygeeduced bulk rates in lots starting at
one thousand units. Local distributors sell Idtsroaller sizes at retail prices [Jim

Palmisciano of ChipCoolers, 1999]. However, et has calculated from the tables
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above that when N.I. begins mass production oDtA@®Pad-6070E product type,
manufacturers will charge N.I. less than $50 dslfar the cooling methods used in the

DAQ, thus meeting the team’s end cost goal.

V. Solution Refinement

5.1  Alternate Design: Heat Sink

The first logical method for the cooling of cirtiyithat the team
examined was the application of heat sinks. Hie#ssare metal surfaces mounted to
components of a circuit board in order to incream@ponent heat dissipation capacity.
Dissipated heat is convectively transported toocssflow airstream or convectively
drawn away by inpinging airflow. Heat sinks ingedhe surface area of circuit board
components. These sinks are composed of sevesakins, disks, or arms. Due to both
Fourier's Heat Equation for both natural and forcedvection and Newton’s Law of
Conduction, increased surface area increases tssgiation from circuit board

components  (figure 7).

(@ 9 _ =hADT
DT
b = KA—
( ) 9 cond DX

Figure 7: (a) Fourier's Heat Equation (convection)
(b) Newton’s Law of Cooling (conduction
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Heat sinks come in several different shapes depgrah convective air flow and size
constraints. Disk heat sinks are usually of tmngdavariety and transfer relatively
greater heat wattages from the circuit board thharovarieties of sinks. Pin fins are
available from vendors in both large and smallsizan be cylindrical, rectangular, or
flat in shape, and come in varieties that traniséeh large and small heat wattages.
Other unorthodox sink shapes have been producédrh@arocessor specific, such as
wing or trees shapes, and are available from venlopspecial order (see figure 8).
Sinks can be formed through an extrusion processasit and are usually made of an

anodized aluminum or another thermally conductlectrically resistive metal. Plastics

(a) (b) (©) (d)

Figure 8: (a) fin heat sink, (b) disk heat sink, ) pin heat sink, (d) tree shape heat sink

are usually not used to construct heat sinks, Isscalost inexpensive plastics do not
have very high thermal conductivities. For ins@rtagh density polyethylene (HDPE)
has a thermal conductivity of about 0.8 watts petanKelvin [Ashby Materials
Selection Charts, 1999], while 2024-T2 aluminum &alsermal conductivity of 177
watts per meter Kelvin [Fundamentals of Heat andgdMBransfer, 1996]. Currently, heat
sinks are found in just about every type of elattr® device that needs microprocessor

cooling.

17



5.1.1 Good and Bad Features

Heat sinks are very inexpensive to produce andharérst logical step in
choosing cooling solutions. Heat sinks come in @ewiariety of sizes. Heights and
lengths can range from a few millimeters to seveeatimeters. Because of this, almost
any chip type can have a mounted heat sink. Heled sre passive devices. Passive
devices operate without the input of power or eleak current, as compared to active
coolers that can use from .5 watts up to abouttBswa hey can be purchased in bulk
guantities of 100 or more for around $2.00 dolkash. They can be used with any of
the other cooling solutions presented herein, bag €énhance the radiative and natural
convection mechanisms of dissipative heat trandpothe board circuitry when those
are utilized. Tooling costs are low for heat sassembly, as they require only one
additional step in a process for assembly. Compiosiaks come in a wide variety of
sizes, typically ranging from a 0.5%iaurface area and 0.125 inch height, to &3 in
surface area and a 3 inch height. Unless thegxgresed to corrosive environments,
such as that caused by condensation of water vhpmrgh the use of TECs, they have
an unlimited life expectancy. Heat sinks can faitast the 7 to 10 year life expectancy
of the DAQ device and could conceivably be reused.

Although heat sinks are available in small sizegrder to achieve significant
heat transfer rates from circuitry components,daagd bulky heat sinks are required.
Because of the limited space available in the DAGERAOE between circuit boards, heat
sink size is a major issue. For the 0.5 inch sgpbetween circuit boards used by NI, the
team’s initial calculations reveal that even wheediin conjunction with forced

convection, heat sinks small enough to be useldartdam’s device enclosure do not
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dissipate significant heat. These calculationtedtthat the chip’s temperature would be
reduced very little from an initial hypotheticahtperature of 151 to the team’s target
temperature of 1PC. Because the present cooling scheme for the DAQB@oes
nothing more than recirculate hot air within it<ksure, and still reduces a hot chip at
150°C to about 137C, and because of the simplicity and affordabityeat sinks, the

team felt that further heat sink investigations evearranted.

5.1.2 Preliminary Calculations

Since heat sinks have several different featuifesteng heat transfer, it is
difficult to calculate heat flux values accuratddyt general values can be estimated. For
the case of the basic heat sink and the heat sthkcvoss flow it is sufficient to solve for
the sink-to-air resistance. This is because masiufacturers of heat sinks have
extensive empirical data that informs the buyertwhsistance levels are possible for any
given heat sink. This information is usually cormuated in graphical form with the
resistance as a function of the airflow for forcesvection and change in temperature as
a function of wattage for natural convection. Thekgo-air resistance can be calculated

as follows:

T, -T
Q

Gsa = L. (qjc - qcs)!

wheregs, gjc, andyg cs are the sink-to-air, junction-to-chip surface, andface-to-sink
resistances, respectively. For our calculationsgooup used a junction-to-chip surface
resistance of ZZ/W. This was a conservative estimate, and fortrtloips would not be

this high. The surface-to-sink resistance couldddeulated for various interface
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compounds. When the sink-to-air resistance isesbfar, it can be compared to graphs
provided by the sink manufacturers for any giverksiFor forced convection, the buyer
could look up the required velocity to achieve th&ulated resistance.

Using the above-described equation, several loesitik resistances were
calculated for various wattages and chip sizese réBults are shown in appendix C.
Also included is a graphical representation ofrégpuired resistance as a function of chip

wattages for a chip the size of a Minimite chibK®5 inches).

5.2  Alternate Design: Fan Crossflow

The first cooling method alternative for the compaarsion of the
DAQPad6070E that the team considered, coolingiticaitboards and chips with a
crossflow fan, is the method presently employethenfull size DAQ6070E. The team
would place a fan inside of the device enclosureating a pressure gradient and drawing
in outside air through an entrance vent. The faold/circulate the air across the device
circuitry, convecting heat energy from the circpind into the air. The unidirectional
pressure gradient created by the fan in the endosauld force the warmed air out
through an exit vent at a constant flow rate. Tmecess would continuously circulate

cool air into the enclosure as long as the devigelevoperate.

5.2.1 Good and Bad Features

Crossflow fans are very advantageous devices falirgpcircuitry in a small
enclosure like the DAQPad6070E. Most importarfips are inexpensive solutions.
Fans of appropriate size and power for the DAQP&@IEQ0st from $4.15 to $7.50 when

purchased in bulk quantities of 100 or more [Alina Omega Computer Catalog,
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1999]. By comparison, TECs cost between $12.60821d40 when purchased in bulk
qguantities of 100 or more [Melcor Thermal Solutidirsce Sheet, 1999]. Secondly,
crossflow fans are made in sizes that are competgh to fit upright in the device
enclosure. The smallest fans, 1.5 inches in heagbtsmall enough to clear the team’s
1.7 inch height constraint for the device. Th#dydans are constructed with ball
bearings instead of sleeve bearings in order tommze vibrations that cause cooling
fans to prematurely fail.

Also, crossflow fans draw a comparatively smalttieal current from the
device’s circuit board power connection. For exbna 1.5 inch, 6.37 m/s fan would
draw a current of .226 amperes at a voltage ofits v@ his amount of current drawn is a
negligible departure from the team’s constraint tha cooling solution uses no more
than 200 mA of current. However, to strictly adh&y the team’s constraints, the team
could select a 1.5 inch, 5.60 m/s fan rated astlightly lower .158 amperes and 5 volts
and meet their voltage and current requirementterately, the TECs that the team
examined, for instance, could require anywhere fitofnfor the 5 volt, 200C
compatible model to 5 A for the 12 volt, 28D compatible model, both current ratings
being to high for team’s current constraint. Thewe 5.60 m/s fan would maximize the
team’s voltage and current relative to their canats, and simultaneously maximize the
team’s air flow speed.

The team considered other issues of the desigmeadeévice. Once the optimal
arrangement of the crossflow fans would be detezthimanufacture of the device would
be easily accomplished, requiring a simple threddst&ner clamping. Tooling costs

would be low, as integration of the fan with thevide could be accomplished as a single
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additional step in the device assembly. The teallcutated that the average fan life
expectancy would be approximately 5 years, whetteatife expectancy of the
DAQPad6070E is constrained by National Instrumémtse between 7 and 10 years.
The fans would therefore need to be serviced eeéord the DAQ would conceivably
fail. Therefore, because of the above consideratiexcepting for the failure rate of the
fan, the crossflow fan would fit well within the mstraints that the device imposes upon
the possible cooling solution variants.

However, the crossflow fan alternative would hdvawbacks. First, an inherent
constraint of the design of the new DAQPad6070Ras its circuit boards are mounted
in the enclosure such that its power connectids dihe end face of the enclosure, with
no space left for a fan in this end face. Theusiricoard length is 6.622 inches, and the
device enclosure could be up to 10.000 inches deethere would be 3.378 inches
available to the team in the opposite end of thetosmre from the power connection for a
fan, but one constraint of designing the new DACHRFOE is that it be as compact as
possible. A cooling solution using a fan placethis available end space would directly
contradict this compactness constraint, becausertblesure would then need to be
longer than the circuit board, which is the minimleamgth constraint of the enclosure.
The fan cooling solution is therefore less advaetag to use than the more compact heat
pipe or TEC solutions when designing the devicesipe, which would not require extra
depth space in order to be integrated into the DABO70E.

Second, the team found that after making somerpi@diry convective heat
transfer calculations, the largest and fastest ddiesed on the market could not produce

sufficient air flow speeds to cool the device cit@oards to the team’s target
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temperature of 118C. This preliminary calculation was made for ardgarocessor chip
outputting 7 watts of heat in an ambient air terapge of 55C. A constraint of the
cooling solution design was that a wide array afcpssor chips would need to be
accounted for in the device design, outputting @ewange of heat from as low as 3 watts
for smaller chips up to 30 watts for the advancedtidm processors. The team therefore
concluded that the use of a cross-flow fan woul@dyalicable for a heat output range of
from 3 to 7 watts, at which upper power rating otiditional means of cooling would

need to be employed.

5.2.2 Variant Features

The team devised several fan placement variatiwatssould optimize convective
heat transfer from the device circuitry. The fiiest variation that the team conceived of
was to have a single fan blowing air from one ehthe enclosure and out the enclosure
exit vent. Placement of the crossflow fan at tinéndet would reduce incoming dirt
particles in the enclosure [www.electronics-coolaagn, 1996]. The hottest circuit board
components would ideally be placed at the encloaureutlets, so that a maximum
amount of heat from the remaining board componemttd be convected away before
the circulating air could reach the hottest componieut the most temperature sensitive
components, like the board processor, would iddslplaced at the air inlet so as to
provide the coolest air to the component [www.elatts-cooling.com, 1996]. This
variant was disadvantageous to employ only bectngsanidirectional flow of a fan
shorter than the width of the device circuit boardght not contact all of the essential

circuitry components spread along the anterior edde¢he board surface.
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The team’s second crossflow fan cooling solutionard was to have a fan at the air
outlet, creating a back pressure gradient in tledosnre. Although the possibility for
dust particles entering the enclosure would bedriglccording to the literature, waste
heat generated by the fan itself at the outlet di@ulter the exiting airstream only after
the circulating enclosure air would have alreadyvezted heat away from the device
circuitry. The fan waste heat would amount to kss 1 watt (two hundred
milliamperes times one volt equals the fan powguired), however, so this variant
design was not significantly better than the ifdet variant discussed above. Also, this
second variant would have the disadvantage ofitbtef&n variant of unidirectional flow,
and consequently it would have trouble convectiegtlaway from anterior edges of the
board surface.

The third variant design that the team producedtedmve an identical fan at both
the inlet and outlet vents. This variant would éall of the advantages of the single fan
at the inlet vent, but with an increased air flater Placing identical fans in series can
double the air flow rate, and would be especidiigative for circuit components having
a high thermal resistivity, like the chip procespmww.electronics-cooling.com]. This
variant could also be designed so that the inlettauld be placed on one side of the inlet
enclosure face, and the outlet fan placed on ansfgside of the outlet enclosure face.
This fan placement would curve the enclosure @iastr, covering a wider area of the
board surface, and therefore convecting more heay ghan the two unidirectional
airstream variant designs above. However, usinigpreiidentical fans would double
the current or voltage needed for a cooling sotytand these requirements would exceed

the current and voltage constraints of the design.
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Smaller fans than those discussed above with helair flow would draw less
current and voltage than would the bigger fanst iffgtance, a fan 1 inch in height, with
an air flow speed of 2.6 m/s, requires a currerit2ff milliamperes, or half of the current
of the 1.5 inch fan. Two small fans in series pi@dg a cumulative air speed of 5.6 m/s
would have approximately the air flow speed of targer fan, and draw a little less
current than the bigger fan at a cumulative curoérit40 milliamperes. However, the
fans would also require a cumulative voltage ot/@Hs to operate, far exceeding the
device voltage constraint of 12 volts. Therefordess the team could locate fans
requiring lower current and voltage inputs for @iem, the multiple fans variant would
be a less desirable cooling solution than the sifegh variants.

Crossflow fans are used with any of the other cgp$iolution alternates presented
in this report. The alternative to using forceawective air flow in the enclosure via a
fan or fans would be to rely on natural convectiotransport heat. Radiative heat is
insignificant when in the presence of convectiveflaiv, but becomes significant when
combined with natural convection and would thendneebe accounted for along with

convection.

Figure 9. Solution 3 Combines a fan and heat sink

5.3  Alternate Design: Fan-Heat Sink Solution

Another method of CPU cooling is to attach a fad heat sink directly to the

CPU casing. Figure 9 shows a common fan-heatapplratus. This combination cools

by using a fan to blow air directly onto a heaksifhe heat sink acts as an attachment to
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Figure 9: Impinging fan with heat sink.

the CPU case thereby increasing its surface arbe thermal management device has
the ability to move heat, but not re-circulate caolfrom outside the motherboard
enclosure. The fan increases the coefficient af transfer at the fin surface, allowing
more heat to be dissipated. More convective liaaster is achieved by constantly
recirculating cool ambient air from outside thelesare.

The action of blowing air onto a surface at closzpmity is called impingement.
This method is more effective than blowing air frardistance at a heat sink. Figure 10
shows that as air hits a surface, flow is decederatong the z direction and accelerated
along the x direction to conserve momentum. Thelgeation continues until the flow
becomes stagnant. At the stagnation point, heednsferred to the momentarily still air

before it is moved away along the channels of & Bink.
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Figure 5: Impinging jet model [Incropera, 1996].

The action of the fan blowing directly onto the hgak can be modeled as an array of
slot jets blowing onto an irregular surface. Fegtd shows an example of a typical slot
jet arrangement. To complete the model, it is irtgod to model the heat sink as an
irregular surface as shown below in figure 12. Trger the surface area the jet
impinges, the greater the convective heat transfer.

Assuming that cooling only occurs in the regioredily below the fan, heat is transferred
from the top of the chip to the heat sink by coniturcwhere it is then transferred to the
air blown via forced convection. Convective heahsfer in this case is increased by

having an irregular surface that increases theasarérea. The speed and the

27



Figure 11: Slot jets cooling a surface [Incroperal996].

Figure 12: Important dimensions for modeling
the heat sink as an irregular surface

temperature of the air exiting the fan also incegth® coefficient of heat transfer.

Forced convection is governed by the equation

Q:F]A(Ts- T¥)
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whereh © average coefficient of heat transfers Aurface area being cooled,

T, ° average surface temperature, dpd® temperature of the air inside the enclosure.

S

In order to determine the nature of the convedtieat transfer, it is important to

determineh. To find h, we must first use an equation that determinesitieeage

Nusselt number of an array of slot jets.

066

2Re
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Nu= 0664, ,°"° Pr*

In this equation, Pr is the Prandtl number (a camtdor air atT,, ),
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are area correlation for the slot jet array,

Vi D,
k

Re=

is an equation to determine the Reynolds numbethi$ equationy, is the speed of the
air exiting the fank is the thermal conductivity of the air inside #eclosure, anD, is
the hydraulic diameter determined by

D, = 2W

Solving forNu, an average coefficient of heat transféb €an be found using
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As an example, assume we use a fan-heat sinkstdtinm square and provides

V, = 200

» |3

. Using the equations above, if the chip dissp&e= 7watts, we can lower

its surface temperature =130°C. A spreadsheet model for this solution is presgn

in appendix D to accommodate different CPU siZH$e model can either determine an

approximate temperature that the CPU case coutobdled to based on a known heat
dissipation for the chip, or it can estimate thathdissipated by inputting the desired
temperature to which we would like to cool the chip

It is important with this setup to mount the haaksnto the CPU correctly to
achieve a tight fit between the bottom of the Is#at and the top of the CPU case (see

figure 13). An interfacial material is usually @rted between the boundaries to improve

Figure 13. The interfacial material greatly decreaes the thermal resistance between the CPU and
the heat sink created by the air gp porosity.
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the thermal conductivity by removing the air gapated by the adjoining surface
finishes. The interfacial compound is usually ahesmive, but could also be a grease, or a
metal foil. Each of these has varying thermalstasice and each one has benefits over
another. Insuring a tight fit decreases the théresstance between the top of the CPU
case and the bottom of the heat sink, thus allowaweg to readily dissipate across the

boundary.

5.3.1 Good and Bad Features
Good features of this solution are that it medtsfahe functional requirements

for a cooling method described in appendix A. édsbelow are some of the other good
features of this solution:

low cost if purchased in bulk

can be purchased with the interfacial materialaalyeapplied to the heat sink

no initial tooling cost

draws less than 200 mA of current

operate with little noise

has excellent material integrity (usually made laspc and aluminum)

only three assembly steps required

cools the surrounding circuitry

is available in different sizes to meet geometnysta@ints
The three steps required for installation are @ 8ink clip attachment, the tightening
of the heat sink to ensure proper contact presanethe wiring of the fan to the power

source (assuming power is routed for a fan).
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Bad features of this solution are:

limited life expectancy

contains moving parts

requires power to operate

requires a minimum head space of 0.4 inches (tavgbroper ventilation)
The typical life expectancy of a fan that wouldtswur needs is 5 years. But
replacement would be relatively easy but would megopening of the enclosure. Since
the fan contains moving parts, anything that brofénside the enclosure could get
caught in the fan rendering it useless. Unfortugaiemay be difficult to sense that the

fan is broken before the CPU is damaged.

5.4  Alternate Design: Heat Pipes

One of the viable cooling methods that the teanréssarched is cooling through
the use of heat pipes. Heat pipes offer the entaggfer method of evaporation and
condensation without needing to submerge circintiiquid. A typical heat pipe can
have an effective thermal conductivity 100 timesager than that of a pure metal pipe
the same size. Currently, heat pipes are welknior their use in the cooling of laptop
computers. The main reason for the use of heatpiplaptops is their size constraint.
Since most laptops are only about an inch in h€idiet part of the laptop where the CPU
is located), it is not possible to use the fanslange heat sinks found in normal CPUs.
Heat pipes, being small and bendable offer an exedolution to this problem. Due to
the similarities in size constraints between laptapd DAQ'’s, cooling via heat pipes

seem to the team to be a very good method to cengitaebner, 1999].
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Heat pipes are thin, hollow, vacuum-tight tubesyally just a few millimeters in
diameter, which contain a small amount of liquidually water). The heat pipe is
composed of a highly conductive metal, often coppéich can efficiently conduct heat
to and from the heat pipe enclosure. When the isiptaced on top of a chip, the heat of
the chip is conducted to the liquid contained i lieat pipe. As the liquid heats up, it
evaporates (see figure 14). Since the heat pigetight, the hot evaporated liquid forms
a pressure gradient. This causes the vapor to moave cool section of the pipe, which
is often attached to a heat sink. As the vaporaspi travels through the open central
part of the pipe (see figure 14). When the vapmis; it condenses back into a liquid
and, in doing so, releases its latent heat of vagton (figure 14, C). This process
removes considerable amounts of heat. Becausesdatge amount of heat transfer from
the pipe, a heat sink large enough to accept taerhast be present. After the vapor
condenses back into a liquid, it returns to thedmat of the tube through the heat pipe
“wick” (figure 14,D). The wick is usually locateadong the inner surfaces of the tube

and is shaped such that it causes the liquidttom via capillary action. Different wick
types include screen wicks, groove wicks, and powastal wicks. Each wick has its
own good and bad points. For example, powderImets are limited by the pressure
drops in the tube, yet they can easily transparitjuid back against gravity. On the

other
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Figure 14: Heat Pipe [Garner, 1996].

hand, grooved wicks can transfer high heat loadiscén’t transfer large loads against
gravity [Garner, 1996 ].

Thermacore, a manufacturer of heat pipes, conducttddy with Intel to test the
effectiveness of using one of their heat pipesleptop set-up with the heat pipe routed
to an outside aluminum plate. The method used dbtbes was plate was natural
convection in an ambient environment of 8 The study used a laptop with a mock
chip of 6.54 watts with an additional four wattd§@ir other points within the enclosure
surrounding the chip. The heat pipe was ableegpkhe chip at 90C, 10 degrees

below the stipulated value. In addition to thise heat pipe was able to dissipate up to
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7.83 watts while maintaining the chip at less th80°C. Although this is just one
scenario, it gives us an idea of the amenitiesdbate along with using heat pipes

[Toth].

5.4.1 Good and Bad Features

Heat pipes are not only small, with diameters fe#va millimeters and lengths
ranging from a few to several centimeters, but ey also be bent and curved to move
around obstructions. This makes them well suibetthé environment of the DAQ box.
Heat pipes are passive devices. This means thadwer input is required for heat pipes
to operate, and hence, power of the device is coade Although, in some cases, fans or
blowers are required to cool the plate or sinkchita to the pipe, this is not always the
case. Heat pipes, being self contained devices Aaexpected life of many more years
than the DAQ itself is required to function. In faihe only conceivable way of the heat
pipe permanently failing is if it were to be purnretd or broken. Because of the fact that
the heat pipe will not be moved or even touchecdeanstalled, this seems unlikely to
happen. Finally, heat pipes are able to satisfgrg wide range of temperature
requirements.

Heat pipes are small, but it should be notedttiey do not rid the enclosure of
heat, but rather transfer the heat to other lonatid-or this reason, heat sinks or
spreaders are required for the heat pipe to attacBased on the amount of thermal
resistance required of the heat pipe, the sizheoheat sink or spreader can be
determined. Often, several parallel fins or plaesattached to the end of the heat pipe

in order to spread the heat out over a large afeaguently, the natural convection
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encountered by these plates is enough to keemtiiesaire within the required range.
However, depending on the size limitations, fany beneeded. This leads to another
potential difficulty: “Can a fan that fits the sizenstraints produce the required
velocity?” As it turns out, this is usually nopeoblem because in most typical scenarios
where fans are needed, the required velocity ierdow (+/- 1 m/s) [Garner, 1996].

Since heat pipes have become so widely used ilaphep industry, their price
range has dropped dramatically, making them mucte mompetitive with other cooling
devices. Purchased in small quantities (100), pigats cost $ 20 dollars per pipe. When
bought in bulk (300,000), heat pipes can costtds As $4 per heat pipe. Special
amenities such as pipe bends will increase thelzasinly by fifty cents per bend (on
average). Adding fins, sinks, or mounting plates/ralso increase the cost of the pipe
[Toth]. The team has estimated, however, thaetitge package required for cooling a
DAQPad via heat pipes (i.e. the pipe, the sinkéspee, and the fan) will cost well below
our required cost of fifty dollars [Toth].

Since the heat pipes are purchased self-contaamedmay be purchased pre-
assembled when fins, sinks, or mounting platesised, the expected cost for tooling
should be low if any cost is needed at all. In hwases, the heat pipe, using a mounting
plate, may be snapped directly onto the chip witllequiring any other assembly steps
[Toth].

As with sinks and sink/fan combos, the issue oftact resistance also comes into
play. The same type of contact resistance the issue with sink-chip interface is also
an issue with the pipe (or mounting plate) — chigiface. The same type of interface

compounds that are used with heat sinks are appieéath heat pipes [Graebner, 1999].
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Other problems encountered with heat pipes deat mvih operating the pipes at
ranges not specified for the specific pipe set-ipother words, if the pipe being used is
designed for a certain temperature and wattageerainghould be used in that range.
Problems may occur if the pipe is used outsideésofange. One example of this is wick
“dryout”. This wick “dryout” occurs when the maximupower throughput of the heat
pipe is exceeded. The maximum power throughputrafesred to as the “dryout power”
occurs when the evaporation rate is greater thanotithe resupply of the condensed
liquid. When this occurs, the wick dries out ahd pipe no longer operates as a two

phase heat transfer device, but rather as a simgdal tube [Toth].

5.4.2 Preliminary Calculations

As with modeling of any of our variants, basic diimns must be considered
before any calculations are done. These conditirigde the required junction
temperature, the ambient temperature, the wattasgedted by the chip, and the various
resistances of the system. One way to figure oatt\Wwhat pipe conditions are needed (ie:
diameter required, velocity required, fin arrayuiegd, etc.) is to solve various scenarios
for the resistance required for the specificatitmnie satisfied. Typical heat pipe set-ups
for laptops which transfer the heat to an alumirplate “spreader,” and require only
natural convection to operate, have an effectieential resistance between 4 antDéw
for the six to eight watt range. Although, if largeat sinks are used, the resistance can
drop to as little as .2C/W for the 75 to 100 watt range [Garner, 1996}Vith these
values in mind, the required resistance can beilzdbnl and compared to these values. If

the required resistance is around the 4 t€/&V range, this would probably imply that
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the set-up could be cooled through natural coneeaising either a spreader or a heat
sink. However, for lower values, larger heat sinkih forced convection can be
assumed as necessary. Appendix C shows the rdgasistance for a wide range of
scenarios in which wattage, chip size, and aml@nperature values are varied. These
required resistances assume that the degiretiontemperature is 110 C. In the case of
the heat pipes, these calculated values are figorealheat pipe with a clip-on mounting
plate (i.e., contact is made over the entire chiflese). The value being calculated,
entitled “chip-to-sink resistance,” is equivaleotte required resistance of the heat pipe.
Also included in this appendix is a graphical reyergation of the required resistance
versus power for three different ambient tempeestuThe length of the chip represented
in the graph is .95X.95 inches. The range of vatepsesented in this appendix is what
the team has foreseen as possible values for f&@Pads. The reader may note that
the great majority of these scenarios fall witha tange applicable to heat pipes. It
should also be noted that the W value was included for achieving worst-case \alue

It is not expected that the enclosure ambient teatpee would actually get this hot; but
rather closer to the 7 value.

Another method discussed by Garner for determihiwg pipe effectiveness is to
calculate the possibBT based on the pipe specification, whBilerepresents the
increase in temperature from the cool end of tla pipe to the hot end. This is done
using the resistances at the evaporator and coadpagions of the pipe as well as the
resistance due to axial vapor flow.

DT can be calculated as follows:

DT = qevap Revap + qaxial Raxial + qcond Rcond
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where:

qevap = Q/ Aevap
qaxial = Q/ Alapor
qcond = Q/ A%ond

Revap@ndReong are the resistances at the evaporator and condemsR.yia is the axial
resistance (i.e. the resistance to axial vapor)fl®ough values to use for these
resistances are °Z/W/cnt for the evaporator and condenser and®@2&V/cnt for the
axial resistanceAevapandAcong are the heat input areas (the surface area) at the
evaporators and condensefsyia IS the cross sectional area of the heat pipe vejpace.
Finally, Qevap Ocons @Nddaxial are the evaporator, condenser, and axial heatgjux
respectively. In an example given by Garner, thhedenser and evaporator have the
same length and hence, the fluxes are the santmfiorparts. For our team'’s application,
a conservative estimate for the heat being disstpiat 10 watts with a length of 15 cm
and an evaporator and condenser length of 2cmculdsing for a .4 cm diameter pipe,
with a .3 cm vapor space,

Oevap = Oeong = 398W / cm?
UQaiar = 79.6W / sz

and hence:

DT = 32°C.
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The temperature of the cool end of the pipe is ddest on what method is used to
dissipate the heat. If an array of fins with foroaehvection is used, a significant cooling
of the chip can be achieved. This is just one@&gen Other scenarios for different
wattages and heat pipe sizes can be seen in AppEndinese values assume the vapor
space diameter is .1 cm smaller than the pipe deméccompanying this table is a
graphical representation of the change in tempesatersus power for various pipe

diameters [Garner, 1996].

5.5 Alternate Design: Thermal Electric Coolers (TECS)

Thermal Electric Coolers are effective solid staat pumps that use small
electric currents to motivate the transfer of reeabss its plate faces. The device relies
upon the lesser-known physical phenomenon caus#uelypovement of current through
a semiconductor material, known as the PeltierdEfi& wire connected to one end of a
stack of “n” and “p” type semiconductor materiapplies currentto a TEC. The
semiconductor material stacks, made of the compbismduth telluride, are alternately
doped with excess electrons (n-type junction) deficiency of electrons (p-type
junction) to facilitate the transfer of electrorr@nt to copper plates connecting the two
types of stacks. Current running through the jumgiof this kind of device creates a
temperature gradient between its semiconductottipme  Single TECs can be stacked
one atop another in “stages”, increasing the ol/ezaiperature gradient developed
between the outer face plates. The plates devetoperature gradients ranging from 65
°C for single stage TECs to 13@ for multistage TECs [Melcor Thermal Solutions

catalog, 1999]. The TEC absorbs heat on its clatkface and rejects transported heat
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out through its hot plate face. This heat mush the moved by another cooling solution

in conjunction with the TEC.

5.5.1 Good and Bad Features

TECs are advantageous cooling solutions. Thegym® no noise throughout
their operation, as they have no moving parts. yTdre of very compact design. A
single stage TEC can have a surface area of ohesgutared and a height of an eighth of
an inch, while a multistage TEC can have a suréaea of one to two inches squared and
a height of a half of an inch. The space betwaeuit boards is optimally constrained to
be 0.5 inches, and many of both the single stagaraiitistage TECs fit within this
height. TECs work in any physical orientation, @rhis an especially pertinent issue for
the team to consider when a device is air-cooletlaaminverted physical orientation
results in a change in the stability of the airgigndistribution within the device
enclosure (rising hot air blowing up into an ineertcircuit board). The TECs avoid this
air density implication because they conduct hieatuigh a solid medium with constant
density rather than convect heat energy througlaithevhich has a density dependent
upon its temperature. Single stage TECs can pur2f,ar 50 watts of heat energy
away from vital circuitry, while multistage TECsuadly pump lower wattage, on the
order of 10 or 20 watts of heat energy, in ordeprizduce a greater temperature gradient
across the TEC plate faces. Although most TECslesegned to cool room temperature
components to subzero temperatures, the team thanthe Melcor ThermaTEC was
designed to cool components of up to 200and could cool components down by°@)

without melting. Because the team anticipatesttiathip will have a surface
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temperature of about 150, the TECs designed for subzero temperatures have
components with low melting temperatures that wonédt while in contact with the

chip, and would therefore not be useful. Singdgys TECs can be purchased in bulk
quantities of 100 or more from between $12.60 lier ThermaTECs up to $30.00 dollars
for other models. The multistage TECs in bulk diies of 25 or more can be purchased
for around $150.00 dollars. Compared to otheringdaolutions, this is relatively
expensive, but the ThermaTEC is affordable (leaa the team’s $50 dollar cooling
solution upper limit cost constraint). When used@anjunction with one other cooling
solution, the total cooling solution price does imatrease significantly, as fans can cost
around $5.00 dollars in bulk quantities, and hadtsscost around $2.00 dollars in bulk
guantities. Therefore, price, heat rejection prbpg, geometry, and physical operation
make TECs a smart cooling solution.

Additionally, TECs can develop serious problenrstii@ board circuitry by
condensing the humidity in the air on the TEC’Sdd@alce plate. The resultant condensed
water corrodes metal leads and shorts the circafttize board and the TEC electrically
and thermally [Melcor Thermal Solutions catalog99pP In order to prevent this
condensation from occurring, TEC vendors offer epaxsilicones, and dip epoxides that
coat the TEC and protect it. Because of tempezdinonitations, the best combination of
sealants are the silicone perimeter sealant witl@mum temperature usage at 2G4
and the dip epoxide coating sealant with a maxinemmperature usage at 1%D.

Unfortunately, there are also drawbacks to usiB§J as cooling solutions. The
TEC is capable of transporting heat energy fromoagssor chip (much like the heat

pipe cooling solution), but is ultimately incapablieremoving heat energy from the
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enclosure or itself. It is conceivable that thé face plate of a TEC could be mounted
next to the enclosure wall, thus conducting itectgd heat into the enclosure to be
convected away into the ambient air. However,tdube anticipated stacked setup of
the circuit boards in the enclosure, this posgibdeems to the team remote. Therefore,
each TEC would logically be used in conjunctionhaanother cooling solution.

TEC industry literature suggests that the team Ishmount a heat sink to the hot
face of the TEC and blow cool convective air actbgssink [Marlow Design Guide,
1999]. Because each mounted surface on top etaittboard component supplies an
additional layer of interfacial heat resistance@hduction (micropores on the surface of
materials contain air pockets, which act as a imsatiators), the introduction of the TEC
as an additional conductive heat resistor reduregffectiveness of this heat pump
device. TECs also draw more current than the DA@B&dE device can supply. The
DAQPad6070E is constrained to provide up to 200iamiperes of current to a cooling
solution, while the single stage TECs can requimenfl to 2 amperes of current and the
multistage TECs can require from 1 to 5 amperesigient for their operation.
Additionally, if, as the literature has suggestedian is employed to convect heat away
from a mounted sink, then additional current wouwded to be drawn from the board to
power the fan. Even with natural convection acasghe ultimate heat transporting
mechanism for the DAQPad6070E circuitry, the abb€ current requirement renders
the Thermal Electric Cooler alternate cooling dedass advantageous than other
designs.

The need for sealants is another serious drawla€kCs, and although these

polymers can protect the TEC, there is no way &rgutee that airflow through the
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enclosure will be sufficiently dry such that morgtwvill not condense onto the processor
or the circuit board because of the presence ofchlate face. Sealants also supply an
additional layer of interfacial heat resistanceohduction, which reduces the
effectiveness of the TEC even further. Therefardess the team takes the sealant
limitation into consideration when using TECs, censhation is an additional drawback
that is not negligible.

TECs can be used in conjunction with any of theeptooling solution alternates

presented herein.

V1. Experimentation

6.1  Justification for Testing

The design team found that their research matandlheat transfer models
pertaining to the heat transported from enclosemtaprocessors was an insufficient
source for quantitative processor temperature date team made assumptions upon
which they based their heat transfer models, whrehstated in the text references as
being accurate to at most 20 percent from actuakegdor the flat plate Reynolds
numbers and Nusselt numbers, and for the circ@tdtemperatures of the modeled
circuit board [Fundamentals of Heat and Mass Tem4©99]. Therefore, in order to
determine proper cooling method variants based upore accurate data, the team
decided to design and conduct temperature measuategeriments of a simulated
DAQ circuit board, a simulated microprocessor chimg a simulated enclosure, as

suggested by their sponsor at National Instrumenke team conducted experiments to
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find trends in the data from these test measuresraard to use these trends to recognize
power ranges over which each cooling method woaldfpropriate.

The team concentrated their analyses on five m@oing components: heat
sinks, heat pipes, spreaders, crossflow fans,rapthging fans. The team often used
spreaders in conjuncture with, or as an alterndtveeat pipes. These spreaders also had
a low thermal contact resistance at their junctdth the simulated processor chip, as
they typically do with real processor chips. Tearh could not account for the
problematic cost and power constraints of therrtedtac coolers, and thus the team did
not test these devices. The team had previousige@cthat heat sinks were likely to be
used in the end cooling solution, whether the tearuald attach them directly to the
processor chip, or they would use them to cookti of a heat pipe. Heat pipes were
extolled in the team’s research material as exthgeféective cooling components, and
are often used in laptop computers designed withyno&the constraints for which the
team’s DAQPad was designed. Spreaders were ofehin conjuncture with, or as an
alternative to heat pipes, and spreaders alsodvagdurface contact resistance at their
junction with real or simulated processor chipsossflow fans were already tested in the
original prototype DAQ6070E “pizza box”. The teavanted to include this original
cooling method in their tests, in order to haveasi®for comparison between the original
cooling method and the team’s test results. Tamteonsidered impinging fans to be
more effective in cooling the heat pipe componbkanhtthe crossflow fans, because the
static pressure impinging heat transfer effechatiteat pipe surface is greater than the
heat transfer in simple convective flow. Also, team realized that forced convective air

flow would be more efficient than natural conveetair flow in removing heat from heat
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sinks, heat pipes, and spreaders, but the teaadtbsth natural and convective flow in
order to insure that the analysis of the coolinghmés was complete. Thermal Electric
Coolers were not considered because of the prdyidiscussed cost and power
constraints. For the reasons above and for ttezs®ns mentioned previously in this
report, the design team was justified in perfornt@mperature measurement
experiments of a simulated DAQ enclosure in ordegdin a more sound understanding

of the effectiveness of each of the cooling sohsgio

6.2 Test Setup
6.2.1 Description of Chip Simulation

In general, depending upon the type of micropramess a DAQ circuit board,
and depending upon the work load applied to theaprocessor, each DAQ board can
expel anywhere from 5 watts of power for typical @&up to 25 watts of power for
DAQs that have more advanced microprocessor cRiagslina Mosley, National
Instruments]. The team set out to simulate a glgower output within the range above
from a DAQ main processor chip and a DAQ circuiafab Although the team’s design
specifications required that the team considerdpakver ranges and chip power ranges,
and not specific board power values or specifip gfldwer values, the team decided that
it would simulate a board and chip power output ®fvatts, which was an approximate

mean power output between the 5 to 25 watt range slee specification sheet.
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Figure 15: 10 watt resistor used
to simulate chip

In order to simulate a 16 watt DAQ, the team chasassortment of resistors to
serve as heat dissipators. The team simulatechéie processor on a DAQ circuit board
by mounting a 10 watt resistor on a non-functiorgirguit board (see figure 15). The
resistor was ¥z of an inch tall, which was aboue¢hiimes the height of a typical
processor. In order to insure that their testsld/puoduce reliable results, the team had
to find a way to lower the resistor height to apjmuately match the height of a
microprocessor. The team drilled a hole approxatyathe size of the 10 watt resistor
into the center of a socket 7 chip socket of the-fumctioning circuit board, and fit the

resistor into the drilled hole (see figure 16).

Figure 16: Socket-7-socket with
drilled hole.
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The team lowered the resistor into the hole, shahthe top of the resistor was flush

with the top of the socket 7 chip socket. Bothseafithe resistor needed to be covered in
order to simulate the flat surface of a microprgoesso on the bottom of the resistor the
team mounted a rectangular section of circuit badalt the size of the resistor, which
the team cut from another non-functioning DAQ bo@ek figure 17). The team placed

ordinary duct

Figure 17: Rectangular circuit

board section
tape around the resistor bottom and cut circuitdhoa seal the interface from
convective air flow and to secure the two composi¢éogether. On the top surface of the
10 watt resistor, the team left the resistor unoedgeor the team covered the resistor with
a heat sink or spreader plate, depending on westtle team conducted. The sides of
the socket 7 chip socket served as the simulatetbpriocessor side surfaces, and the
components covering the resistor served as thelaietmicroprocessor top interfacial

surface.
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Figure 18: Resistor network and 10-watt resistor.

The team simulated the remaining 6 watts of theukted 16 watt DAQ by
soldering a parallel network of half-watt resistorgarallel with the 10 watt resistor.
The team laid the circuit board containing the Hitwesistor with the resistor top facing
upwards. They then attached one half of the 6 meatstor network on this board with
thermal tape. The remaining half of the resisttwork was attached with thermal tape
to the face of a second non-functioning circuitdooal he two networks were connected
by two inch-long insulated copper wires. The secoincuit board was placed facing
downwards as was shown in the computer drawingghkaeam's sponsor had
previously supplied the team. The team spacefidheds by duct taping a one-inch long
piece of chalk at each of the four corners of tbartls. The chalk insulated the boards
while still allowing the team access to the resisietwork and "chip" resistor between

the boards.
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The team used two circuit boards for this layouttfwee reasons. First, the
team’s specifications were that their cooling methoould accommodate between one
and three circuit boards. Second, a few of théimganethod components would not fit
between the circuit boards inside of the team’sutated 1.7 inch tall enclosure if the
team simulated three circuit boards in their tesi@sure. Third, the team wished to
perform their tests on their simulated DAQ undandibons that would match the team’s
specifications as closely as possible. Theretbeefeam chose to simulate the cooling of
two circuit boards, and they were then able talfibf the cooling method components
that they wished to test between the circuit baafdise resistive network that the team
laid across the circuit board faces representedithalated elements on the board that
dissipated heat. The team felt that this resisietevork would realistically effect the

heat dissipation of the simulated microprocessowa resistor.

6.2.2 Back-Calculations for Estimating Junction Tenperature

As mentioned, for our experimentation, the team ahexdithe main processor chip
using a resistor. In the physical set-up, thestesiacted as the chip case. For our
various tests, the heat sinks, heat pipes, anchijepaent coolers were mounted directly
onto the resistor just as they would be mounted tre actual chip case in a real
DAQPad. However, unlike an actual chip case, ésestor itself was generating the heat.
In an actual DAQPad, the junction, located insitlthe chip case, would be generating
the heat. Furthermore, this junction temperatsingsually what is of interest to chip
manufacturers; and is usually the part of the thgh has operable temperatures specified

for it. Since temperature readings were taken filoenmocked chip surface, back-
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calculations were needed in order to estimate Wiehypothetical junction temperature
would be. The specified ambient temperature rang&étional Instrument's DAQPads

is between 4%C and 55C. However, the team performed their experimémnan
ambient temperature of 2&. For this reason, additional calculations wezeded to
estimate the junction temperature at the ambienpézatures specified for the DAQPads.

The resistance model shown in figure 19 repredbetbeat transfer flow between

TJunctior

v

Qac

TCas«

v

Ocs

THeat Sink/Pipe mounting pl{

Figure 19: Resistance diamgram for heat flow betweejunction and heat
sink/heat pipe mounting plate
the chip junction and the heat sink/ heat pipe ntiogmlate. gcsis the resistance
between the chip surface and the heat sink/heatmiunting plate. This resistance was
modeled in experimentation as the resistance bettexresistor and the heat sink/heat
pipe mounting plate. It is important to note, hoes that cross sectional area of the
resistor is only about .125 square inches. Tiga & much smaller than a typical chip

case contact area which typically ranges betwe&m.@nd 4 in2. Because of this fact, it
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.is likely that the actual junction temperatureaafhip will be slightly cooler by a few
degrees than that which we have calculated by adfgyreesgscis the resistance
between the junction and case of the chip. Thikasadditional resistance that needs to
be considered when back-calculating the junctiompierature. To obtain conservative
values, the team decided to use a worst case valk@/watt for this resistance. Hence,
for every watt dissipated by the resistor, 2 degiadcius would need to be added to the
temperature reading of the resistor, taken byhbemocouple in order to obtain the
estimated junction temperature.

Since the ambient temperature and the junctiopégature rise in a linear
relation to each other, the difference between exymntal ambient temperature (+/- 25
°C) and the specified ambient temperature (455’) would also be the difference
between the junction temperatures in each of taed@ent conditions. Since the
experiments were run at an ambient temperaturpmaimately 25C, 20 — 30 degrees
below the specified range, 20 or 30 degrees shmilakdded to the junction temperature
to obtain the estimated temperature of the jundtidhat ambient environment.

Based on these two aspects that are requireddola@i@ the hypothetical junction

temperature, the following equation was derivedHhzyteam:

Tiunction = Tresistor T Q™ @ic + DT apient
Where:
Tiunciion= the temperature of the hypothetical chip junction
Tresistor = the temperature of the resistor (mock chip)

Q = the heat dissipated by the resistor (mock chip)
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gic= the thermal resistance between the junction aigaase
DTambien= The difference between the ambient temperatwzeifipd for the
DAQPad by National Instruments (45 — 55) and théiant temperature that the

experiments were conducted in.

An example incorporating this equation and usirgy“thorst-case” value fogjc
is shown below for one of the heat pipe teststt@ateam performed. In this test, the
resistor temperature was brought down tdG4vhile dissipating 10 watts. To calculate

the hypothetical junction temperature, the follogvoalculation could be performed:

T = Tresistor + 10/\/ ’ (ZOC /W) + ZOOC
And,
T= Tresistor +10NV ’ (ZOC /W) +30°C.

These calculations would reveal that the hypothéjinction temperature (for this

example) in an ambient temperature range 6€4% 55°C would range from 94C to

104°C.
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6.2.2 Box Design for Experimentation

6.2.3.1 Box Composition

The design team investigated several options forpasition of the simulated
DAQ enclosure box. The design team wanted to cocisan enclosure that was as
similar to a final DAQPad product as possible nsurre that their tests would produce
reliable results. The team also wanted to chdesemnclosure material such that the box
would have favorable thermal and structural prapefor during both the construction
and testing phases of the team's experimentafMier speaking with Professor Don
Artiefschoufsky, the Head of the Department of Matbal Engineering Machine Shop,
the design team decided that their test enclosorddibe constructed of nominally 116
inch thick 6061-T2 sheet aluminum.

DAQPad-6020E, a currently manufactured Nationairimsents DAQ model is
made of a 1/1Binch thick aluminum frame with a 1/f6nch thick paint coating. 6061-
T2 aluminum is commonly used in metal frames like DAQPad-6020E and is
moderately formable. It has a tensile strengtbahimes less than stainless steel or
beryllium copper, and two times less than plairboarsteel, but the team expected that
neither the test box nor the enclosure would bddddo a stress anywhere approaching
aluminum'’s yield strength of 310 MPa. Therefohe, team concluded that aluminum’s
lower strength and elasticity as compared to ottetierials would be relatively
unimportant in their design of the DAQ test boxtoe final DAQ enclosure prototype.

Aluminum is also about three times less dense liméim copper or steel, and would
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therefore meet the team's constraint that the sadg and by extension the test box, be
lightweight. 6061-T2 aluminum has a thermal coriidity of 180 W/m*K, very close to
2024-T2's thermal conductivity of 195 W/m*K, an adimum alloy notable for its higher
concentration of copper. Thus 2024-T2 aluminufav®rable for use in heat conducting
machine components [Engineering Materials-propedied selection, 1999], and by
analogy 6061-T2 would be favorable for use in & keaducting enclosure. Aluminum's
thermal conductivity is about twice that of plagricon steels, ten times that of stainless
steels, and about one thousand times that of aglypommodity plastic like polystyrene
[Fundamentals of Heat and Mass Transfer, 1996krdtbre, 6061-T2 aluminum was
thermally superior to all other materials that th@m examined. The team also wished to
maximize the time needed to manufacture theirldest and 6061-T2 aluminum was

readily available in Professor Artiefschoufsky'samae shop.

6.2.3.2.1 Dimensions

The dimensions used to build our test enclosurewetermined from National
Instrument’s conceptual drawings of their upcom®Q model. We chose to make our
test enclosure 5 inches wide to allow enough roonthfe widest circuit board given to us
by NI. The test enclosure length was set at 108aado allow space for the longest board
plus some extra room for the heatpipe testing. ighteof 1.7 inches was used to comply
with the industry standard for rack mountable emept. When deciding on what
dimensions to make our enclosure, we purposelg tadimit our available free space. If

our cooling solution were to take up extra roomdaghe enclosure, we could extend the
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length; but we would like to limit our free spacemake the packaging more efficient.

Figure 20 below shows a conceptual enclosure desidrthe corresponding dimensions.

Figure 20: Conceptualized dimensions for the DAQrelosure.

6.2.3.2 Ventilation

When constructing our test enclosure, we considdredieed to properly
ventilate the hot components inside. Venting thelasure with cool ambient air
improves the performance and can prevent damagedueerheating. NI specifically
asked that we not place ventilation holes on tpe lbottom, or sides of the enclosure;
because of the possibility of placing DAQs sidesie or stacking them on top of other

equipment. Figure 21 below shows three DAQs inpichl testing orientation.
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Figure 21: DAQs (top row) placed side-by-side.

After researching enclosure designs for electronimponents, the team concluded it was
best to use an enclosure with vents to createcalation of cool ambient air into the
enclosure. If the components inside require mioae natural convection, a fan can be
installed at one of the vents to increase theaairthrough the enclosure. A fan should
be oriented such that it pulls air from outside b& and blows it into the enclosure. The
most temperature sensitive chip should be placéair of the fan to ensure direct
cooling by convective heat transfer. Spot coobhot components can be achieved by
using a small fan that is triggered when the CPA¢hes a certain temperature.
Components with high heat dissipation should batked near the exit vents to reduce the
heating of the air in the enclosure. The exit \@muld have the same area as the inlet

vent to avoid pressurizing the enclosure that woettlice the efficiency of the fan and
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create a recirculation of warm air. Figure 22 beummarizes a suggested ventilation

scheme.

Figure 22: A suggested layout to improve box venétion.

Venting can be accomplished by allowing enough ré@nvents at the front and back
panels, and covering them with either a mesh @escto reduce dust and the possibility

of obstructing the fan. Figure 23 below shows i@adabeled “A” that could be used to

install a front vent.
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Figure 23: The RF connections typically on the DAQ.

6.2.3.2 Board Arrangement
The team chose to arrange the boards inside theseme based again on the conceptual
drawings furnished by NI. From the drawings, ip@ars that two boards needed to be

enclosed.

Figure 24 : The boards inside the DAQ.

Stacking the boards and connecting them with a™blisws efficient use of space. One

board arrangement would be to push them closéretdein or the vent, depending on

what type of components are mounted on the boatideoneed for extra space
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6.2.3.3 CPU and Circuit Board Heating

In the previous section on ventilation we discugbedadvantage of placing the most
temperature sensitive chip, usually the hottest Gffd$est to the inlet fan. This provides
it with the most convective heat transfer possihyiglacing the chip in crossflow. To
simulate the heating of a CPU, the team used stoesd generate the heat. It was placed
in a vacancy created on the board by removing étigecoriginal CPUs. Then we placed
a resistor capable of dissipating 10 watts of beahe board, to simulate the heating of

an actual CPU chip.

6.2.3.4 Additional Heat Sources

The heat generated during use not only comes fhen€PU, but also the other board
components and their circuitry, accounting for agcmas 40% of the total heat
generated. To simulate this heat, seventeen/2r2kistors were connected in parallel
and taped to the faces of the boards. The nunfbresistors and their corresponding
resistances were determined to output 6 wattsur&ig5 shows the resistor used to

simulate the heat dissipation of the circuit boawthponents and the CPU.
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Figure 25: The resistors used during testing.

6.2.4 Testing Equipment

After the prototype test enclosure was construdtezlequipment needed to run tests of
heat dissipation were connected. Our sponsomuefiNl-DEC” which is a virtual testing
bench for taking temperature readings versus tikleng with the software, NI also
gave us a converter box to translate the datatgghe computer by the thermocouples.
Power sources were used to heat the resistorogmuirer a fan if crossflow or
impingement cooling was tested. A multimeter wsaduto monitor the voltage to the
resistors to ensure proper heat dissipation. Eigérbelow shows the equipment used

during testing.
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Figure 26: Displaying the equipment used during th testing phase.

6.2.5 Test Methods

6.2.5.1 Thermocouple Attachment

The team recorded two separate temperature reafting of the experiments
they performed: the temperature of the main resmtonock chip case and the “in-box-
ambient,” or the ambient temperature in the enckasThe more important of these two
readings was the mock chip temperature. This wasitant because a large percentage
of the heat from a real circuit board comes fromrniain processing chip whereas the
rest of the total heat dissipated by the systedisigersed out among all the other
components. In order to get accurate temperadadimgs a small hole was drilled into

the casing of the resistor just large enough tthétthermocouple wire inside and
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approximately .25 inches deep (see figure 27). eQhe thermocouple was inserted into

the hole, the opening was covered with thermal.tape

O

Figure 27: Insertion of thermocouple into
resistor.
The second thermocouple was placed close to tine dfdhe enclosure equidistant from
each of the two boards in the box. Although theriocouple was not touching the
“other heat sources” (resistors), it gave the taaminderstanding of the over-all heat of

the enclosure due to the total heat dissipatedfiger 28).

O O

Figure 28: Placement of thermocouples within testreelosure.
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6.2.5.2 Wattages Tested

As discussed earlier in this report, the team dstio test a simulated DAQPad
having a total wattage dissipation of 16 wattshwti® watts dissipated by the main chip.
This was power dissipation was the one which thentased for all of the initial testing.
Later tests focussing on a selected cooling metihegrved variations in wattage. In
order to determine the voltage required to produdesired wattage output, the following

relation was used:

Using the desired output power of the chip andgilien resistance of the resistor, the
required voltage was determined. This voltage praset on the voltmeter prior to each

test.

6.2.5.4 Procedure

With the power source preset to the desired veltagd the thermocouples
situated in their proper locations, the actual vess set to begin. The variant being tested
was placed inside the enclosure. For the heatasidkheat pipe tests, thermal grease was
applied to the face of the resistor which was tagached to the heat sink or heat pipe
mounting plate via screws. In the case of the pis test, the finned, condenser end of

the pipe was directed to the back of the enclosees the vents. For all experiments run,
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the resistor was then inserted into the burrowgtesd in the board in order to minimize
the heat dissipated from surfaces other than fheudace. With the variant in place, the
upper board was then placed over the main boamaesal by half-inch risers (see figure
29). The back and top panels of the enclosure thhere placed onto the enclosure sides
and attached with tape, making sure to leave ngagis between enclosure faces. With
the leads from the resistors and fans (if appliepattached, the power source hooked to
the resistors was then turned on and the temperegadings were recorded using

National Instrument's “Virtual Bench” software pade, provided by the team’s sponsor.

Figure 8: Test set-up with top board placed over @in board.

Figure 29: Enclosure with upper circuit board plaed over main board.
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6.2.5.4 Duration of Tests

Each test was allowed to run until temperatureirggdeveled off
asymptotically. At this point, if the variant inlved forced convection via a fan, the fan
was then activated. Again, the test was alloweditountil the readings leveled off
asymptotically. This method allowed the team ®whow effective each cooling

method was utilizing natural as well as forced @ation.

6.2.6 Description and Analysis of Variants Tested

6.2.6.1 Natural Convection Cooling of the 10 WatResistor

The team began testing their simulated DAQ encbyrpowering the 10 watt
resistor and the 6 watt resistor network insidéhefDAQ device to their listed maximum
power ratings. They connected the resistors toveep supply set to provide 28.9 volts
across the parallel circuit. This voltage corresfex to a cumulative power flow through
the resistors of 16 watts. These values were baged the team’s electrical power
calculations for the simulated chip resistor arerésistor network. Immediately upon
powering the resistors, and after setting up eest) the team adjusted the National
Instruments "Virtual Bench" software to begin reting or "logging" their desired
temperature data readings of the simulated DAQbiest

The team allowed the resistors in the test boxctmmulate heat. They placed the

thermocouple that measured the ambient temperittine test box toward the front as
discussed previously. They fastened the thermdedbpt measured the 10 watt resistor

directly to its top surface using a small strigleérmal tape. The design team did not use

66



a cooling method for the natural convection tegtse circuit boards and the test box
conducted heat away from the resistors, and thaside of the test box whisked away
heat by natural convection through vents in boéhftbnt and back face plates of the box.
Conduction through the circuit boards was predematuighout each of the team’s cooling
method tests, but natural convection had a nedgigifiect upon the resistive elements
within the test box when forced convection was @nes

Natural convective and conductive heat transpoauth the circuit boards in the
test box, in addition to the team’s constraintthm specification sheet, was the basis
upon which the team judged the results of theilinganethod tests. In all of the tests
that the team conducted, including the natural eoctign base case, the team allowed the
resistors in the test box to accumulate heat, tuaththe “Virtual Bench” software
temperature plot of the powering up 10 watt resistoreased in a positive exponential
manner. This exponential behavior of the tempeeaddi the resistor did not surprise the
team, as several examples of exponential modangberature distribution and heat
transport are developed for both transient condoand internal fluid flow in the
reference texts [Fundamentals of Heat and Masssteégril996]. In fact, the team
assumed that the transient behavior of the resitong its heating period would closely
simulate the transient behavior of a microprocessbally powering up.

The team ran their base case natural convection Adter the team powered up
the resistors, the internal ambient air in the best reached 48C. The 10 watt resistor
reached a steady state asymptotic temperaturepobdimately 304C. According to the
team’s design constraints, the temperature of Cheditt resistor, 304C, was

unacceptable. Graphical results can be seen iergip G-1.
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After conducting a base case natural convectidnttes design team considered
natural convection from a heat sink that they dgalcto the 10 watt resistor. The team
drilled two holes into the bottom of an aluminunahsink that they had obtained through
Thermalloy Incorporated, a prominent heat sink wer{dee figure 30). The team next

removed the 10

Figure 30: Heat sink with holes
drilled.

watt resistor from the circuit board and inserte@aded fasteners through the two eye
holes in its aluminum casing. The team tightemedthreaded fasteners and connected
the 10 watt resistor to the aluminum heat sink, ingakure to apply a dab of thermal
grease into the interfacial space between thetoesiad the heat sink (see figure 31).

They reinserted the resistor into the circuit baand connected the resistors as before.

Figure 31: Heat sink connected
to heat sink
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The team ran two tests to measure the steadyastateptotic temperature of the
resistor with an attached aluminum heat sink. tRerfirst test, the team attached a
thermocouple to the long side of the 10 watt resigtith a small strip of thermal tape.
Because this connection was not located at thefag of the heat sink and the resistor,
the team expected to obtain temperature readiragsvbuld inaccurately portray the
microprocessor junction temperature. One metha/éscome this obstacle, as
described to the team by their sponsor, is to driible into the heat sink and to set a
thermocouple lead into the hole, just above orfosthing the chip or resistor case. In
order to stabilize the position of the thermocoupbel, the thermocouple is then fastened
into place using an epoxy. The sponsor emphasw#t team that the setup time for
running this test would be excessive. The teamrasd that this suggested temperature
measurement method was effective for use in testi@gperformance of a functioning
DAQ circuit board. However, because the team waBing a simulated DAQ circuit
board, because the team wished to minimize theit $iak test setup time, and because
the team would be unable to reuse an epoxied themuapde (of which they had a limited
supply) for other cooling method tests not involythe heat sink, they chose to measure
the resistor case temperature at separate locatidw® separate tests: they measured the
temperature at the long side of the resistor iir firet test, and they measured the
temperature at the base surface of the heat sitiieinsecond test. However, the team
only used the data from the second test, as thhtdsulted in more conservative values,
and the team felt that measuring the temperatutieeofieat sink was more accurate.

At the beginning of their test, the ambient temperinside of the box, the

temperature of the resistor, and the temperatutieeoheat sink were about 28. The
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team attached the thermocouple lead to the batscswf the heat sink with thermal tape
in the second test, and found that the heat siméhed a steady state asymptotic
temperature of about 13C after running the test for 28 minutes. The amibie
temperature inside of the test box for this testleéd in a slow, linear fashion, reaching
a temperature of about 42 at the 28 minute-mark. Further results can ke sethe
appendix G-3.

In the test of the 10 watt resistor with an attachkiminum heat sink, the resistor
reached a steady state asymptotic temperatureddiCL3According to the team’s design
constraints, this temperature was unacceptablereidre, the team concluded that
natural convection cooling of the DAQ circuit bosimlith a microprocessor heat output
of 10 watts, for either their base case, or wit pipassive cooling element like a heat
sink, would be unacceptable in the DAQ enclosuatgtype. The team concluded that
they would need to include a more active coolinghmeé in their final prototype design

to keep the 10 watt resistor within an acceptadaeperature range.

6.2.6.2 Forced Convection Cooling of the 10 Wattdsistor

The team conducted four tests with crossflow cotive cooling of the 10 watt
resistor in order to form a base case for convecatooling without a heat sink, to form a
more advanced case of convective cooling with & $ie&, and to check the reliability of

each of these tests. The team powered the resisttaiched the thermocouples, and ran

70



Figure 32: Resistor cooled by crossflow experimentaetup.

the National Instruments “Virtual Bench” softwaneetly as they did for the natural
convection tests, except now they also connectedal 1.5” x 1.5” x 0.5” crossflow fan
to a power source set to provide 12 volts indepetiglef the power source connected to
the resistors (see figure 32). The team set thénféhe back of the enclosure, directing
the fan to blow air across the enclosure circuérde and out the front face plate vent.
The air from the
fan provided a means for convective heat trandpamt the resistors, from the circuit
boards, and from the enclosure. The team assumagéthie fan was relatively efficient
and that its low power usage, about 1.2 watts,sm@all enough to conclude that waste
heat entering the blown air from the fan was nelgjkg

The team conducted a forced convective airflowwethout a heat sink. For this
test, the team switched on the fan at the beginmhgwing the 10 watt resistor to reach
an asymptotic steady state cooled temperaturepbajmately 228C. The ambient

temperature of the air in the box reached@5 The team noticed that the slight increase
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in slope of the plot of this temperature distribatwas due to the team turning off the fan

momentarily. Further results can be seen in tipeagix G-2.

6.2.6.3 Forced Convection Cooling of the 10 Wattd®istor with a Heat Sink

The team began their more advanced test case @Dthatt resistor with a heat
sink in forced convective airflow by attaching daminum heat sink to the 10 watt
resistor, by attaching the thermocouple leads,gnainning their test exactly as they
had done with the natural convection heat sinlste$he ambient temperature of the air
in the test box steadily decreased to a temperaf88°C as the fan cooled the 10 watt
resistor. The temperature of the 10 watt residéoreased from 13T to 82°C. Further

results can be seen in the appendix G-3.

6.2.6.5 Heat Sink With Impinging Fan

One of the variants tested was the use of a fatsinéa The heatsink is attached
to the CPU and a fan is placed on top of the halatsinstead of providing a crossflow,
the fan blows directly on top of the heatsink dreaan impinging effect describe in
section 5.3. Attachment of the resistor to thegiel was accomplished by drilling and
tapping two screw holes in the bottom of the resisiAfter coating the top of the resistor
with thermal grease, it was bolted down to achgeed contact pressure. Figure 33

below shows the attachment of the resistor to tin of the heat sink.
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Figure 33: Displays the fan-heat sink tested.

The thermocouple was then placed into a small tolied into the resistor to ensure
proper temperature readings. After placing theimgipg fan and resistor into the test
position, electrical tape was then used to covegép left between the bottom of the
heatsink and the top of the circuit board. Thisane to prevent cooling of the
heatsink from underneath. Testing was done bytimguvoltage from the power source
to the resistors. After heating the resistors @taving them to reach a thermal
equilibrium, the impinging fan was turned on to cthe heatsink until it reached another
thermal equilibrium. It is important to mentioratithe thermocouple was attached to the
casing of the resistor closest to the contact af¢lae heat sink and resistor bottom. This
was done to accurately measure the temperatuheatsistor. Results can be seen in

appendix G-4.
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6.2.6.6 Heat Pipe with Aluminum Mounting Plateand Pinned Heat Sink with Fan

6.2.6.6.1 Constricted Ventilation

The last variant tested by the team was thathaad pipe. Since it was
understood that the heat pipe would be the mostte dissipation, the team decided to
create a worst case scenario for air flow. Told®, the wattage was kept the same, but
the ventilation was altered. The front plate waspletely covered, such that no air
could escape or enter from this area. Althoughenventilation means a cooler box, the
team recognized that one of National Instrumendisceptual schematics of the DAQPad
would not allow any room for venting in front ofetenclosure. Also, instead of using
screens in the back of the enclosure, a secondflaaekplate was used. This plate
consisted of 1/8 “ thick aluminum with several 1/&ameter holes punched out of it. In
addition to this, an aluminum plate was placed betwthe section of the box where the
circuit boards were located, and the back of thewloere the impingement fan was

located (see figure 34).
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Figure 34: Heat pipe experiment setup.

The heat pipe used for experimentation was santpled by Thermacore. It was
a typical electronics cooling copper heat pipedhes long and 6 mm in diameter that
contained water as the working fluid. In ordeetwsure proper thermal flow from the
mock chip to the heat pipe, a mounting plate washim&d in the ETC machine shop.
This plate, designed by the team, was made of alwmiand measured 1.75 inches by
1.75 inches by .25 inches. A hole was drilled it® side of the plated just wide enough
to allow the evaporator end of the heat pipe tinberted in % of an inch. Two screw
holes were tapped onto the face of the plate fl@aved for the mock chip to be screwed
on (see figure35). For the condenser end (theasat) of the pipe, a pin heat sink 1 “in
height was selected. This sink also had a holkedrinto its base just large enough for
the condenser end of the heat pipe to fit all thg through. An impingement fan
40mmX40mmX10mm sourcing 12 volts and .06 amps viesegd directly over the sink.

This fan was rated at 9.7 CFM (see figure 35).
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Figure 3Heat pipe connected to mounting plate and

heat sink with fan.

Upon testing, all interfaces were coated with thersilicone compound. These
interfaces included the chip-to-mounting platerifatee, the mounting plate-to-heat pipe
interface, and the heat pipe-to-heat sink intetfaee mock chip was then placed placed
in its proper position with the heat pipe extendioghe back section of the enclosure
near the ventilation. In order to fit nicely in tBaclosure, the heat pipe was bent to an
angle of approximately 120 degrees. As discusseiiean aluminum divider was then
placed between the circuitry and the heat sinkdfaime back of the enclosure to simulate
components that might be blocking air flow in atuat DAQPad. This setup can be seen
in figure 34. At this point, the power supply wataahed to the mock power leads and to
the impingement fan, and the voltage was set. dpdoard was then placed
approximately ¥z inch above the main board anddpemas sealed onto the box. The
test was then initiated.

As with the other tests, this test was allowedutowithout the fan until the
temperature readings leveled off. This occurretl@atd ¥z hours after the test was

started with a maximum temperature reading of 1X8r@Ghe mock chip and 50 C for the
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in-box-ambient temperature. The impingement fans then turned on and readings were
collected, again, until the temperature leveled iffis occurred approximately 2 hours
after the onset of the test with a mock chip terapee of 66 C. The in-box-ambient was

reduced to 48 C. A graphical representation ¢f thst can be seen in appendix G-5.

6.2.6.6.2 Screened Ventilation

In order to compare the heat pipe method with theramethods, a second test
with the aluminum mounting plate was performedisTast had a ventilation method
identical to the preceding methods. This incluttedsmall section in front and the entire
back of the enclosure covered with the screen m&sis test was run as the others were
with a maximum resistor temperature of 107C5and an in-box-ambient temperature of
40.7°C without the impingement fan on. After the fansvegtivated, and the
temperature readings allowed to level off, thestesitemperature was reduced to 550

with an in-box-ambient temperature of 33@ (G-6).

6.2.6.6 Heat Pipe with Copper Mounting Plate ahPinned Heat Sink with Fan

A second heat pipe test identical to the iniggslt twith the exception of the
material used for the mounting plate was run. phase had the same dimensions but
was composed of copper. Since copper has a mgblehconductivity than aluminum,
the team decided experimenting with a copper praght create a lower mock chip
temperature. However, this was not the case. Tdsamum temperature reached by this
test was slightly higher than the preceding tesh @wimaximum temperature of 118

degrees. The final temperature reached by the séth the aid of the fan was identical
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to that reached by the preceding test (166 The results of this test can be seen in

appendix G-7.

6.3 Follow Up Testing at Various Wattages

By noting the cooling capabilities of the variougsarios, the team became
aware that some of the cooling methods would béicgipe at different wattages. For
the lower wattages, a spreader or heat sink calasked if necessary. For the middle
wattage values, a heat pipe utilizing only nataeaivection could be utilized. Finally,
for the upper values including the 16 watt dissgratised in the initial testing
(corresponding to 10 watts from the main mock chipeat pipe with impingement flow
could effectively cool the chip. To obtain mordalthat could better describe the
temperatures reached with a cooling method at ngryiattages, the team decided to
perform two follow up tests. Each of theses twgigéncluded the same array of resistors
to simulate the main chip and the “other” powerrses (such as power modules and
circuitry). Since the same resistor array of ressstvas used , the proportion of power
emitted from the main chip to the total power remedia constant 62.5 % for each
wattage tested. Also, each test included a frookosure face plate that was completely

sealed (no vents) and the aluminum back-face-pldteholes drilled out of it.
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6.3.1 Heat pipe with Natural Convection at VariousNattages

The fist of the follow up tests was aimed at obsgy the cooling capabilities of
the heat pipe utilizing only natural convectiorvatious middle wattage values (8-10
watts for the entire system). Since the initigtiteg found that the mock chip with the
copper mounting plate reduced the mock chip byrgidly the same amount, the team
decided that either mounting plate would be adefju@he same pined heat sink was
used for this test, with the exception that theimgpment fan was removed from the sink
to allow no interference of the natural convectdmeat away from the heat sink. The
initial power through the main chip was set to fivatts (a total wattage of eight watts
for the whole enclosure). The test was allowerdutoat this wattage until the
temperature readings leveled off. At this poihg voltage was increased such that the
main chip was emitting 6 watts (total power emitiegs equal to 9.6 watts). This
procedure continued also for 7 and 8 watts of pawaitted by the main chip. The

results can be seen in appendix H-1.

6.3.2 Heat pipe with Forced Convection

The second follow up test was geared to determhi@eooling capability of the
heat pipe with impingement for the maximum suggestattage of 25 watts. This
required a wattage of 15.6 watts to be emitted floenmain mock chip. The testing was
run with the fan activated from the onset of tagtiend testing continued until the
temperature readings leveled off. At this maximuattage suggested by National
Instruments, this method cooled the mock chip t® 82 with an in-box-ambient

temperature of 59.6. The results of this testlm@seen in appendix H-2.
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6.3 Comparison of Test Results

6.3.1 Representation of Recorded Temperature Readis

For comparison purposes, the team compiled a tdliamperature values taken
during experimentation for each cooling variantd &bles 3 and 4). These tables list the
steady state temperature readings reached forea@eniment with and without the aid of
the fan. The tables show the values actually dembby Virtual Bench, not those
calculated as the hypothetical junction temperatioe visual comparison, this data was

also put into a bar graph (see figure 36).

Table 3 : Recorded resistor temperatures for variats.

Table 9: Recorded in-box-ambient temperatures forariants.
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Maximum Temperature vs. Variant

350

Chip Alone Heat sink Impingement with sink Heat pipe with no Heat pipe with screen
front/drilled back vents

B Without fan OWith fan

Figure 36 : Bar graph of attainable tempearaturesas a function of the variant.

6.3.2 Representation of Calculated Junction Temperature

As discussed earlier, it was desired by the teabatik-calculate the hypothetical
junction temperature attainable with each test oukthrhe methods discussed earlier in
this paper were used to arrive at this value. dabland 6 outline these junction
temperatures as well as the altered in-box-amlénperatures which were obtained by
adding the difference in test ambient temperatacethe ambient temperature specified
by National Instruments to the internal box tempeearecorded. A bar graph is also

provided for this calculated junction temperatwgeg(figure 37).
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Table 5: Table of calculated in-box-ambient tempeatures for variants.

Table 6 : Calculated junciton temperatures for varants.

Temperature (C)

400

Maximum Temperature vs. Variant

Chip Alone Heat sink Impingement with sink Heat pipe with no Heat pipe with screen
front/drilled back vents

B Without fan OWith Fan

Figure 37: Bar graph of maximum junction temperature as a function of the variant.
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6.3.3 Representation of heat pipe with natural convectiorat varying wattages:

actual readings

The results of the follow-up heat pipe with natuwahvection experiment were
also compiled into a tabular format presentedgnre 7. In addition to this, a chart
graphing the wattage emitted by the mock chip fametion of chip temperature was also

plotted (see figure 38).

Table 7:Recorded resistor temperature and in-box-amient for various wattages.

Temperature Attained vs. Power Emitted

120

100

80

Temperature (C)
D
o

40

20

4 5 6 7 8 9 10 11
Power (watts)

—&—Resistor —#— In-box-ambient

Figure 38: Graph of Temperature vs. Wattage for pasive heat pipe experiment.

83



6.3.4 Representation of heat pipe with natural convectiorat varying wattages:
Calculated junction temperature

For this follow-up test, the junction temperatune=re also compiled into a tabular as

well as a graphical format. These representatianse seen in table 8 and figure 39

respectively.

Table 8: Calculated junction temperature and in-boa-ambient for various wattages.

Calculated Junction Temperature Attained vs. Power Emitted

160

140

120

100

80

Temperature (C)

60

40

20

4 5 6 7 8 9 10 11
Power (watts)

—e—Resistor —#— In-box-ambient

Figure 39: Graph of The calculated Junction Temperture vs. Wattage for passive heat pipe
experiment.
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6.3.5 Possible Errors Incurred During Experimentation

Although the team attempted to simulate a real DA@WRIth their experimental
setup, the team has identified possible areas pgmeagor. Most of these errors were a
result of the arrangement and dimensions of thekmbip. Ideally, the sides and bottom
of the mock chip needed to be completely insul&deallow for heat transfer solely
through the top of the resistor. This insulateltesee would more accurately model an
actual chip. The resistor arrangement used in @xgetation was insulated to a degree
by its placement within the circuit board. Howewgaps in this placement of the resistor
allowed some heat transfer to occur at the siddsattom of the resistor, which would
normally not occur with a real chip. A second calaseerror with the team’s
experimental setup was due to the size of thetogsiSince the contact area of this
resistor was only 0.1254nwhich is much smaller than that of a typical glpmaller

heat flux would be generated for the resistor.

VIl. Results and Conclusions

8.1 Data Trends

The team analyzed the results of their testingaanded at several conclusions
from which future design of the DAQPad-6070E arftetoDAQPads might be made.
From examining the temperature versus time plaiadan the appendix, the team

concluded that during the initial powering up pdraf the DAQ microprocessor, the
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temperature of the DAQ chip and the DAQ circuit teba&ould increase exponentially
with respect to time. This temperature would ammi to increase until the main chip
reached a constant temperature. This steady\sthte would stay constant throughout
the use of the device, so long as the cooling nustlemnployed in the device had been
operating since its initial powering up. If, forstance, the cooling methods employed
were to be turned on after the DAQ device had redehsteady state temperature, then
the device temperature would drop to a new stetadg 8alue, which would remain
constant so long as the cooling method employedireed operating. The team
conducted experiments that accounted for this iagti@s seen in appendix $$$. Also,
for instance, if a designer chose to employ anraati@ mechanism for regulating how
the DAQ device’s cooling methods operated with eespo temperature, turning off
when the DAQ device had cooled down and turningvben the DAQ device had heated
up, then the peak DAQ device temperature value avostillate instead of remaining
constant. The team did not conduct experimentsuattang for this activity, but instead
explained this activity in the recommendations isecdf this report.

The ambient temperatures in these plots tendelddarige exponentially as the
microprocessor heated to its steady state valuerenihe ambient temperature reached
its own steady state value. However, whenevetdhm turned on their tested cooling
method late in the test, after the mocked chipdstssate value had been reached, and the
mock chip temperature dropped exponentially, thbiant temperature spiked
hyperbolically for a few degrees Celsius, and tleevered exponentially to a steady state
value corresponding to the steady state valueeofitbck chip. The team realized that

this spike in the ambient temperature was a redutie hot air blown to the location of
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the in-box-ambient thermocouple. The team condudam this behavior that such a
spike in temperature would not occur if the coolmgthod employed a fan that ran
continuously. The team also decided that thisespikhe ambient temperature had a
negligible effect upon the temperature of the DA@roprocessor considering the
smooth transition between steady state microprocésmperature values.

The team created several models of cooling metfardbe DAQ enclosure, from
which they derived several trends to compare to thsting results. The first model that
they produced was an internal and an externalair inodel of the DAQ circuit boards.
This model indicated to the team that placing thgXDmicroprocessor as far away as
possible from the inlet air stream would raisefhsselt and Reynolds numbers of the
air, creating an especially turbulent flow that Webassist in heat transfer from the board.
However, professors and industry literature seesuggest that placing the
microprocessor as close to the inlet air streapoasible will maximize the heat transfer
from the board. This inconsistency is due to tteuagption implied in the team’s model
that the stream velocity remained constant. Bex#us velocity profile would constantly
decrease with increasing distance from the fandaredto viscous forces the coefficient of
heat transfer would decrease.

The fan expels turbulent air that slows as itetathrough the enclosure due to
viscous losses. Therefore, the airflow throughahelosure is not constant, and the
slower air convects heat less well. The teamzedlthat their heat model would apply
most closely to an air stream scheme corresportdiag blown out of the enclosure at
its exit, when the incoming air is initially lamindut trips on the bulky circuit board

surface to become a turbulent flow. This turbtufeow would also slow as it
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approached the fan inlet due to viscous forcesalaressure gradient in the vicinity of
the fan would accelerate the inlet air, overconihrese viscous forces. The team’s “flat
plate” models did not take viscous forces into ader@tion, but the team realized that the

scheme having air blown out of exit would most elgsnatch this model.

8.2 Chosen Methods at Various Power Ranges

On completion of data analysis, the team conclublatla heat pipe was the most
appropriate cooling device for the DAQPad consiugthe size constraint and high heat
transfer required for the enclosure. Heat pipesraféveral amenities not found with
other devices. The small size of heat pipes calyiéh their very high heat transfer
rates make them very well suited to the DAQPad. Witke range of heat pipe lengths
available, and their ability to be bent around nbgtons also makes heat pipes an
attractive device to be used in between closelkgacircuit boards. Finally, heat pipes
are orientation-independent, which allows the DA@Rabe cooled in any position.

At lower wattages, the heat pipe device has beewsho be effective in
conjunction with an aluminum mounting plate andngid heat sink. At larger wattages,
this heat pipe arrangement with the aid of an ig@ment fan could transfer large
amounts of heat away from the chip surface. Tipeements tested by the team
employing these scenarios conformed well to thé&dichspace available in the
experimental DAQPad.

After studying the data results presented in sedi@ of this report that
represented the temperature as a function of peméted by the main chip, the team

confirmed that the temperature of the hypothefiwattion was in fact linearly related to
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the power emitted by the chip. This relation mak@®ssible for National Instruments to
estimate the temperature of the junction attainabbmy wattage. This relation is

governed by the following equation:

Tjunction = Qdissipated qtotal +Tambient

where Tiunction= the temperature of the hypothetical junction
Quissipated= the heat dissipated by the processor chip
Gota = the total resistance encountered with the tedueédd pipe setup

Tambient= the ambient temperature.

The total resistance can be obtained from the sbbpiee graph in figure ###. This
resistance is 10.Z/W.

After observing the linear relationship found e ffirst follow up test, the team
derived a second relation pertaining to the hgag piith impingement cooling, using the
data obtained in the second follow up test in cocijion with the data obtained in the
initial testing. This relation is governed by teme equation as that relation described
above, derived for the first test. The resistdiocehe team’s heat pipe with
impingement cooling method was calculated to b& 4C/W. This lowered resistance
illustrates the effect of the impingement fan oa slystem.

The team used the equations derived along witlcdlmilated effective resistance
of each cooling method to arrive at acceptable pdeweels for each of these two cooling

methods. These suggested power levels specifyawer dissipated by the entire
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system, 62.5 % of this power being emitted by tlannehip, as was the case in
experimentation. The power emitted by the chip wdé calculated using the previous
equation. The power of the system was then arratdyy divided by 62.5 %. Based upon
these relations the heat pipe with aluminum mognpilate and pinned heat sink that
utilized only natural convection, the junction wddde able to remain at or below 140
for power levels up to approximately 7.75 wattaimambient temperature of 36 .
Utilizing the heat pipe setup with impingement ftre junction could remain at or below
110°C for power levels up to approximately 13.75 wattan ambient temperature of
55°C.

It should be emphasized that these values pedahre enclosure setup with
constricted ventilation, are calculated assuming@wer limit for junction-to-case
resistance, and are calculated for the upper amtaerperature limit of 58C. All of
these factors make these values conservative eésimgurther cooling through the use

of heat pipes may be obtained with larger heatssarid fans with higher velocities.

IX. Recommendations

9.1 Testing With A Real DAQ

One recommendation to improve the results of themte tests is to use an actual
DAQ. Powering up a DAQ and having it process datald allow for a realistic
simulation of the heating of CPUs and circuitry. addition, cooling solutions could be
more predictive if the actual chips were used. hbat they dissipate from an actual

surface area would allow for accurate modelingonirthese models, a cooling solution
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could then be installed. Also, testing of actuAldboards would give National
Instruments a better understanding of the spadtalions between the boards. For
example, the boards might have components arrathgédould cause N.I. to use a
shorter heatsink because a component on the bbaxe & that have heights that extend

into the free space between the boards, obstruttimbeatsink or impinging fan.

9.2  Different Variants

The team could have tested other variants sucle&s Dr liquid cooled designs,
but they did not meet our sponsor’s requiremeNatiants could have been added that
were simply modifications to previous tests. Faairaple, the sizes and shapes of the
heatsink could have been changed to see whichemermed best, but the team was
limited to using the samples that were given torth&@'he team could have constructed
the enclosure that incorporated fins to make ittac heatsink, and the team could have

used multiple fans at the inlet or ducting to pdeviarger coefficients of heat transfer.

9.3 Different Box Material

The team has considered using 6061-T2 aluminurthér final prototype.
However, the team feels that other materials us@dmstruct the enclosure such as
polymers or composites might be appropriate. HtNation and cooling could remove
enough heat from the box, the box could be madeich materials, which are cheaper,
more easily manufactured, and can be molded iniatyaf attractive colors and shapes.
However, a polymeric enclosure would require progattilation because polymers have

relatively low thermal conductivities.
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9.4  Ventilation Suggestions

Methods to improve ventilation can greatly increteeability of the enclosure to
dissipate heat. Having the largest possible vieritse front and back aids natural
convection through the box. The team suggestd\thabnal Instruments vent the
enclosure, such that the sum of the total crossesed area of the expected air stream
traveling through the enclosure is equal to or grethan the sum of the total cross-
sectional area of the of the exit vents made ireti@osure. In a box using a crossflow
fan, the cross-sectional area of the expectedeanst in the enclosure corresponds to the
effective cross-sectional area of the fan. If addal holes are drilled or meshed
openings are used on the top and bottom despitea$sbility of stacking DAQs and

blocking airflow, it would increase its ventilatievhen not stacked.

9.5 Others

The team created several models of both the coatietipod variants that they
went on to test and the DAQ circuit board and t@g&)Denclosure. From these models,
the team was able to develop trends in the heaspiat of flat plates due to convection,
impingement, and phase change phenomena. Thest@andels were however
inadequate, in that they were created using assonspthat were inaccurate. The team
was forced to use these inaccurate assumptiongpdbeir lack of information about the
DAQ microprocessor. Also, because of time constsa@a lack of resources, and the
team’s unfamiliarity with the software involvedgtheam was unable to conduct

computational fluid dynamic (cfd) analyses of the@enclosure, which would make up
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for the team’s fallible heat transfer models. Hfiere, the team recommends that a cfd
model be created, from which cfd analyses can blemeed, and more accurate models
can be developed that might guide designers intamisg cooling methods. Other
recommendations to improve the design were tongbtthe thermal analysis software
Fluent or FIDAP, which could make predictions efid flow and heat distribution, but
would require a good working knowledge of the cadd best model only simplified
scenarios.

More time should be spent on modeling the circaards and enclosure. For
example, finding a resistor that compares in slzaquesize to a CPU or testing with more
boards inside the enclosure. Perhaps, havingstoesustom made to look like a chip.
Testing improvements could have also been madadwating the sides and bottom of
the resistor better, such that all the heat dissgbevould only occur through the top.

Heat pipe performance could have been improvedsingla larger heatsink to
cool the heatpipe. The enclosure itself could $edas a heatsink, by passing the
heatpipe through fins. A fan with a higher flovwieravould have also improved the heat
pipe performance.

The designer could install a temperature sensdh@target CPU to trigger the
fan to activate if the CPU temperature gets tod higjhis approach would provide extra

cooling when needed and increase the fan’s lifespan
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Supplemental Report
Introduction

After completion of our final report, the team fere were topics that they
wished to expand upon. Among these topics areiaddl heat transfer models for
DAQPad components, additional tests, and furthesmemendations for cooling of the
enclosure. Also the team has included a modifisdugsion on the assignment of

variants for different wattages.

Additional Heat Transfer Modeling of DAQPad Componeits
Circuit Board - Thermal Circuit Model

The team modeled the DAQ circuit board for itsthal properties, in the hopes
that this model could be used to determine andigirite components of the heat
dissipated at different points on the DAQ circwolbd. The team began by constructing
a thermal circuit representation of the DAQ cirdatard. From this model, the team
could later branch out to include the thermal iatgions between adjacent circuit boards
and between adjacent DAQ enclosures.

The thermal circuit that the team designed washerDAQ circuit board,
considered as an independent entity, except wherbdard would interact thermally
with the internal ambient air and with the DAQ @stlre. The team did not consider the
effect of including a heat sink, a heat pipe, a@agder, or any other device that would
contact the surface of the board in this circigtitas was an initial base case from which
future work could be produced. The circuit wasdaagspon a lumped capacitance model
of the circuit board, such that values like therddamperature were considered uniform
throughout the entire board (this was a very inesteuassumption that would need to be

accounted for in a refined model).
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The model included temperature values at nodaltpahthe circuit and heat
transfer rates across the resistive elements dfitbeit. Tchp was the surface
temperature of the DAQ microprocessor diguncdon Was the temperature of the silicon
microprocessor chip imbedded inside of the pladigc TyoargWas the lumped
temperature of the circuit board, assumed to blumi Tencosurewas the lumped
temperature of the DAQ enclosure, also assumed tmform. Gad,chip@Nd Grad,board
were the irradiation interactions between the emg board, respectively, and the
enclosure. Qonv,chipaNd Gconv,boardWere the convection interactions between the ahgp
board, respectively, and the enclosureengjuncwas the conductive heat transfer from
the junction, split between the chip surface amddincuit board. Qong boardvas the
conductive heat transfer from the board to the@wk. Gony enclosurdvas the convective
heat transfer from the internal enclosure ambierbahe enclosure. The last transfer of
heat was from the enclosure to the outside amliento other enclosures, or to an
electronics rack, if appropriate, and included cariive, convective, and radiative modes

of heat transfer.
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Circuit Board - Thermal Circuit
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Adjacent Circuit Boards — Thermal Circuit Model

Although the team assumed that modeling all ofitkeractions between the
circuit boards within a single enclosure to be émeral too difficult an undertaking to
perform, the team did attempt to characterize lieenhal interactions between the boards.
The team began by constructing a radiative cimgptesentation of three DAQ circuit
boards in an enclosure. From this model, the teautd see how the models for the
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thermal circuit for an individual board and therthal interaction diagram for multiple
enclosures would be interconnected.

The team considered the DAQ circuit board repriegseim the thermal circuit to
be an independent entity, except where the boarddanteract thermally with the DAQ
enclosure. The team did not consider the effeatafiding a heat sink, a heat pipe, a
spreader, or any other device that would contacsthface of a circuit board in this
circuit, as this circuit was an initial base casarf which future work could be produced.
The circuit was based upon a lumped capacitancehoddhe circuit board, such that
values like the board surface temperature and ahedtbulk temperature were considered
uniform throughout (this was a very inaccurate agsiion that would need to be
accounted for in a refined model).

The model included temperature values at nodaltpafthe circuit and heat
transfer rates across the resistive elements dfitbeit. The model was based upon the
equations for radiative heat transfer developetiénheat transfer reference texts, where
the heat transfer rate would be found using theviehg equation [Fundamentals of Heat

and Mass Transfer,1996-13.23 page 738]:

s(rt- 1)
1l- ¢ N 1 +1- e

el Ai Ai I:12 eZ AZ

Q=G =-0, =

Where h is the view factor from one surface to anothgraid T, are the temperatures
of two separate surfaces; And A are the areas of two surfacesaad e are the

emissivities of two surfaces, and sigma is bolztmswonstant. Using this equation, one
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could calculate the radiative heat transfer betwesnsurfaces, specifically for the
model that the team developed.

The model that the team developed does not cansiaierection, although it does
consider conduction through each board. To incladerection, one would construct
two resistors in series, and place them in parelitd the resistor connecting a card to the
enclosure, or the resistors connecting each cagethter. This additional series circuit
would model the convective transfer of heat from ¢hrd surface to the internal ambient
air, and the convective transfer of heat to eitherenclosure wall or to another circuit
board surface.

In addition to the elements that the team mod#iatiwere described above, the
team constructed the adjacent circuit board theomadit model to bridge the gap
between the circuit board thermal circuit model #rainteraction thermal diagram. The
team assumed that the enclosure was a single ndbe circuit board thermal circuit
model, such that this node corresponded to eadbsme sphere in the interaction
thermal diagram. The team also assumed that tthe foo conduction on each board
corresponded to thgyfcion NOde on the circuit board thermal circuit model ghat the
node for convection and radiation on each surfé@ach board corresponded to the
ThoaranNOde on the circuit board thermal circuit modehis overlapping of models was
necessary and desirable, as then future work dmiltbnducted that would further

develop the complex interrelated nature of the camepts of the DAQPad.
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Enclosure — Thermal Interaction Diagram

The team also modeled the DAQ enclosure for gsntial properties, in the hopes
that this model could be used to determine andigtrdte components of heat with which
the enclosure interacted. The team began bydisiinof the pertinent equipment in the
neighboring vicinity of the enclosure with whichmiight thermally interact. Because of
the great number of components that resulted froglist, the team refrained from
constructing a global level thermal circuit to mbttese interactions, and instead
constructed what they called a “thermal interactiaagram.” The diagram illustrated the
heat flows between components, the direction tiateéam assumed these flows to
travel, and their mode of transfer: conduction,vamtion, and radiation.

The team drew each component on the diagram aseaespvith heat flow
arrows thermally connecting the components. Thmtdrew the diagram assuming an
electronics-rack setup. In addition, the team nthdea model considering one level of
three enclosures stacked side-by-side. The tesmnratluded one additional level of
enclosures above and below the middle level, ieota model the thermal interactions
between levels. The team did not model furtheelevas the complexity of such a
diagram became excessive. However, the team didde spheres for the metal
faceplate on which each enclosure was mountedateplates above and below the
middle faceplate, the bulk of the electronics rackiponent, and the ambient air inside
of the electronics-rack. The team recognizedabiar scenarios, including the scenario
in which a single enclosure interacting with orilg external ambient air and possibly
one other enclosure, and not assuming a rack sstuft) be adopted and constructed
from the diagram which they had created. Theyizedlthat all that they would need to
adopt a new scenario would be to remove the splaaictseat flows that would not
belong on an updated diagram. From this basis theher diagrams illustrating rack

setup and non-rack setup interactions could betearied, possibly with new spheres.
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The following is a list of the different componenmtsluded in the Thermal

Interaction Diagram:

CD: the green lines on the diagram; conduction
CV: the blue lines on the diagram; convection
RD: the red lines on the diagram; radiation

ER: the middle level enclosure (E) on the rigiae (R)

EM: the middle level enclosure (E) in the middfehe level (M)
EL: the middle level enclosure (E) on the ledies(L)

TR: the top level enclosure (T) on the righes(R)

T™: the top level enclosure (T) in the middletioé level (M)
TL: the top level enclosure (T) on the left s{tg

BR: the bottom level enclosure (B) on the rigide (R)

BM: the bottom level enclosure (B) in the middfethe level (M)
BL: the bottom level enclosure (B) on the ladtes(L)

F.P. the face plate mounted to the enclosurése middle level
T.F.P.. the face plate mounted to the enclosard® top level
B.F.P.: the face plate mounted to the enclosardse bottom level

Infinity: the internal ambient air of the rack

Follow up testing was done to obtain a relatiopdietween input power ranges
and final temperature of resistor used to mockptieeessor chip. The tests were
performed using a fan with a 10.8 CFM that resuiteldrger heat transfer coefficient.
Tests performed included the heat pipe with impigdan, heat sink with crossflow, and

heat sink with natural convection.
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Heat Sink With Natural Convection

rnisTest was performed using a heat Sink atta resistor while the inpu
Resistor Temperature vs. Wattage for Heat Sink with Crossflow
wattage was varied from 3 to 5 watts, which resliitea wattage range of 4.8 to 8 wafts
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Temperature (C)

crossflow p?ovided bf} a fan with a Iangyg]prrxetd?w rate than the fan used for initfal

Figure 6: Graph of Resistor Temperature vs. Wattagdor heat sink with crossflow fan of 10.8 CFM in 3sts

an amhiant tamnearatiira nf 25 C

were run at input wattages of 3 to 9 watts, cowadmg to a system power of 4.8 to 14.4
watts. The temperatures at steady state wereplb&ed against the wattage rating
resulting in a linear relationship as shown in f@gé. The equation shown can be used to

determine the temperature reached at any wattage.
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As with all of the initial tests, back calculatiowsre performed to arrive at a
hypothetical junction temperature. This was dosgiming a “worst-case” value of 2
C/W for the junction-to-case temperature. An addiil calculation was done to estimate
the junction temperature in an ambient surroundingb C. This was done assuming
that the junction temperature rises linearly with tinse in ambient. The calculated
junction temperature was then plotted against thtage emitted by the main resistor
(see figure 7). The equation governing this Imalso displayed next to the line itself.
This equation can be used to estimate the juntéimperature reached using this

scenario at any wattage.

Calculated Junction Temperature vs. Wattage for Hea  t Sink with Crossflow in Ambient
Surroundings of 55 C

110

105

100 "
% /

90

85

/ T ressor = (5.4071C/W)xPower + 55 C
80

75 A

Temperature (C)

70

65

60 T T T T T T T
2 3 4 5 6 7 8 9 10

Wattage (W)

Figure 7: Graph of Calculated Junction temperaturefor heat sink with crossflow fan of 10.8 CFM in an
ambient temperature of 55 C
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A test similar to the heat pipe with impingemean tliscussed in the follow up
testing section of the initial report was performedwever, this test differed in two
ways. First, the fan with a higher CFM was used. allow for fresh air to be blown onto
the sink, a square section just above the fan wiasut of the enclosure top. This was
necessary due to the fact that the impingementoing larger than the fan previously
used butted up against the ceiling of the enclostites allowed for no head space. Since
it is undesirable to have openings on top of theadAQPad, the team felt that the
results of the test would closely resemble a seifitipthe fan positioned perpendicular to
the enclosure top and partially extended out obitve To do this, a square section large
enough for the fan to fit through would need tacheout of the back panel of the box.

To concentrate all cooling of the resistor on thatlpipe alone, the area of the
box containing the circuit boards was completebles# off with duct tape. This
prevented airflow from the impingement fan from kg the resistors. The front vents
on the box were also sealed to prevent fresh@m ftooling the resistors Utilizing this
scheme, the resistor temperature was maintaing? @t(while emitting 10 watts). . This
scenario was also tested at 11,12,and 13 wattsite at a relation between the
attainable resistor temperature and wattage enbigdtie resistor. Temperature readings
were recorded at each wattage until the resistmhred a thermal equilibrium. The
steady state temperatures attained were then ghla¢tainst the corresponding wattage to
achieve the plot shown in figure 8. Since thetietehip is, again linear, the equation

governing it can be used to determine the temperatitainable at any wattage.
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Resistor Temperature vs. Wattage for Heat Pipe with  Impingement Fan
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Figure 8: Graph of Resistor Temperature vs. Wattagdor heat pipe with heat sink and impingement

fan of 10.8 CFM in an ambient temperature of 25
As before, this recorded data was used to estiwilade the junction temperature would
be in an ambient surrounding of 55 C. The plothad talculated junction temperature vs.
wattage can be seen in figure 9. Again, the egonaiown in the graph can be used to
estimate the junction temperature achievable atnattage, and in any ambient

temperature.
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Calculated Junction Temperature vs. Wattage for Hea  t Pipe with Impingement Fan in Ambient
Surroundings of 55 C
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Figure 9: Graph of Calculated Junction Temperaturevs. Wattage for heat pipe with heat sink and
impingement fan of 10.8 CFM in an ambient temperatte of 55 C

Conclusion

After conducting the experiments discussed intg®rt in conjunction with those previously
performed, the team arrived at a modified assignmeoooling scenarios for various wattages. These
scenarios include a heat sink, a heat sink witesftow, a heat pipe with natural convection, amat
pipe with impingement airflow. It should be notibat experimentation with these scenarios at varyin
wattages resulted in a linear relationship betwammer dissipated and resistor temperature. T hmatsd
junction temperature versus wattage plots prodibgetthe team were also linear. These linear redatigps
can be used to determine the estimated junctiopeesmture attainable at any wattage. These linear

relationships were expressed using the followiratien:

where T = experimental temperature measant of the
resistor before back-calculating for the aktua
resistor temperature
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Oeffective = the effective resistance of the scenario from
the resistor to the outside air.

P = power emitted by the resistor (chip)

Tambient = @mbient temperature of the exterior
Surroundings

The team decided upon which of their cooling metboeharios they would suggest for use in the DAQPad
at various wattages based upon the effective eggies associated with each scenario. The lower the
resistance of the system for each scenario thae#ra calculated, the lower the temperature theat th
junction of the actual DAQ would be able to attakcomparison of the effective resistances foiheac

scenario can be observed in the bar graph seéguirefl.

In addition, the team created the following graplffigure 2 to illustrate the maximum wattage

that the chip could emit while remaining at or lvelb10°C.

Additionally, the reader should note that propertifation would need to be utilized in an actual
DAQ product in order to duplicate the temperat@®uits associated with the heat sink noted inghjser
above. Contrarily, ventilation would not need ®ibcorporated in an enclosure design that utilined
heat pipe device, because the large heat traregbabdities of the heat pipe required little towemtilation

in order to function. This lack of ventilation wasonservative or worst-case scenario.
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