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ABSTRACT

THERMAL MANAGEMENT OF ELECTRONICS CABINET AND
EFFECTS OF DIFFERENT FRONT COVER PATTERNS

¢cobanvahke
Master of SciengeMechanical Engineering
SupervisorProf. DrrK1 ker Tar é
Co-SupervisorProf. Dr.Derek K. Baker

October 2019110pages

An electronics cabinet populated with different components such as workstations,
uninterrupted power supply, etc. is experimentally and numerically investigated.
Experimental temperature measurements were taken on different locations
surrounding the components using tpehermocouples and a data logger over a
period of 8 hours in which the cabinet was in stestdye. These measurements were
then used to validate the numerical model created in commercially available
computational flid dynamics software ANSYS Icepak. First, the model for the
Workstationi 1, one of the components inside the cabinet, is presented, since most of
the information on its thermal behavior is available. Mesh independence analysis were
done, and conservati@f mass and energy were checked. Next, whole cabinet was
modeled which consists of other components and rack frame within a domain of the
size of a room. Steaetate NavieiStokes equations were solved along with) k
turbulence equations with variable mahl properties to account for natural
convection effects. A grithdependent solution is obtained and validated using
experimental measurements. The validated model used for investigating different
front cover patterns with different openness ratios swoidtions to prevent limit

excess. Results show that blanking panels are viable solutions to prevent leakages,



85% open front cover can be used whereas 25% cannot be, and variabtedresgio
cover can be used only together with a blanking panel teaépts leakage from PDU

outlet.

Keywords: Electronics Cabinet, Thermal Management, Computational Fluid
Dynamics
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¥Z

ELEKTRONKK KABKNLERKNKN | SIL Y¥NETKMK VE
MODELLERKNKN ETKKSK

¢cobanvahke
Y¢ ksek,Maiksianmas M¢g hendi sl i i
Tez DanFdbraKné& er Tar é
Ort ak T e z:PofaDr.Petelnld. Baker

Ekim 2019 110sayfa

Kk i1 stasyonu, kesintisiz gg¢- kaynajé& vb.
deneysel ve hesaplamal é& analizi yapél mécx:
farkl & nokitpail atdampk®pl |l arl a, kalsaami n de
boyunca toplanmék ve bu ver.i hesapl amal é
Hesapl amal & anali z, ANSYS I cepak adl e t

yazél émenda yapeéel mexktidr .ad¥mrcebliilkelkee,n Ko di

Bunun ib-iilrleken i-inde bulunan fan, ésé ku:
de g°z onunda bulundurul arak model |l enmi kKt
edi | mi kK, ve k¢gtle ve enerjinin korunumu
bil erkleenllei rl i kte be¢tegn kabi n, ve bir oda

NavierStokes denklemleri denge durumundaydtke, r b ¢ | ans denkl eml er

doj al konveksiyon etkilerini de a-éekl am
-%z¢l mgesal. apdgn bajémséz bir sonu- el d
kapak desenlerinin etkilerinin incelenmes:s

%2 5 a-ékl ej a sahip °n kapaj én sécakl e

kull anél amaypaapahi w8%5nakaphgeén ise séener

kull anél abilecej i, bokl uk panell erinin &
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deji kKken a-éekl eja sahip °n kapaj én ancak

kull anél abil ecej i gor¢él megktgr .

Anahtar Kelimeler:E|l ekt r oni k Kabini, | seél Y°neti m,

Di namiJi
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CHAPTER 1

INTRODUCTION

1.1. Motivation

Ther mal management of el ectr onthathouase mpone

these componentbBas become an important issue with the ewmreasing heat
dissipation of electronic products. This issue mainly emanates fromdireasing
need for data processing and storegihe age of digitalizationThis means not dn
individual electronic products can dissipate higher levels of Hemtiks to the
miniaturization of semiconductqrbut alsarackshousing these products have higher
heat densit. This situation may lead to hotspots inste rack whichin turn may
lead to poor performance, failure or decreased product lifeflinese hotspots occur
as heat dissipated by an electronic component afbeetanother and causés heat
build-up. To prevent such a scenarjgrecautions must be taken to ensure tradt
electonic products inside the rack stay below their temperaturesli@ie such
precaution is to make sure that outflow from electronics carrying heat does not affect
other componentsTherefore, rack coolingpoth on electronicdevel and rackevel

plays anmportant role

On electronicdevel, heatgenerating components are Central Processing Unit (CPU),
Graphics Processing Unit (GPU), Random Access Memory (RAM), Hard Disk Drive
(HDD) and other media such aswer supply miscellaneous cardstc. The long
established method for cooling such component®nsed convectiomair-cooling
usingfans, heasinks, heat pipestc. Other cooling methodse also used such as

watercooling, twephase coolingetc.which have different benefits and dwebacks.

On racklevel, every component inside the rack and how they are placed plays an

important rolein temperature variation throughout the rack. Common scenarios that



lead to failure of one or more components are blockage of hot airflow coming out of
a componentplacement ofcomponents with higher heat dissipation close to each
other, etc. These cases may lead to hotspots with temperatures higher than the

requirement of a component inside the rdekding to failure of the component.

One methodised in thermal management of electronics racks is Computational Fluid
Dynamics, or CFD. Ira CFD analysis, governing equations of fluid flow and heat
transfer, namelgonservation omass momentumand energy equations, are solved

by numerical methods.

In this thesis, an electronics cabinet housing a Power Dissipation Unit (PDU), an
Uninterruptible Power Supply (UPS) with a controller and battery, two computers (or
workstations), an ethernet switch and four custoate electronic components for
differernt processes imvestigated The cabinet is a X@ch (referring to the width of

the front panel of each component) indusstandard server rack that is éRtall,
where 1U, or 1 rack unit, igl4.5 mm A front view of the cabinet with the units insid

can be found ifrigurel.1.
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Figure 1.1. Frontview of dectronicscabinetwith and without a front cover

This cabinet ishepart ofvariousX-ray machines manufactured by Philips Healthcare.
Every component inside it has a temperature limit for healthy operation. Although
components are individually tested to check whether they operate below this limit,
they also need to be tested insiderek to make sure they are still below the limit
with all the otherheatdissipatingcomponentsAlso, adding a front cover to the

cabinet significantly alters the airflow and temperatures inside it. Therefore, different



front cover opening ratios shoulde bdested, too. For this purposexperimental

temperature measurements are done inside and also aift8idaack.

Then, a numerical model is created to better understand the temperature distribution
and airflow inside and outsid&he first numerical model is created without a front
cover to observethe effects of having onelhis model is validated using the
experimental measurements. Building upon this base model, different front cover

patterns with openness ratios of 25% and 85% and their effe@salyzed.

To summarize, the objective of this thesis is to first experimentally analyze the cabinet
without a front cover to see whether all the components comply with their
corresponding temperature limits, and then numerically model it to see this effec
having a front cover and 4&heck the temperature compliance. Lastly, a theoretical
front cover model is proposed that has variable-&mea ratio depending on the

velocity component normal to the cover plane.

This thesis comprisasf 6 chaptes. In the first chapter, an introduction to the subject

and description of the system in questaye given along with the literature survey

The £cond chapter presents the experimental measurements done on the cabinet. In
thethird chapteydetails ofWorkstationi 1, one of the components inside the cabinet

are given The fourth chapter presents the details of the numerical model created for
the whole cabinet. Ithe fifth chapter, different cover patterns are analyzed and

comparedThe hesis ends wh a discussion of the results.
1.2.Literature Survey

Most of the rackcooling studies in the literature are done on-gataters, a room that
contains multiple racks full of servemptivated by the fact thattacenterconsume
significant amounts of eladtity. These studies can be divided into different
categories depending on their lengttale, ranging from chifevel to roomlevel, or

on their preferred method of analysis, whether experimental or numerical or both. A
similarity between thesgtudiesand current study can be drawn, since both deal with

similar geometries and physical phenomengh as heat dissipation due to electronic



components and thermal management of racks housing Hanever, studies that
include more than one rack in the sarnem are out of the scope of this thesis.

Therefore, onhydirectly relevantparts of these studiese presented.

Rack cooling studies can be divided into three different length scales, which are
serverlevel, racklevel and roordevel. Although there arenulti-scale studies in the
literature, to the authors knowledge, there are no studies that includelewtip
modelling of servers together with rodevel modelling of the whole cabinet, without
simplifying the geometries of servers, or workstatidifss thesis concerns with all

the length sales, as from the chip of a workstation to the walls of a room are all

modeled. Therefore, studies concerning different length scales are presented.

Another categorization of the literature can be made accomlitig cooling method
chosen. Liquiecooling and twephase cooling solutions are omitted since they are out
of scope of this study. Therefore, only-adoling methods are presented. One such
method of cooling is using a Computer Room Air Conditioning, @niCRAC. In this
method, an air conditioning unit is used to monitor and regulate the temperature and
humidity inside the room by circulating hot and cold air through. This method is not
suitable for this study since it needs an urftar plenum, a sace underneath the
cabinet floor, to circulate cold air. The rooms in which cabinet under investigation is
situated does not have such aapor raised floor Therefore, in this study, no
standalone cooling unit is deployed, and cooling is provided gntigdofans of units
themselves. To the authors knowledge, there are no studies that investigate the usage

of individual fans as only method of cooling in an electronics rack.

Lastly, geometries and heat dissipations of components inside the cabindtaliffer
those of studies literature. As mentioned, dat@nters consume large amounts of
energy; therefore, a lot of studies are present focusing on optimization of energy
consumption through geometric standardization of components. This means that most
of the studies in the literature investigate racks populated by the same or similar

componentgegarding their geometries and heat dissipatitt@mvever, this study



investigates a cabinet that is populated by different compsninarefore, different

geomdries and heat dissipatians

Gaoet al.(2015)investigated the airflow inside a typical dataceatst optimized it
They used CFD simulations to do so and validated tbase model with
measurementthat aretaken from anactual datacenter.To optimize the airflow
pattern, they investigated three more cases diffierent measureghat are using
blankingpartitionsto block airflow, adding vertical partitions to prevené mixture

of hot and cold air and partly enclosiogrtain areaslrhey found that measures taken

prevented hot and cold air mixing; therefore, lower inlet temperatures

Nelson (2007) developed a simplifie¢ompact model of an electrosi@nclosure
based on server simulators that had variable heat dissipation and afiihme.the
system contains varying leng$icales, some of the complicated geometries inside the
server simulators, such as fans, grillesdheat sinksweresimplified as shown in
Figure 1.2. Fan performance curves and pressin@ characteristics of grilles and

heat sinkswvere obtained via experimental analysis by measuring temperatures and
velocities usinggrids of thermocouplesind Particle Image Velocimetry (PIY)
respectivelyThese values and relationships then were used as inputs tamtipact

CFD model developedExperimentameasurements were used to validate the model,
although some discrepancies were present for nertaifigurations of heat load and
airflow rate.Possible reasons for the discrepanciesere presentedResultsshow

that even though some physical simplifications may lead to discrepancies, once these
are resolvedcompact server modetse viable optios for racklevel studiesAlso,

this study shows that fans should be modeled as circular faces rather than square ones,
and with a hub, for realistic resyltasthe author compares these different cases.

Therefore, in this study, fans are modeled asul@rdans with a hub.



Figure 1.2. Compact model of a singgerver simulatorAdapted fromNelson (2007)

Zhang et al(2008)investigated the effect of rack detail thve numerical results of a
datacenter. Their models ranged frasimple black b to very detailed rack and
component representatioras shown inFigure 1.3. Temperature andairflow
measurements were done on a test rack using server simulatotse Ramerical

part, they used commercial CFD software Flowwrd compared different turbulence
models Furthermore, they compared measured data with CFD models of varying
detail. Their results show that in certain applications where local cqalnghich
smaller air conditioning units are deployed near the rasksominant over raised

floor cooling, ra& detail has a considerable effect on the numerical sesult
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Figure 1.3. Different levels of rack detaiAdaptedfrom Zhang et al(2008)

Radmehr et al(2007) analyzed the airflow distribution across a server rack. Their
primary focus was on highelocity vertical jetoccurring in front of the rack,
discharged fronperforated tilegwhich is a cooling method for datznters in which
cold air flows through the floor with perforated tiles and goes through the rack to cool
it down), and its effect on airflow taken by the servers at various healbig the
rack They modeled airflow through the rack using commercial CFD software
COMPACT. Two cases were studieth the first case, a server rack from a row of
racks was considered with symmetrical boundary conditions, ahé second case,

a single server racklonein a room was considered with asymmetrical boundary
conditions Both cases are shownhiigurel.4. Theirservemodels included fasand
flow resistances. Results show tl@2dsei 1 is more critical regarding the airflow
drop, andin Casé 1, high-velocity jetleads to a 15% reduction in airflow for bottom

serverswhich experience the highest drop.



Exhaust

Symmetry B.C.

Symmetry B.C.

Perforated Tile

Figure 1.4. Casel and Cas, respectivelyAdaptedfrom Radmehr et a[2007)

Tan et al.(2007) studied airflow and heat transfer interactidnserves and rack

They usedcepakfor numerical modelingf seners and rack, separateRor servers,

they included fans and grilles and distributed the heat load throughout the volume of
the serverThe mass flow rate through the server was determined by examining the
pressure profiles at the inlets and outlets. Tiss flow rate was then used as input
for the rack modelFor the rack, themodel included servers as hollow blocks with
recirculating openings to ensure mass flow continlitylizing an iterative scheme,
they coupled two modelby extracting pressureath fromthe rack model and
substituting back into the server model until two models are convérgey validated

their model with experimentabmperatureneasurements. Their results show that
decoupling of server and rack modeisich leads t@lessr computational expense
and compatible length scalés possibé.

Danget al.(2017)proposed a rack cooling systéinat bas a rear doawith a heat pipe

and a novel inner duct for airflow management. They numerically modeled the rack
with four servers thabnly have CPUs and axial fansas shown inFigure 1.5.
Geometric model, mesh and server detail can be seé&igure 1.6. In their model,

they set the convective heat transfer coefficient for outer surfaces of servers to 25
W/(m?L. K yhich is an important detail for this studyhe rumerical model was



validated with experimeat temperatureand velocity measurementand good
agreement between the two was shoivney investigated the effect of total rack
heating power, chilled air temperature and rack fan pressure on CPU temperatures,
and effect otheinner duct on temperature distribution inside the rack. Results show
thatthe proposed inner duct decreases the air temperature inside thesraehl as
removing some hotspotandheat pipe can transfer more heat with increasing total

rack heating power.

Rack

. Condenser Server
Fing e

section fans

p— Server 4 I'!—

EE—
Chilled air Heating
passage plates

Afp— Server 3 —

! R — b ]
Plate Pulsating Heat
Pipe

Ap— Server 2 —

— Server | —

Evaporator
section
Inner duct
Axial fans

Figure 1.5. Side view oftherack.Adaptedfrom Dang et al(2017)

10



Figure 1.6. Geometric model, mesh and server detail, respectigelgptedirom Dang et al(2017)

Rambo & Josh{2005)studied a data processing cabinet stacked widrahdfiblade
servers, meaning aseriesof vertically stacked server3heir focus was on the
arrangement of these servers inside thénedland its effect on systelavel cooling.

They investigated six configurations with different server placements inside the
cabinet changing the place of blade servers and their arrangement relative to each
other. They developedFD modelof both servesusing Fluent. Server models were
simplified to providetemperature rise and flow resistavegh only CPUs, fans and
screens or vents being modelBést of theeomponents such as RAMs, power supply

etc. are modeled as solid objects that block airflsawexample of U server model

iIs shown inFigure 1.7. Results show that an arrangement that sgread high
powered blade servers had the best thermal performance and an arrangement that puts

them together ithemiddle section of the cabinet has the worst thermal performance.
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Figure 1.7. 1U server modelAdaptedfrom Rambo & Joshi (2005)

Choi 4 al. (2007)developed a CFibased tool called ThermoStat to bridge the gap
between servelevel and rackevel models. They used Phoenics as their CFD
software for its simplicity and wideange availability among academic institutions.
They modeled sgers in componerevel (CPUs, disksetc.) and a rack with 20 of
these serverslhey neglected the wires and guiding components on the back of the
rack as they found out these do not significantly affect the outcbneeCFDmodel

was validated withexpeimental temperaturemeasurements and thermal camera
readingsResults show that the tool developed is capable of obtaining thermal profiles
of serverswith varying loadconditionsand can be used to arrange servers inside the

rack or forthermaloptimizaton studies.

Ghosh et al(2012)studiedthe effect of server population and how they are arranged

inside a rack on surrounding air temperatures in a data center. The experimental part

12



of their study includedraisolatedtest rackully populated by blade serverBhe rack

was cooled by cold asupplied through perforated tiles on the floor and hot air was
disposed of through the ceilingigure1.8 shows the schematic of the rack, cold aisle
where the cold air is supplied, and the hot aisle where the exhaust air is disposed of
through the ceilingTemperatures were measured using a dricttire consisting of

21 typeT thermocouplesMeasured values were then used to validate the CFD
analysis.Figure 1.9 shows that significant recirculatiooccurs near the head node
(void on top of the rack) and affects the temperature field. Las#digcation of server
clusters inside the rack was investigated by placing 12 servers on the bottom, middle,
and top portiorof the rack as shown Figure1.10. CPU temperatures and fan speeds
were observed for each configuration. Results indicate that top configuration has the
lowest CPU temperatures and age fan speeds for all serveifiese results have
significant implications fothethermal management of electrasniacks.

Figure 1.8. Schematic ofheisolated rackAdapted fromGhosh et al(2012)
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Recirculatglm Region

Figure 1.9. Airflow field visualized.Adapted fromGhosh et al(2012)

44 mm

661 mm

756 mm
533 mm

Figure 1.10. Different servepopulation configurations; top, middle, and bottom, respectively.
Adapted fromGhosh et al(2012)
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As mentioned, datacenter cooling studies in literature includec@aing objectives,
which is a common point with this study. This thesis builds upon the previous rack
cooling or datacenter studies by filling the gap of multiple leisgtie analysis that
includes everything from chip to the room. Furthermore, as datacentefairfre
optimized structures, datacenter studies investigate components with similar
geometries and heat dissipation values. However, not all racks are in dataaedter

in need of optimization, as electronics cabinets are widely used in every industry for
different purposes. This differentiation from datacenters means components inside
these racks may have different geometries and heat dissipation values, asasethe

in this thesis. This gap is filled by modelling all components true to their geometries

and heat dissipation values.

In this chapter, an introduction to the subject of this study and its structure is presented.
Previous studies in the literature aneastigated and similarities and differences are
drawn. Objectives of this study and its relation to the previous studies and its addition

to the literature are stated.
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CHAPTER 2

EXPERIMENTAL MEASUREMENTS

2.1.Experimental Setup and Results

As mentioned itheprevious chapter, there are temperature limits for each component
when they are all running inside the cabinet. Therefore, experimental measurements
are done on the cabinet ning on full power without a front coverable2.1 lists the

temperature limits of each component.

Table2.1. Temperature limits of each component

Temperature Limit

Location ()
PDU inlet 30
UPS inlet 30
Workstationi 1 inlet 40
Workstationi 2 inlet 40
Interfacei 1 inlet 35
Interfacei 2 inlet 35
Managed Switch inlet 35
Box T 1 inlet 35
Box T 2 inlet 35
All outlets 60

These limits are for specific locations around the components where the measurements
are done, not for hotspots. These locations are selected according to the company

precedents.
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For experimentstypeK thermocouples are used to read temperatures aifispec
points asthe company chose to use them for their availabil@dyaphtec midi logger
GL800data loggeis used to record dat&igure 2.1 showsa thermocouple anthe

data logger

Figure 2.1. Type-K thermocoupleandGraphteaata logger

19 thermocouples were used to measure temperatdi®s. pints where the

thermocouples are placeate decided according to precedent company procedures. 9

t hermocouples are placed on Ainleto of each
front-facing surfaceof the component. Another 9 thermocouples are placed on the

Aoutl etdo of the components, where ,outl et i nc
and the last one is placed othe side cover Figure 2.2 shows how the inlet

thermocouples are placed for Workstatioh and Workstatioii 2 as an example.
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Figure 2.2. Inlet thermocouples on Worksian 1 1 and Workstatioii 2

Figure2.3 shows the placement of one of the outlet thermocouples for Workstation
2. Note that each workstation has two outlet thermocouples, one on the grill and

another on thpower supplyan.
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Figure 2.3. Outlet thermocoupkfor Workstationi 2

Figure 2.4 shows the approximate location of each thermocouplete that
thermocouples-® are located on the front side of the cabinet whereas thermocouples
9-18 are on the back of it.
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Figure 2.4. Locations of thermocouples on front and batthe cabingtrespectively

Thermocouple locations are also summariretable2.2.
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Table2.2. Thermocouple locations

Thermocouple Number Location
1 PDU inlet
2 UPS inlet
3 Workstationi 1 inlet
4 Workstationi 2 inlet
5 Interfacei 1 inlet
6 Interfacei 2 inlet
7 Managed Switch inlet
8 Box 1 1 inlet
9 Box 1 2 inlet
10 PDU outlet
11 UPS outlet
12 Workstationi 1 outlet#1
13 Workstationi 1 outlet#2
14 Workstationi 2 outlet#1
15 Workstationi 2 outlet#2
16 Interfacei 1 outlet
17 Interfacei 2 outlet
18 Box 1 1 outlet
19 Side Cover

In a reallife environment, there are other cabinets #rapowered by the one under
investigation, sincéhe PDU responsible for providing power to all the cabinetsn
this one.To simulate this situation,@wer supplys used tgpower the whole cabinet,
as seen irFigure2.5. The power supply providespproximately8 kW through the
PDU.
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Figure 2.5. Power supply useduringthe experimerst

Both workstations-iame slod dadvead eusihmg HfBads

inside them to simulate maximum hedissipation Other components cannot be
loaded the same way since they do not have an interface to run such a software;
however, manged switch is loadeldy connecting 20 ethernet cables to increase the
traffic.

Cabinet is left to run overniglib stabilize the temperatureshich takes around 8

hours. After that, measurements are taken and averaged over the course of 3 hours.

Table2.3 presens the temperature values obtained.
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Table2.3. Temperature measurements

Standard
Thermocouple Number Temperature () Deviation
1 26.8 0.16
5 26.0 0.40
3 259 0.25
4 259 0.27
5 282 0.34
6 270 0.67
7 315 1.01
8 30.8 0.67
9 29.1 0.86
10 518 0.52
11 37.0 0.23
12 418 0.16
13 33.0 0.20
14 315 0.14
15 32.7 0.24
16 31.9 0.30
17 316 0.29
18 322 0.28
19 267 0.32

Measurements show that all of the components operate below alfmirable

maximum temperaturkémits both on inlets and outlets. Howevegmponents such

as PDU, UPS and Managed Switch, dsgeerate ar ol
Table 2.1)on their inlets. This justifies the need to analyze effects of front covers, as

a front cover may increase the temperatures inside.

The outlets othe components are on the safer side than the inlets, as PDU outlet,

which seems to be the most critical one, opermateso u nd 9 bel ow the | im
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These measurements valsobe used to validate the numerical modeheiollowing

chapters.
2.2.Data Acquisition System Error Analysis

It is important to address the uncertainty associated with the experimentally obtained

data, as it is a matter of how accurate the model validated with these data will be.

All the temperature measurements in this study wdome using typ&
thermocouplesnd a data acquisition systeAn issue that needs to be addressed is
calibration of the measurement equipment. Thermocouples and thlgligta are

calibrated twice a year by the provider, according to the company poheylast

calibration date of the equipment was almost two months before the measurements
and no usage took place in between. Therefore, it is assumed that the equipment is
calibrated properly. Nonetheless, there may still be some error associated with the
cal i bration; hence, upper typeKthermocaplesor of
have anaccuracyof N2 . 2 or NO. 75 %, Thavdata ecquisitionr i s
system Graphtec GL800, has a measurement accurably @05% of reading + 1.0

)  fypeK thérmocouples, according to the manufacturers datasheet.

Thermocouple and data acquisition errorsaatged together by taking their reatm

squares, which is,

8 nEﬁuZ"Y
C o T p
where T i s the Fonexmplerfa fremocouplel, expnental
measur ement i s 26. 8 X t herefor e, the er|
& T[8TUZ 8
G pnnc@ p 8 @
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CHAPTER 3

WORKSTATION 71 1

3.1.Geometry

One of the components inside the cabinet is designat®¥dodsstationi 1 that is
intended for parallel processinghe purpose of this chapter is to create a model for
this component as most of the information on it, such as details of parts inside, are

known as opposed ail theother components inside the aadd.

Specifications of this component are showit able3.1.

Table3.1. Workstationi 1 partmodels

Part Name Model
CPU Intel Xeon E52618L v3(l 2)
GPU Nvidia Quadro K62l 3)
Heatsink Tower Active Heatsink§ 2)
Fans 4 Different Fans, Total of £

Dimensions of the parts modeled in this component are preseniedble 3.2 and
Table3.3.
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Table3.2. Workstationi 1 part dimensions

Part Name Dimensions (H W1 D) (mm)

Chassis 17421 43181 4978
Motherboard 1.0007 311.871 3628
Heat Sink 112.01 92001 70.00

HDD & SSDs 110.01 28.001 140.0
Power Supply 14601 90.001 1590

Table3.3. Workstationi 1 part dimensions continued

Part Name Dimensions (W D) (mm)

CPU 525001 450.00

GPU 68911 16002
119001 38.00

Fans 92.001 25.40
80.001 25.00
50.00 | 5

3.2.Modeling Methodology

A CFD analysis can be divided into three parts;gmaxessing, solver execution and

postprocessing. Inprer ocessing, geometry or fAdomaino i
cells or control volumes, comprising a grid,
equations, boundary and initial conditions, and algorithms used are presented. In post

processing, relevant results are presented.

There are different types of objects, as they are callédepakto represent different
types of electronic parts, suab blocks, openings, fans, heat sjmts. Details of the

parts modeled are presented in this section.

ChassisComputational domain of the Workstatibd is the chassis of it. By default,

a fNCabi net dcepgakwhidherdpiesemtsdthe ichassisgngswalls. Nonrslip
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wall condition is specified withdefault thermal specificationof adiabatic wall

Material of the cabinet igft as defaultwhich issteetoxidized

Fansilcepakhas a AFano object with 2D and 3D ¢
Workstationi 1, a 3Dcircular fan object is use@elson, 2007)To create a more

realistic model, fan swirl was incorporated in the model with BMRvalue taken

from correspondingatasheet.

Table3.4 shows volumetric flow rates and RPM values assigned to each fan. Note that
volumetric flow rates are in CFM since this is the unit usedati@sheetsDetails of

fan modelling are presentedAppendixA.

Table3.4. Fan specifications

Volumetric Flow Rate

FanNumber (CFM) RPM
WS Fanl 70.00 3200
WS Fan2 102.59 4800
WS Fan3 63.57 3600
WS Fanr4 30.00 2500

CPUandGPUs:Forheatdissipatingobjects such as CPU and GPB2D rectangular
ASour ce o olbofall CRU andsGPUWssnsidk Workstatiod, constant heat
dissipation rat®f 75 W and 45 Wrespectivelyjs specified which is taken from the

manufacturersdatashest. Maximum power dissipation is assumsidce burrtin
softwarewas run on Workstatiori 1. This software stresses CPUs and GPUs to

represenacritical situation with high heat load.

Heat SinksBoth CPUs have identical heat sinks on them, which werdetad using
the AHeat Sinko object. Extruded fin hea
sincelcepakdoes not have an option for towtgpe heat sinksan example of which

is shown inFigure3.1. Exact model and specification of heat sinks are unknown since
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manufacturer does not provide the necessary informatdence,fin thickness and
spacingwere approximatedextruded aluminum waspecified as material for heat

sinks.

AL

Figure 3.1. Example towettype heat sinkAdapted fromavww.fudzilla.com/home/item/24581

Heat PipesHeat sinks in the Workstatianl also include heat pipes made of copper.

Since these heat pipes have highly irregular shapes, they are approximatsdlicsing

prisms offiBlockdo obj ects. A material 30WmKan i sotrop
is assignd to heat pipesThermal resistance @.13 /W (Liang & Hung, 2010)s

specified on surfaces of heat pipes where fins are extruded to simulate thermal contact

resistance.

MotherboardThe motherboard inside the Workstatioh isalsomodekd usingsolid

prismofi Bl ock o object. A ma#0eM i( anlls Ksgignedto a conduc
it. Althoughlcepakh as anot her object type of APrinted
for this object such as trace parameters, coverige are not known. Therefore,

motherboard is simplified as a sotigctangulaprism.
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Power Supply:Workstationi 1 has a power supplihat has its own fan. This

component i s Phamd ed befrde thet beiatrsgurcdiinside the power

supply, ar ect angul ar pri s ma treated PGwen autput eod obj ¢
Workstationi 1is346W, which means with an assumed efficienc9%% (Pandiyan,

2012) it dissipatesl 7.5W of heat which is rounded for easine§hereforesource

objecthas a total power df7.5W.

Perforated Plate$Vorkstationi 1 has perforated plates on the frand back of its

chassis, and around the power supply, all
Free arearatioof® s assigned with a resistance t
grilles around power supplg free are ratio of 8.is assigned to grilles on the front

and0.65 is assigned to grilles on thack withsame resistance typeepakcalalates

pressure drop resulting from these resistances using relationsdfrenh § (A960) k

HDD and SSDsThere are a total of 3 disks inside Workstatiidn All these parts are
model ed us phedgs htwkvern EIXDS are modeled aeatdissipating
solidswith 7 W total power whereas SSDs are modeled as hollow blosikge they

do not have ay heat dissipation and only act as a barrier to the air flow.

RAMs and PCle BoardShere are 8 RAMs with 6 W of heat dissipation each and 2
PCle boards, both with 3 W of heat dissipation, inside WorkstatibnThese parts

are also modeled using 2D soe objects.

Other partsA thin plastic part inside Workstatidnl directs the airflow coming from
front fans to RAMs andsP U s , and it i's moddansteadiof usi ng

APl ateodo or ABl ocko objheadissipatosi nce it doe:

Some of the parts of Workstati®dnl such as ports, sockets, internal cald¢s are
not included in the model since they have negligible thermal significance compared
to other parts and do not affect air flow inside significarfiigure 3.2 shows the

model created for Workstatianl.
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Heat Sink

Figure 3.2. Workstationi 1 model

Details of CPU package ai@PUs can be found in Appeneiix
3.3.Meshing

Icepak offers two different meshgenerators hexdominant which is the default
option,and hexahedral meshélex-dominantis an unstructured mesh generator and
uses pyramidal and triangular cdlh addition to hgahedral cells, allowing it to be
used for a widgange of shapes and sizésepakUs er 0 s (ANBY S, @EL2)
recommends using hedominant mesh generator for most applications, sincant
do everything that can be done by hexahedral mesh genefFatmefore, in this

analysis, hexdominant mesh generator, mamelyMesherHD, is used.

Icepakoffers the ability to create nemo nf or ma | mesh structures wus
option. Different objects can be grouped together in the same assembly and these
assenblies can be assigned mesh parameters different than the rest of the domain. This
allows the user to generate finer mesh inside and around assemblies, which is most
needed in case of temperature and velocity fluctuations, and a coarse mesh in areas

whereless resolution isufficient This way, total element count can be decreased
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without affecting theresultéds s emb |l i es al so pMeshebi,ewtiiabhg
a phenomenon shown lfigure3.3. Mesh bleeding occurs when different parts of the

model is assigned different mesh densities, and higher density mesh effects other parts
of the model.

Figure 3.3. Mesh bleeding example

When creating an assembligepako f f er s an @padkn tcal make
assembly bigger than the objects it contains. This way, a different mesh density can
be created not only on the objectt bilso around it. This also allows to resolve the

areas where heat transfer occtingerefore, finer mesh is needed.

Every fan inside the Workstationl is put in an assembly since velocity fluctuations
are present on the inteindthe wakes of fans Two fans on the inlet of Workstation

i 1 are in the same assemply preventmesh bleedindgrom occurringin the gap
between them with two different assemblies.

By default,Icepakcreate-grid mesh structurenfansand a fine mesh in their wake
as shown irFigure3.4.
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Figure 3.4. ExampleO-grid mesh on fan anfine mesh in its wake from top view

This structure is needed to resolve the velocity fluctuations in the wake of the fan.
However, fans on the CPU packages are adjacent to thesihkst making it
impossible tohave a finer mesim ther wake Thereforethese fans arenodeled

without an QOgrid structure

CPU packages inside the Workstatioh have the finest mesh since hesitk fin gaps
are significantly small compared to other distances between objglitgshe
components im CPU packagenamely CPUheatsink and heapipes, are placed in
the same assembly which is meshed separaditayimum element size o2 mmis
assigned fory and zdirectiors, wherea€).5 mm element size is assigned for X
direction For minimum gap5.10° m is assignedn x-direction considering the

distance between two consecutive fins.

GPUsandPCle boards are placed inside different assemisiidsmaximum element
size of 3mm so that temperature fluctuatioasound heat generating padan be
sufficiently resolved.

Motherboard is not included in any assembly sitihee mesh generated without an

assembly is adequate to resolve temperature gradients insidevever, it should be
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noted thatan assembly created far part that lies on the motherboard, such as CPU
and GPUs, protrudes the part of the motherboard it is placed Tdns causes
motherboardo have differentareas with different mesh densitiasd some mesh
bleeding To counter this, most of the components are placed in an assennbfceS

mesh for motherbad can be seen iRigure3.5.

Figure 3.5. Motherboard Mesh

A coarse meshis generateébr therest of theNorkstationi 1 with maximum element
sizeof 5 mm. All in all, total mesh count for Workstatianl is 2907812 Figure 3.6

shows the mesh i ¢mid-plane.
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Hollow

Figure 3.6. Mesh on yz mieplaneat x=0.085m

Another mesh parameter that should be considered is mesh quality. A high mesh count
does not guarantee an accurate solution withbigtaquality mesh.There are a few
parametershat can be used to determine mesh quality such as skewness, aspect ratio
etc. In Icepak skewness of a cels defined as difference between the cell shape and
the shape of raequilateral cell with equivalent volum&herefore, in contrast to
Fluent acell with low skewness, such a€08, may cause instabilities in the solution
therefore, should be avoidefispect ratio, on the other hand, is how much a cell is
stretched.A sudden change in aspect ratio between two cells may decrease the
accuracy and lead to divergence.

Icepakautomatically calculates meshaiity by using skeness and face alignment,

which iscalculated as shown in E¢B8.1
VO DA Q'0E VDD DS oP

where® and® are the centroid of two adjacent elements, Bisithe normal vector
between the two elementsccording tdcepakU s e r 6 S(ANSYS, 2022)

36



The mesh generated for Workstatioh has a minimum skewness valuedat6and
face alignment 0d.31for a small number of elemeniBhe reaso for this poor quality

in certain places is the circular shape of the fans.
3.4.Solver Execution

Fluid flow inside Workstatiori 1 is modeled as steadyate, turbulent, singlphase

flow. Icepakuses Fluent as solver; therefore, governing equations are taken from
Fluent Theory Guidg ANSYS, 2016) For pressureelocity couplhg, SIMPLE
algorithm is chosen. Standard scheme is chosen for pressure interpolation. Both
momentum and energy equations are discretized asitmncrder schemedatural
convection is neglected since dominant cooling method is fareedection

Consevation of mass equation ggven as;

Tr
T—ofl:) 1) Tt (011

where} is density.For an incompressible fluidqi 3.2reduces tp
ndp T o

Eqi 3.4 shows the Conservation of Momentum equation. Stress téfis@iven in
EqT 3.5as;

TT_o" ® NO" b® nn NnOM "R ® o8
I C \ . C
i N o anan)o (0]

where " '@ and "® are the gravitational body force and external body forces,

respectively, is molecular viscosity, is turbulent viscosity computed from

"0 —, "'Os the unit tensor.

Energy equation is givess
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where'Qis sensible enthalpyQis thethermalconductivity,’Q is the conductivitydue

to turbulent transpodefined asQ 6 * 70 Qand"Y is volumetric heasource.

StandardQ - turbulencemodelis chosen for this simulatidiRambo & Joshi, 2005)

which adds two more equations
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where'O is the generation of turbulence kinetic energy due to mean velocity gradients,

computed fromO "0 6 —, 0 is the generation of turbulence kinetic energy

due to buoyancycomputed fromiO | 'Q——,06 ,0 andd are constantsken

as 1.44, 1.92 and 0.09, respectivalyd, and, are the turbulent Prandtl numbers
for 'Qand-, taken as 1.0 and 1.8spectively.

Regarding the boundary conditions,-slgp condition is specified on the walls of
chassis, meaning that all velocity components are zero at these siBfageses due
to heat dissipations the model are specified the previous section and summarized
in Table3.5.
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Table3.5. Workstationi 1 energysources

Part Heat Dissipation (W)
CPU (x2) 75
GPU (x3) 45
PCle (x2) 3
HDD 7
RAM (x8) 6
Power Supply 17.5

Other boundary conditions inclathe fans inside Workstatidnl. Thereis a total of

8 fans all of which are modeleas 3D circulariiFand objects.A fan objectisafi F a n
Boundary CHuer,which creatediscomtinuous pressure rise across itself
according to the fan curve inpét.fan curve shows the relationship between pressure
rise and velocity and it can be linear, polynomial, piesgse linear, piecavise
polynomial or a usedefined function.This fan curve is usually provided by the
manufacturer, but it also can be obtained by experimintisis thesis, all fan curves
are taken from manufacturers datash@éermansen, 2011)From the system
pressure, operating point of the fan is calculagdbfan curvesfor Workstationi 1

are taken apiecewise linearrelationships.

Fluent offers two precision options, singleecision and doublprecision. Although

double precisionconsders more digits after decimal point, i also supposed to
increase the solution time and computational expdte&ever, when two solutions

with same parameters but different precision settings are compared, it can be seen that
there is an insignificardifference between therurthermore, using single precision
solver lead to a decrease in solution timEor the temperature range of this work,
single precision is deemed sufficieNbte that preliminary comparisons on single and
double precision shoed no significant difference between the two settings, since

whenresults ar@analyzed, theyruncated after 3 decimal poirfte both settings
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A first-cut analysis is done using firstder scheme, and then solution is continued
with secondorder schemeAlthough secongrder scheme may yield more accurate
results, it also increases the computational time of the solution and may lead to
problems in convergence. To counter this effect, unelexation factors for pressyre
momentumQand- are loweredo 0.1,0.3,0.8 and 0.8espectivelyRest of the solver
parameters arthe same for both solution&igure3.7 shows the temperature values

along the reference liren CPU1, which is presentenh Figure3.8.
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Figure 3.7. First Order vs Second Order Scheme
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Figure 3.8. Referenceihe on CPU

Maximum difference occurs on thigght end point of the reference lin€able 3.6
shows the temperatures for selected locations for-dnd#r and secondrder

solutions.

Table3.6. Order of Scheme Comparison

First-Order SecondOrder

Location Temperatures Temperatures

) )

CPU1 46.8 46.8
CPU2 51.6 516
GPU1 54.6 54.4
GPU-2 507 49.8
PCle 37.0 35.2
Fan Outlet 30.1 30.1
Grille Outlet 32.4 327
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As can be seen, largest difference occurB@ie with a difference around..8

Although this difference may be high, temperatures on fan and grille outlets are very
close which means that firsirder scheme fails to resolve temperature gradients
around heatdissipating units; however, it is sufficient for measuring outlet

temperatres.Therefore, firstorder scheme is deemed sufficient for this model.
3.5.Mass andEnergy Balance

Workstationi 1 hasoneinlet; grilles on the fronfans and fve outlets three grilles
on the backone grille on the frondnd fan outlettself. For asystem &steadystate,

massflow rate balance becomes;
a a L1 0@
a a a a a a T oP T
With constant densifyeq1 3.10 reduces to;

v U §] U] ] U T oP p

where volumetric flow ratecalculated iricepakare given inTable3.7 as;

Table3.7. Volumetric flow rates

Location Volumetric Flow Rate (ifis)
Qi 0.0661812
Qo1 0.013®681
Qo2 0.0243895
Qo3 0.00Z774
Qo4 0.0137978
Qos 0.0046247
Difference 5.721 106

A difference of5.72 10°%is acceptable; therefore, conservation of mass upholds.
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Next, energy balance éslculated. For aystem at steady state, conservation of energy

comes down to;

a Q

CA
8-

"G 4 0 "G - o C

0 0
< <
Neglecting the kinetic and potential energy terrassuming that no energy is
transferred by wdk across the boundargnd for an ideal gassubstitutingQQ

® YzQ™Mnda & G G G G 4 ,Eqi 3.12can be
written as;

0 a« zz Y Y 4 zdzY Y 4 zdz Y Y
4 z0z Y Y T op o

where heat generation inside Workstatiorl is 3$3.5W, TOs are area
temperature values at designated locations, mass flow rates are calculaged usin
volumetric flow rate values ifable3.7and constant air densit
1.164 kgm3, and ¢ is assumed constant at 100&kgi< ™).

When all values are substituted into E®.13, summation comes up a3.561 W

which is acceptable considering averaged temperature valuesaaedal properties
assumptionWhen energy balance is checkedcigpald s o wn r,ssnmitions page
comes um@ms-0.044 W. Therefore, Workstation 1 model upholds the conservation of
energy.Workstationi 1 model cannot be verified with experimental data, as the
measurements were done while it was inside the cabinetefore, this model is kept

as is and usedhithe cabinet model in next chapter.
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CHAPTER 4

CABINET MODEL

4.1.Cabinet Geometry and MeshDetails

In this chapter, cabinet model together with all the components inside is presented.
Workstationi 1 model is kept the same as the one in the previous chapter, except for
a few changes such as APl ateodo objects in

workstation is not on the boundary of the domain anymore.

Following sections present the details of the components, such as their dimensions,
elements inside theratc., their physical conditions and the details of the mesh created

for cabinet model.
4.1.1.Workstationi 2

Workstationi 2 is identical to Workstation 1 in geometry andhaterial. Workstation

i 2 has only one CPU, GPU and SSfach Although GPU and SSD models are the
same for both workstations, CPU inside Workstatiof is different than thabf
Workstationi 1, which has a thermal design power o8%&ccording to specification
sheet provided by the manufactur@tso, one of the PCle boards dissipates 1 W,
instead of 3 WThe rest of the parts inside Workstatio, motherboard, heaink,
fans and grilles, are identical to Workstatiod. Therefore, similar procedures for

mesh and solver are followed for both workstations.
4.1.2.Interface i 1

Interfacei 1is a component that is responsible f@viceto-device communicatiq
and it isone of the custoAmade components inside the cabinet, meaning that it is
manufactured according to the company specifications. However, since the

manufacturing is outsourced, most of the information about this component such as
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parts used insideetc. lies within the intellectual property of the manufacturer.

Therefore, some assumptions are necessary for ggoametispecifications

Interfacei 1 has a geometrgf 0.0401 0.4381 0.150 mH T W D) with a distance
of 0.012 mfrom the cabinet opening.hias one fan on its baekd grilleson the front

Model created incepakfor Interfacei 1 can be seen iRigure4.1.

Figure4.1. Interfacei 1 model

Power dissipation diterfacei 1is knownas 20 W A sourceobjectthat covers the
whole volume olinterfacei 1 with 20 Wtotal power is createdan nsidelnterface
i 1is modeled using 3D circular fan objectvith maximum airflow 0f0.32 n¥/min

and maximum static presswk102.9 PaFor grilles, 80% open area ratio is specified.

Meshing ofInterfacei 1 is similar to previous componentShere are only two
objects,afan which is in an assemblgd the source Fan assembly has sufficient

slack values to capture the wake of the fan.

46



4.1.3.Interface i 2

Interfacei 2 is anotheinterface used for communication between components inside
the rack and outsidef it, and it iscustommade too. Its geometry is shown iRigure
4.2.

Figure4.2. Interfacei 2 model

Interfacei 2 has two fans on the back tHas maximum airflow 00.4666 ni/min
and maximum static pressure25 Pa.For heatdissipation 25 Wis specifiedwvhich

is knownbeforehandFor grilles on front, 80% open are ratio is specified.
4.1.4.Managed Switch

Managed switch is another dfie-shelf component inside the rack that is used
provide ethernet connection. Its dimensionsCa@d4l 0.441 0.173mHT W D)

as provided by the manufacturer.

A solid block with total powerof 19.3 W which is taken from manufacturers

datasheet, is created inside the rack to reprédanaged Switch. Since it does not
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have any fans for forced convection and grilles it has are on the side, airflow inside
Managed Switch is assumed to be negligible. Only its effect ordiesapation and

airflow inside the rack is considered.
4.1.5.Boxi 1and Boxi 2

Box1 1andBox1 2 are two custommade components used for providing necessary
input/outpu features Their dimensions a@095] 0.4441 0.110 m(HT W D) for
Boxi 1, and0.0921 0.4441 0.342m (H1 W1 D) for Boxi 2.

Neither of these prducts have fans for forced convectitimerefore, they are modeled
ashollow blocks similar to Managed Switcbut with grilles Box i 1 and Boxi 2

both have 5 W heat dissipations.
4.1.6.UPS

UPS isthe component responsible for providing power in case of aepawait.

Therefore, itisinidlemode o rli M®nMode 6 as statesluringaath uf act ur er
the operations detailed in this study. Dimensions of UP8.868201 0.428] 0.4260

m(H T W1 D) as provided by the manufacturer. The model created for this

component is shown iRigure4.3.
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Figure 4.3. UPS model

Note that UPS has two parts, namely controller and bat@emtroller is the one with

two fans on the bac&ndgrilles on the front with an open area ratio of 70%. Heat
dissipation of battery is assumed to be negligible during idle mode, therefore, it is
modeled as hollow bloc{Cacerest al, 2018) It solely serves as a blockage to the
air flow. For controller aheatsourceof 168 Wis created This value is calculated
from the nanufacturers datasheet which states that the efficiency is 88% in this mode
Fans orthe back hagmaximum airflowof 1.32 n¥/min andmaximum static pressure

of 66.489 Pa.

4.1.7.PDU

PDU is a custommade component at the bottom of the rack with dimensiodg160
T 0.4541 0.500 m(H T W T D). It is responsible fodistributing the power to
components inside the rack. The model created for PDU can be d&gnre4.4.
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Figure 4.4. PDU model

PDU has 4 fans on the bottom, facing posidirection, unlike any other fan inside

the rack. These fans are responsible for the vertical air movement inside. They are
specified anaximum airflowof 3.88 n#¥/min and maximum static pressucé 137 Pa.
Grilles on top of the PDU he0% open area ratiand heat dissipation of PDU is
known as 500 W.

4.1.8.Rack Enclosureand Cables

The rackenclosurenas dimensions df.9401 0.5101 0.656 m(H1 W1 D) and it is
responsiblef housng all the components inside the rattis modeleds s i Rlae A
objecsfor thecoversand its frame is modelagsingsolidfi Bckd o b. Naecthats
some parts of the rack frame are not modeled subbramontalsupport brackets for
components, hole®f bolts etc. (Choi et al, 2007)

Rack has grilles on top with an open area ratio &b.70his surface acts as an outlet
for the whole cabinet arost of the hot air exits the cabinet hérnean ideal case, all

of the air should leave cabinet from this plane.
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Some of the cabk that significantly affect the airflow are modeled using solid block
objects Figure4.5 shows the cables on the outlet of the P&d| Figure4.6 shows

their model. Note that ole purpose of these models is to alter the airflow.

Figure 4.5. Cables on the outlet of the PDU

Figure 4.6. Modelfor cables on the outlet of the PDU
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There are also cables on top of the PDU that cover the space in between PDU and

UPS Figure 4.7 shows these cables aRtgure 4.8 presentsthe model created for

them.
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Figure4.7. Cables in between PDU and UPS
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Cable
Spacing

PDU

Figure 4.8. Model for cables in between PDU and UPS

As Figure4.7 shows, there are some openings in between the cable bundles, which
are specified ifrigure4.8. These cables are also modeled using solid blocks.

Rest of the modeled cables cover the spacings in between Inteffabrgerface 2,
Managed Switch and Boik 1. These cables are shownHigure 4.9 and modeled
versions are presentedhigure4.10
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Figure 4.9. Cables in between interfaces, Managed Switch and Box

Managed Switch
Cables

T 7 Interface - 2

Cables

. 4 JE— { I.—\, N ]
_Interface -1

Figure 4.10. Modeled cables in between interfaces, Managed SwitciBard 1
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After each component and raekclosuras modeled, components are placed inside
the cabiné Figure4.11 shows the cabinet with all components insile assembly

is created for the cabinet so that a {womformal mesh can be created outside the
cabinet where velocity and temperature fluctuatiares comparatively small. This
assembly is given maximum element sizef 0.007m, and 0.02 m slack on y and z
directions Another assembly covers vicinity of the cabinet and is given coarser mesh
compared to cabinet assemldfyom this assembly towardsstboundaries, mesh gets
coarser and coarser. At domain boundaries, finer mesh is created to capture

temperature gradientiie to boundary condition

Figure 4.11. Whole rackmodel
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Solution domain has dimensions of 2.50 361 m and2.656 m in& w and &
directions, respectivelyrigure4.12 shows the domain with cabinet in an assembly
for clarity.

Figure 4.12. Domain with cabinet

All'in all, mesh created for the whole ¢abt hasl0861148&Ilements with a minimum
skewness of @59.These lowquality meshes are again on certain fans where surfaces
are circular, and they do not adversely affect the solution since average skewness is
0.83. Figure4.13 shows the top view of the mesh created for whole domain.
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Figure4.13. Top view of mesh

4.2.Solver Details

Governing equations of fluid flow and heat transfer are presented in previous chapter
and omitted here for claritysimilar to Workstatiorni 1, numericalmodel created for

whole cabinet is steaeltate turbulent, incompressible and singllease fluid flowin

which natural convections effects are accounted for with a gravitational acceleration
"Q of 9.81 m/8. Turbulence model used in this numerical model is &o-.
SIMPLE algorithm is used for pressewelocity coupling, whereas Standard scheme

is chosen for pressure interpolation. Seconder discretization is used for spatial
discretizatiorafter a firstcut solution is obtained using firetder discretizationf-or
naturatconvection effectsBoussinesq modaetith input density of 1.614 kg/mand

operating pressure aD1325N/m? is used which is;
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where” is the constant density of the flow aid is the operating temperature.
Radiation is neglected as models with radiation not neglected did not produce

significantly dfferent results.

Non-slip wall with a constant temperature®2 i s appl i ed dftbee al |l bour
room Fan boundary condition is uséor every fan inside the cabinandall fan

curves are taken ggecewise linearelationshipsFigure4.14 shows an example fan

curve taken from the manufacturerds datashee
side by sideNot e t h#®Ht0t fd@mmHised since this is the
marufacturer.
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Figure 4.14. Fan Curve Digitization Example

This piecewise linear fan curve along with swirl magnitude and flow direction are the
inputs for the fan boundary conditiofhen,FLUENT applies gressure jumpo the
surfaceof the fan by calculating pressure rise acroasgbrding to the input fan curve
relationship.

For grilles, a porous jump boundary condition is created with pregsuge
coefficient calculated from opearearatio input, as mentioned in previous sections.

Most components other than workstations have the same grille pattern with an open
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area ratio of 80%; therefore, all grilles in these components are assumed to have the

same ratio for simplicity.

For volumetic heat generations, calbnes with energy source terms are used
according to the heat generation of the comporiémise sources are assumed to cover

the whole volume of thiuid inside thecomponent.
4.3. Material Properties

Variablethermophysicafluid properties are used the cabinetmodel A new fluid

material is created ifcepakwith piecewise linear properties of ainamely thermal

conductiviy ‘Q(W/ ( m,Lthédmal diffusivity] (m?s), which is equal to—, and

dynamic viscosity (kg/ ( m kakeh fromCengel,(2003) A total of 17 data points
rangingf r om td1 2 0 re usedto be on the conservative side, althoubk
temperatures inside the cabinet never reach these exti®peeific heatq (JkglK)

is taken constardit 1005 JkglK) since its variation in this temperature range is
insignificant. Densityand volumetric expansion coefficiemtputs for Boussinesq
approximationare 1.614 kgm?® and0.003331/K, respectively These propertieare
defined for thedefault fluidof the model.

Table4.1 showsthe property values used.
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Table4.1. Properties of air (at 1 atm}aken from Cengel, (2003)

Temperature, Thermal Conductivity Thermal Diffusivity Dynamic Viscosity

T,( ) KW/ ( mL K UT 105 (m?s) el 105k g/ Q)n
0 0.02364 1.818 1.729
5 0.02401 1.880 1.754
10 0.02439 1.944 1.778
15 0.02476 2.009 1.802
20 0.02514 2.074 1.825
25 0.02551 2.141 1.849
30 0.02588 2.208 1.872
35 0.02625 2.277 1.895
40 0.02662 2.346 1.918
45 0.02699 2.416 1.941
50 0.02735 2.487 1.963
60 0.02808 2.632 2.008
70 0.02881 2.780 2.052
80 0.02953 2.931 2.096
90 0.03024 3.086 2.139
100 0.03095 3.243 2.181
120 0.03235 3.565 2.264

4.4.Mesh Independence Analysis

Three different mesh configurations are compared to get a mesh independent solution.
These configurations have total element numb&78fL.9559688728nd10861148
A reference line is chosen that goes along the back of the cabinelineckon, as

temperature gradients are high in this arféigure4.15 shows the reference line.
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Figure 4.15. Referenceihe for cabinetz = 0.6m, y = 0.255m, starting at x = 0.55m

100 computational temperature results are taken along this line and compared to each
otherin Figure4.16.
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Figure 4.16. Temperatures along the reference line

As it can be seen, three mesh configurations are almost the same except for a few
locations.The reason for such a close result for different mesh configurations is the
number of asmmblies, where the mesh is refined. As the mesh is locally refined in
these regions, increasing the number of mesh in the rest of the system, where
fluctuations are not significant, hence there is no assembly, does not affect the results.
Therefore, mestsideemed to be independent and the rest of the models are created

using 10m mesh configuratio
4.5.Results and Discussion

Figure4.17, Figure4.18 andFigure4.19 show the temperature distribution @ &

andw ¢planes, respectively.
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Figure 4.17. Temperature distributioan cabinet back plar@ = 06m)

Figure 4.18. Temperature distributioan room center plang = 1.25m)
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Figure 4.19. Temperature distributioon cabinet center plarfg = 0.255m)

From these figures it can be concluded that largest hotspots occiVoatationi
1 and PDU as these two components are the largest heat dissipaters. Hdtigpog in
4.19occurs inside the Workstationl near GPUOGSs.

Figure4.17 shows that hot air leaving the cabinet on top grilles gets cooled down by
the top and side walls and heats up whole dopaaiexpectedrigure4.20 shows the

temperature distribution on bottamght corner ofw ¢plane in detail.
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Figure 4.20. Detail of temperature distribution on botteight corner of yz planéx = 1.25m)

To compare with experimental data and validate the modelcobSputational
temperature resultare taken on locations same as experimegaal Figure 4.21
shows the experimental and numerical data with errordadeslated in Section 2.2.
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Figure4.21. Comparison of experimental and humerigghperature results

Since all computational temperature measurements are inside error range,

computational model Is deemed validated. Future madé#lbe built upon this base
model.

Maximum temperatures of parts inside Workstatiohscomputational modeére
checkedagainto make sure they operate under the linidble 4.2 presents the

maximum temperatures and operating limits of corresponding parts.
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Table4.2. Maximum temperatures and operating temperature limits

Part WS-1 WS-2 Maximum Limit
C ) C ) C )
CPU1 57.25 - 87
CPU2 5323 54.91 87
GPU1 68.93 - 95
GPU2 69.25 - 95
GPU3 92.37 48.95 95
PClel 43.39 32.07 60
PCle2 50.16 33.32 60
HDD 38.76 27.09 60
RAM 69.02 63.38 95

As it can be seen, all parts operate unieir temperature limits without a front cover.

For verification of the model, a simple energy balance between domain wall
boundaries and air inside is conducted. For this purpose, heat flow from every wall to
the fluid inside the domain is calculated thgb IcepakTable4.3 presents heat flow
values along with total heat generation in the domain.

Table4.3. Energy Balance

Heat Flow
Boundary W)

Qx1 402.5
Qx2 514.20
Qy1 110.80
Qy2 89.92
Qz1 940.08
Qz2 214.98
Qtotal 2272.49
Qgen 2272.00
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There is &.49W difference; therefore, it is assumed that energy balance upholds, and
the numerical model is verified.

The effects of modeling the Workstations with as much detail as possible is
investigated by comparing the base numerical model with one that ddesveany
wor kstation Thi s

sources in its workstation modefsgure4.22 shows the compais of temperatures.
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Figure 4.22. Comparison of detailed model and lumped model

Note that the detailed model is the same as the validated model. As the figure shows,
lumped model misses tiemperature at location 12 greatly, as this location is one of
the Workstatiori 1 outlets. This shows that modeling the workstations as detsled
possible is important since temperatures at Workstatiboutlet vary greatly.

68



The effects of natural convection are investigated by turning iFmftire4.23 shows
the 19 computational temperature measurements for validated model and model

without natural convection.
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Figure 4.23. Comparison of models with and without natural convection

As figure shows, there is no difference between the two models with biggest difference
being 0.05 . This shows that forced con
inside the cabineAs most of the components have their own fans for cooling, these

results are expected can be supported by comparing the effects of forced and natural
convection by calculatin® | 'YQ, where'Q is the Grashof number, indicating the

ratio of buoyancy forces to viscous forces acting on the fluid,Y&has theReynolds
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number, indicating the ratio of inertial forces to viscous fo(Besgmaret al, 2011)
Therefore, the ratio becomes;
Q YYO

0

0 'YQ

where0 is the characteristic length ands the velocity Natural convection effects
can be neglected whei® j 'YQ L p. When this ratio is calculated fanpper

horizontal plate of the Workstatianl, where the largest hot spots ocaubhecomes,

" YYD

9 YQ 5 T™IT o
where¥Yi s taken as 20 , the difference betweert
for inlet of Workstatiori 1, 40 , Bamhpamat e wniethedength?2 0 ,

of the plate, 0.497 m, andis taken as the half of the maximum velocity inside the
workstation, which is 2.75 m/s and occurs on the inlet fans. Since the ratio is fairly
smaller than 1, natural convection effeete very insignificant as found in the

comparison.
4.5.1.Model without Cables

The same model without any cables is modeled to investigate a scenario in which
cables do not interfere with the heat and airflow. This scenario may occur in real life
when cables areundled and positioned so that they do not block airflow and result in

a different temperature fieldrigure 4.24 shows the comparison of temperatures for
validated model and the model without any cables.
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Figure 4.24. Effects ofmodelling cables

As can be seen, locations 2 @lgave two highest absolute differences i#BO
and7.19 , r e s p where iemperhtyre at location 2 is way over the limit of 30

. These differences occur as hot air leaving PDU goes to the front plane of the
cabnet rather than to the outlet and heats up the inlets of the components. In validated
model in which cables are modeled, this leakage is prevented by ¢aples4.25
shows the cables on the outlet of PDU.
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Figure 4.25. Cables on outlet of PDU

These cables lead to a hotspot around the outlet of the PDU, and block some of the

airflow and redirect itThis is also the reason for high outlet temperatures for PDU

and Workstatiofi 1, or locations 10 and 12, in model with caldempared to model

without This shows the importance of modeling cables as they significantly affect the
temperaturefield. flt should also be noted that in the leakage model, UPS and
Workstationi1l i nl et s are above the temperature | im
This means that a cabinet with cables perfectly taken out of the way of the airflow

cannot be operated without providing any solutions for the air leakage and hot air

recirculation.
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4.5.2.Blanking Panels

Blanking panels are widely used in the industry as an ansvirett f@ir recirculation.
These panels block the airflow through gaps inside the cabinet and prevent
overheating(Rasmussen, 20095trong et al. (2009) investigated the effects of
blanking panels in a server cabinet using CFD and found out that blanking panels
reduced the amount of hot air recirculation significanfligure 4.26 showstheir

results.

L Server2 0.50 kW

Figure 4.26. Temperature field without blanking panels and with blanking paAdkpted from
Strong et al(2009)

In this study, effects of blanking panels are investigated by placing thin plates in
between the components to prevent leakage through front thlaneccurred in the
previous model Figure 4.27 shows an example blanking panel used in between
Interfacei 1 and 2.
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Figure 4.27. Example blanking panel. Other components are omitted for clarity.

The rest of the model and solver parameters are left as they were in the previous model
without any cablesFigure 4.28, Figure 4.29 and Figure 4.30 show the temperature
fields obtained.
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Figure 4.29. Temperature distribution aimom centeplane, with blanking pane(g = 1.25n)
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Figure 4.30. Temperature distribution arabinet centeplane, with blanking pane(y = 0.255m)

The figures show that there is still some leakage through the front plane due to the
components themselves, rather than the openings in between Tthemeakage
cannot be prevented by using blanking paneisvasuld block the inletsFigure4.31

compares the temperatures of models with and without blanking panels.
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Figure 4.31. Effects of blanking panels

As figure shows, using blanking panels leads to decreased temperatures on all
locations except fat2 and B, where the differences are still very small. Therefore, it

can be concluded that blanking panels are effective solutions for preventing leakages
for this cabinet.

Figure4.32 shows the particle traces in-piane to see the effect of blanking panels
on airflow.
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Figure 4.32. Airflow distribution on cabinet center planmégth blanking panelgy = 0.255m)

Figure4.32shows a more uniform airflow distribution on the front plane of the cabinet
as expectedrigure4.33 andFigure4.34 show the lower and upper part of the cabinet
in detail
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Figure 4.33. Airflow distribution on the lower part of the cabiragnter plangy = 0.255m)

Figure 4.34. Airflow distribution on the upper part of the cabicenter plangy = 0.255m)
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As figure shows, the directions of vectors are all towards cabinet on the front plane,
as expected. It can be concluded that preventing the leakage using blanking panels
leads to a more uniform airflow on the front plane of thkimet, which reduces the

hot air recirculation and, hence, the temperatures overall

In this chapter, a mesh independent numerical cabinet model is created and validated
using experimental data. The effects of cable model are investigated by comparing

models with and without cables. Then, the effects of blanking panels are observed by

plaang thin plates in between components to prevent leakages due to the absence of
cables. Results show that blanking panels are viable options to prevent leakages
through the front plane of the cabinet and hot air recirculation which leads to

overheating.
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CHAPTER 5

FRONT COVER PATTERNS

5.1.Front Cover Details

Initial experiments and modeling are done without any front cover to be able to
comparewith the effects of having one. These results are compared to two covers with
different peforation patternsvith the rest of the cabinet being the same as before

front cover may be needed to create a cage for reducing electromagnetic interference.

A front cover mayalsobe compulsoryto have toblock the heat and airflow out of
front planeof the cabinetif there is such a requiremehtowever,presence of a front
covermay lead to hotspottself, in casehot air fails to leave the cabinet and starts to
recirculate(Capozzoli & Primiceri 2015, (Artman et al., 2002) Therefore, it is

important to see the effects of having one with different openness rations.

The firstmodeled front covenas a sletike pattern as shown figure5.1 andFigure
5.2 with a closeup.
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Figure5.1. Frontcoveri 1
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Figure5.2. Front coveifi 1 closeup

Although te perforation pattern dhis front cove is not planar, it is still modeled

using grille object.

The £cond front cover has hexagonal perforation as sdegume5.3 andFigure5.4

with a close up.
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Figure 5.3. Front coveii 2
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Figure5.4. Front covefi 2 closeup

84



This front cover has a simple perforation pattern; thereforesititable to benodeled
usi ng a A @Atkhatabsleeket alo 2014pThi$ object creates a pressure loss
based on the loss coefficient calculated a$ Bq for a perforated thin vent;

0 L rmgmxp 8 ° p O o
where A is free area ratio. For this particular front cover are ratio i85%.

The validated model igsed to build upon, hencearee mesh paramesareused for

both models since grille objects are planar and dmberisect with any other objects.
5.2.Results and Discussion

Temperature distribution and airflow inside cabinet are compared for both front
cowers.Figure 5.5, Figure5.6 andFigure5.7 shows the temperature distribution on

W W andw ¢planes, respectively, f@&5% open front cover.

Figure 5.5. Temperature distribution atabinet baclplane for 85%open covefz = 0.6m)
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Figure 5.6. Temperature distribution alwom centeplane 85% open covefx = 1.25n)

Figure 5.7. Temperature distribution atabinet centeplane 85% open covefy = 0.255m)
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As can be seen, 85% coves very similar temperature distribution with the validated
model. &me figures are presented for 25% open fomver. Figure 5.8, Figure5.9

and Figure 5.10, shows the temperature distribution one & dand w dplanes,
respectively.

Figure 5.8. Temperature distribution azebinet baclplane, 25% open covéz = 0.6m)
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Figure 5.9. Temperature distribution aiwom centeplane, 25% open covéx = 1.25n)

Figure 5.10. Temperature distribution arabinet centeplane, 25% open covéy = 0.255m)

88



Figure5.10 shows that temperature values are higher for 25% open front cover with a
similar distribution However, it should be noted that 25% open front cover prevents

some of the leakage on the frotdne, except for PDU where it increases the leakage.

A comparison of inlet and outlet temperatures for both cover patternsafiddted

modelwithout a front covers made and presentedkigure5.11.
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Figure5.11. Temperature comparison of all models

As can be seen, 25% open front cover leads to higher temperatures on inlet and outlet
of the @mponentsexcept foworkstation inlets. This can be explained by the lack of
leakage from the workstations to the front plane.
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85% open front cover followery similar temperature values withalidated model
without a front cover. This means that 85% mf®nt cover is suitable in case of a

necessity for a front cover, as it obeys the maximum temperature limits.

Table5.1 presents total airflow throlgfans for different front cover patterns.

Table5.1. Total Airflow Through Fansor Different Patterns

85% Open 25% Open

Without FrontCover
Front Cover Front Cover

Total Airflow

Through Fans (#s) 0.417 0.416 0.396

Presence of 25% open cover causbgi@b drop in total airflow through fans inside
the cabinet, whereas effect of 85% open cover is minifhéd.means 25% open cover
significantly reduces the ability of the cabinet to cool down, which also explains the
high temperatures.

5.3.Variable Free-Area Ratio Front Cover

A new front cover pattern with variabfece-area ratio is proposed. This cover is
divided into segments withULheights,as shown irFigure5.12, where each segment

is assigned an open aretio depending on the averagelizectionvelocity on that
segment, whervelocity values are taken from previous analysisvhich no cables
were present. Higher-welocity values are assigned more open area ratios, with
maximum being assigned 100% and minimum being assigned 1%, which is the
minimum value that can be assignéthe rest of the system, mesh and solver

parameters are the same as before.
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Figure5.12. Segments with 1U height, front view

Figure5.13, Figure5.14 andFigure5.15 show the temperature distribution on xy, yz

and xz planes, respectively.
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Figure 5.13. Temperature distribution arabinet baclplane, variable covée = 0.6m)

Figure 5.14. Temperature distribution awom centeplane, variable covek = 1.25m)
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Figure 5.15. Temperature distribution arabinet centeplane, variable covely = 0.255m

Figures show that variabfeee-areafront cover fails to prevent leakages on the front
plane of the cabinet and leads to hotspots in front of the PIQure5.16 presents the
temperature values of components together with the model without any edédes,
calledmodel with leakage, which better visualizes the leakage through PDU.
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Figure 5.16. Comparison of model with leakage and varidbde-area cover

As can be seen, PDU inlet is way over the temperature limivhi ch i s 30
also causes a higher temperature on the PDU outlet. The rest of the temperatures are
either better than the model with leakage, or very clbsdetter understand the high

PDU temperatures, particle traces are presanteajure5.17.
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Figure5.17. Particle traces on lower part of the cabicetter plan€y = 0.255m)

As figure clearly shows, hot air leaving PDU comes back to the front plane through
the area in between PDU and UPS, and goes back to the inlet, heating both the inlet
and outlet of PDUThis means that a front cover with variabiee-area raticalone

canrot be a viable solution for the cabinet with leakaldee hot airflow leaving the

PDU must be redirected towards the cabinet outlet either with blanking panels or
cables, latter being an imperfect solutidherefore, another model with same front
cover am a blanking panel only on the outlet of the PDU is investig&igdre5.18

shows the temperature distribution on xz plane.
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Figure 5.18. Temperature distribution arabinet centeplane for variabléree-areafront cover and
only one blanking panéy = 0.255m

As it can be seen, leakage that causes a hotspot on the PDU inlet is greatly reduced as
hotair leaving PDU is redirected by the blanking panel. This can be better understood

with particle traces showin Figure5.19.
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