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Abstract

Data centres ameveloping at a rapid pace with the continued increase in digital demands. Data centre
cooling and energy efficiency is a growing topic of interest that requires new engineering solutions. To
achieve both better cooling and higher efficiency, liquodledcomputer systems are being considered

as one of the best solutions.

Total liquid cooled computers are not new, but with the power densities required for supercomputers
have seen resurgence in liquid cooling, in particular solutions that do not requireetbé air as a
cooling medium. Recently the industry has developed an advanced fully immersedtdigigid data

centre solution to fulfil this purpose. The core technology of the design is a-tigoied computer

node (first cooling stage)which relies on densitydriven, natural convection that has challenging

engineering requirements.

This thesis looks at the densityiven, natural convection from a different angle by simplifying the
Navier-Stokes equations and Convectbiffusion equatioreadingto the development af Constant
Thermal Gradient (CTG) model to solve the natural convection flow analytically. The CTG model
yields algebraic solutiongor velocity and temperature profiles, therebys able to give the flow
characteristitength (*) andindicate the boundary layer thickness direcElye development and usage

of the CTG modeiks the academic achievement in this themiglit provides a clearer understandirg

natural convection mechanism.

This thesis also uses CHImulation (ANSYSCFX) and laboratory experiment to analyse the heat
transfer performance of tHiguid-cooled systemA group of CFD simulations dd cavity convection
problem has been carried out to find the appropriate approximation factor for the CTG model, hence
comgetingthe CTG model and make it ready for furthealysis A full scaleCFD simulationhasalso

been carried oub analys thefirst cooling stage of the system for a given conditiorma real computer
system haslsobeen tesedunderthe same condin. Thenathreestepresearch worlow has been
developedo do heat transfer analysia a natural convection basdiquid-cooled system: CTG model,

CFD simulation and experimental teBhis thermal analysis work flow provida knowledge bader

further improvement in cooling design of the system, thilis the engineering achievemeuit this

thesis.

In order to se¢he thermal advantages of thély-immersediquid-cooled system, other intense real
world tessontheliquid-cooled system he been carried out. One of which is a benchmark test between
an advanced baadoor water cooled system and a ftillymersed liquigcooled system; and such
benchmark prees the thermal benefit dhe fully liquid-cooled solution. The othdrenchmarkis a

seiies of realworld tess onafully immersed liquidcooledsystemwhich aim to achieve thASHRAE



WS5 standard, and it pvesthe practicality of the liquidcooled solutionThe benchmark test in this

thesis was published in the Seftierm conference.
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1. Introduction

Liquid-cooled computer systesareconsidered to be statd-the-artin terms of thalesignfor data
centres and supercomputing solutiors. In particularthe fully immersed liquidcooled design
combines the performance and efficiency togetlied hasstood out among all otherigh-
performance computedesigns This thesis will focus on understanding anénaly$ng such
engineeed system in order tohelp improvng the future designby reducing the operational and

infrastructure cost

The Iceotope fully-immersed liquid-cooled highperformance computer system

Iceotopehave developed fully immersed liquidoled, enclosed and modularized computer server
systems for a number of information technology requirements, siighgserformancecomputer
(HPC) and integrated data censelutiors. The Iceotope arrangemiegives rise to a number of
heat transfer stages, the first of whigdes natural convection to transfer heat iwith di-electric
liquid (HFE or PFPE) coolarftom the microelectronics to the edge of the enclosursedond
cooling stagés based oiforced convectiomf awaterbased coolanivhich removes the heat from
the capsuleThe unigueness of sualtooling design, especially in the first stagdnhe server level,
requiresin-depth research ahe natural convection mechanisnithin a sealed boto both assess

requirement parameters and system performance.

Aim of the research:

This PhD thesisindertakesesearclinto the naturalconvection heat transfer performance based on
a fully-immersed liquiecooled high performance computer solution. Tihdustrially sponsored
project aimed to fulfil bothrequirements for fundamental understanding of the thermofluid

dynamics and engineering design issues of quantified heat transfer and system improvements.
Academic

A mathematical modddas beenlevelopedn this thesis by detailednathematical analysis of the
fundamenta of natural convectionThe mathematal description of the flowcan aid the

understandingf thenatural convectioprocess in an enclosure



Engineering

A work flow will be developed in this thesis fitre related industl application(as developed by
thesponsocompany)Such avork flow will include mathematical predictiannumerical analyes

(via Computational Fluid dynamic, CHRnd laboratorpasedexperimens. The development and
usage ofthis work flow has helped the industial sponsordesign and improve the cooling

performance of a natural convection based ligpadled computer system.

Objectivesof the research
Theresearch presented in this thesislesses four kegbjectives:

1, Reviewof the background of the problem

Before looking into specific problems, a degditeview of background knowledge necessarto
understanadomputer design and the developmehits cooling technique, which eventually leads
to two problens: the advantage of fully immersed ligeddoledsystem, and how to understand the

fluid dynamics of the system.
2, Understandng the natural convection mechanism and mathematical model

Natural @nvection flows are usually difficult to model and analyse, (ZitzmannetTal, 2005)
therefore this thesiexploresthe basic principles of fluid dynamics of such naturally convected
flows. Simplifying, via certain assumptions, the Naa@okes equatits and Convectiebiffusion
equation, this work determines clodedm analytical expressions for the internatetictric
temperature profiles. Such solutions are also able to reveal some of the flow characteristics of the

natural convection.
3, Analysis, tesing and experiment for the problem

Followingreview ofthe mathematics of the problem, experiments and pehetialuations are also
required. Specifically, Computational Fluid DynamicsCFD) analysisis used to provide
approximatios for missing values to complete the mathematical madelto comparewith the

resultof the mathemata modelling.
4, Measurement and proof offully immersed liquid-cooled desigradvantages

The other part of the practice is to run a series of experirhastd on real computer systerbsth
air-cooled and liquietooled to compare with the mathematlenodelling and CFD analysiand
to try to prove the advantagesf adopting a fully-immersed liquiecooled solution in high

performance computer design.



Structure of the thesis

Excluding introduction, conclusion and reference sections, there will be 4 crepfeliows.

Chapter 2includes ageneral review of the history of data centre and supercomputers design. This
will provide some background knowleglgf engineering approagesto data centre cooling and the
reason why fully immersed liguidooled data centre solution is beneficial and why natural

convection research is needed for such design.

In chapter 3 the mathematical knowledge and descriptioatofal convection flovis presented

The chapter review density driven natural convection flow mathematically and physically, then
raisesthe problem of mathematical modelling of the natural convection flow. Finally in this chapter
a simplified expressio of natural convection model (Constant Thermal Gradient model) will be

given.

Based on the CTG model given in the previous chapter, chapter 4 will be a further research of
natural convection modelling. A number of CFD analyses will be carried out ichidaiter to find

the appropriate approximation and complete Constant Thermal Gradient (CTG) model.

Chapter Sncludesthe experimental section that links the theory and engineering solution together
and presenta series of case studies that compare tladytral model (CTG model), the CFD
simulation and the real world experiment as an engineering work Fionally, chapter 6 contains
results ofenergy efficiency testg of the fully immersed liquigtooled computer system that proves

its benefi to the irdustry.

In conclusion, all these chapters complete a full iteration of research and develop work, which

eventually transfers in to the knowledge of doing development work for the industry.



2. Literature review- developmentof the data centre and its
cooling design

Thedictionary definitionof Supercomputer is more related to a computer system usually designed

for High Performance Computing (HP@hile the definition ofadata centre will béhat of adata
communication facility with a combination @bmpute, storage, telmmmunication and other

supporting system Though these 2 objects are different in definition, and the term of

0 s uper cappearg o beratsubsettbé general conceptafé dat a centrebd, they
share similarity in desigand application and will be put into the same discussion of large scale

computing technology.

This chapter has four part§he first partis a generalreview of data centre and supercomputer
developmentThe second pai$ an indepthdiscussiorof datacentre and supercomputéermal /
power issus The third part isan explanation of thermal design progress frorrcadied based
system towards liquidooled based systemhe lastin this chapter will bea detaileddescription
of the fully immersed ligid-cooled data centre designghich alsoexplainsthe benefit of such

design.

2.1 The blooming of data centreand supercomputer

The history othesuper computer arttiedata centrean beraced back to the early design and the
original electronic computer. One of the very fagplicationds theENIAC in 1946. The ENIAC
(Electronic Numerical Integrator and Computerl more than 17,000 vacuum tube and 1500
relays; it also took 167 squametes of floor spaceweighedabout 27 tons and, most importantly,
consumed 50kW of electrial power(Weik, 1955)

To assesghe computerperformance different measuremenithave been introduced towards
different type of computer and different requirementaitulation. But to benchmarking all types

of computer, it usually use a simple base line to measure it: Floating Point Operation per Second
(FLOPS). The FLOPS performance is usually measured by carrying out simple calculation such as
LINPACK benchmarkig, andFigure 2-1 is some LINPACK result of top listed supercomputers

in FLOPS:



Performance of some top-listed supercomputer in history
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Figure 2-1 Equivalentcomputing performance (FLOPs) of some tbgted supercomputers in
history (TOP500, 2015)

Notice: The ENIAC performance is an equivalent vaMere daa can be found in the appendix

section

The complexity of computer design has been growing ever since the firgstnespecially after
the transistor and integrated circuit has been introduced. The most fdesmptionof such is
Mooreds | aw ( Mo or mmberloBaddsisiors counhin conputer wihdoubld every
18 montts. The law has heldrue over the years and theomputing capability has remained
exponentialFigure 2-2).



Moore, co-founder of Intel, that the number of transistors per
square inch on integrated circults had doubled every year

since the integrated circult was invented. Moore predicted
\ that this trend would continue for the foreseeable future.
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Figure 2-2 Transistor count form 1965 to 2015 followiMpored s | aw, (I nt el 2015)

Not only has the complexity of computer been growing, ikage of computer technology has
increased as well. This becammre evident with the growth of the Internet in recgears;
computerdavebecome one of the most importal@velopment n  p e wgs Thes@an bd seen

from the increasing worldwide age ofthe Internesince1996 (ITU, 2015)
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Figure 2-3 Individuals using the Internet 2005 to 2014 (ITU, 201

FromtheFigure 2-3 it can be seen the gradually increment of internet user over the years. Also in
the same research (ICT, 2014), it shows that 40% of the world population has internet access up to
2014.

Suchincreased usage of computers and Internet resources has led to not only greater demand for
data centres, but also the changing style of data centres. Beforaoditisationof computing
technology, the usage of large scale and high performance computihgdmadominated by the
academic bodies and research bodigassifiedsectordmilitary, aerespace etc.) haes occupied
a significant proportion othe applicationsspace This can be seem from the application type in
the TOP500 list, which list thep 500 performance (based on FLOPS) supercomputers every year.
But since late 9@mnore computing resource has been put into the industry bodiescemd years
the academic and research bodies took back some pfapertionagain(Figure 2-4).
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Figure 2-4 Supercomputer on the TOP500 list are used primarily | industry, research and academia.
Over 50% of them go tmdustry (TechUK. 2013)



The changing application of supercomputers and data centres also results the change of computer
design. Before the 90s, mainframe style (such as-BiWer based solution) was more popular at

the time. They were more specific builtpre stable but less flexible and less performance based

as well. But from the 90gommoditybasedx86 style supercomputer become popular choice by
data centr@peratorsespecially from 200ormwardswhere the 64bit x86 system was introdude

Thex86 g/stem usually has more flexibility to adapt different hard ware application and different
operation system (OS)

x86-64 (Intel)
x86-64 (AMD)
POWER
MIPS

x86-32 (Intel)
x86-32 (AMD)
Sparc
PA-RISC
Cray

Alpha

Fujitsu
Itanium (Intel)
NEC

Intel i860
Hitachi SR8000
TMC CM2
Hitachi

KSR

Convex
Maspar
Others

nCube
IBM3090

N
(=]
(=]

Number of systems

100

T BT

~
TSRS ILIS

TOPS500 Date
Figure 2-5 Processor family used in Top 500 supercomputers from 1993 to 2015 (TOP500, 2015)

It can be seem from thH&gure 2-5 how the processor family migrated from variqueprietary
providers in early 90s tbecomingdominated by Intel / AMDx 86 families So in the following

sections of this research, the computer systambasel onlintel x86-64bit solution

The incregedusage andmproved calculation performance (FLOPs based) eventually leads to
another issue of computer desigs:power consumptionin fact the power consumption of data
centres has beermontinuallyincreasing



300 ~ 268 TWh

X N
250 216 TWh
hf Koomey
/’

200 H X

/

Infrastructure

150

100

50 -
Servers

Worldwide electricity use (TWh/y)

D I T T I T I 1
2005 2006 2007 2008 2009 2010 2011 2012

Figure 2-6 Worldwide use phase electricity consumption of data centres. Infrastructure electricity
(Heddeghem, 2014)

Here isa figure that shows aboatl/3 increase in electricity power consumption of data centres
worldwide between2005 and 2012(Heddeghem, 2034 This is thebroadview about power
consumption of dataommunication industry, but how this increasing demand of power affect the
design of supercomputers and data centres will be the topic of the next section in this chapter.

2.2 Thermal load of data centresand supercomputers

Obviously the increasing density of transistors and faster spediegrated circuit (chip) will

result a power issue, and the facing problem is not just how to handle such amount of power
electronically, but also how to handle it thermallgelthe same table of tdisted super computer

in history from the previous section and fill the power load and space occupation of these: system
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Figure 2-7 Thermal load against years of some-ligfed siper computeTOP500, 2015)

From theFigure 2-7, it can be seethat growth of power load of supercomputdras continued
over the yearatthe datacentre facility scale. It is no doubt that people tried to gain more computing
performance byuilding larger supercomputers, which demand more polies is theview on
facility level, on the other handghe thermal loadcreated by a single ogputer processor is

important as well

Similarto whatisex pected by Mooreds | aw, peoasihgle assumed
computer processavould increase And more important, the power load over surface area, or in

other words, heat flux on thehip would be increase as well

- -
- Pentium’t
Processors

2010

GrU - Computer Power Usoer Magozine

Figure 2-8 Power density / heat flux of computer processor prediction (Jurvetson S. T.(@D04)
Simons and Chrysler, 1999Bergles, A. £1997)
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But this has not come true. Unlike fabrication technology of integrated circuit that may seems to

have no boundary of improvement and refinemtre, CPU materiainay havea thermal load

limitation. This can be seen from the recent design of Intel X86dbem®puter server processor
(XEON family). Table 2-1 is some data of Intel X86 based systemlisted processor from 2005

to 2015:

Code Year Model | cores| Socket| TDP | Die | frequency| transistors| Flux
name size | (Turbo

Unit Xeon LGA | W mn¥ | GHz Billion W/mm?
NetBrust 200534 3.8E 1 604| 110| 135 3.8 0.169 0.815
Paxville 20054 7041 2 604| 165| 206 3 0.230 0.801
Clovertown 20013 5365 4 771| 150| 286 3 0.582 0.524
Harpertown | 200893 5492 4 771 150| 214 3.4 0.82 0.701
Tulsa 20084 | 7150N 2 604| 150| 435 3.5 1.328 0.345
Nehalem 2010Q1 7560 8| 1567| 130| 684 2.26 2.3 0.190
Westmere 2011092 8870 10| 1567| 130| 513 2.4 2.6 0.253
SandyBridge| 20121 | 2687W 8| 2011| 150| 416| 2.9(3.8 2.27 0.361
IvyBridge 201401 | 8891V2 10| 2011| 155| 541| 3.2(3.7) 4.31 0.287
Hasswell 201592 | 8891V3 10| 2011| 165| 661| 2.8(3.5) 5.7 0.25

Table 2-1 Intel top listed XEON X86 based processors specification from 2005 to 2015, (ARK
Intel, 2015)

Itis interesting to see that tl@ermalDesign Power (TDP) of these processdws not significantly

increased over the years, moreover the power load haseztafasimilar level since 2005t the

commencement of mwtoremicroprocessorsBut more importantly, the heat flux based on chip

die size has decreased over the yemrd the=igure 2-9 shows such tendency.

Load per die-aera vs Time line-Intel Xeon

0.9 Xeon 3.8e 64bit
08 Xeon 704q Xeon 5492
0.7 o)
€ 0.6 Xeen 5365
205 ° Xeon
P 04 Xeon 7150N E5-2687W Xeon
8 ) 1) e} E7-8891 V2
=03 Xeon 7560 _e g °
0.2 ) Xeon Xeon
0.1 E7-8870 E7-8891 V3
0
2004 2006 2008 2010 2012 2014 2016
Year

Figure 2-9 Intel top listed XEON X86 based processors die heat flux from 2005 tor2@t&d to
Table 2-1, (ARK Intel, 2015)

However CPU(Cental Processing Unitjs not the only device that carries out the computing and

thermalcreates théoad, by the nature of parallehd vectoprocessing, GPU (Graphic Processing
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Unit) or stream processawould be more capable of running large task inlspaallel sections.

This hasrecently increased ipopulaity than ever, and more serious calculation has been taken
place on GPGPUs (GenkRurpose Graphic Processing Unit) and stream processors. So a list of
nVIDIA GPU (mostlythe Tesla series) in different generations has been reviewed to compare the
thermal load and die heat flux.

Code | Year Model die | Socket | TDP | Die | frequenc| transistors | Flux

name size |y

Unit W mn¥ | GHz Billion W/mm?
2006Q1 GeForce] 1| PCIE 86| 333 0.4 0.169 0.258

7800 GTX x16

Tesla | 200/Q2| Tesla C870 170| 480 0.43 0.230 0.354

Tesla | 200Q2| Tesla C106(Q 188| 470 0.61 0.582 04

Fermi | 2011Q3| Tesla M2090, 225| 435 0.65 0.82 0517

Kepler | 2012Q2 TeslaK20 225| 551 0.706 1.328 0.408

Table 2-2 nVIDIA top listed GPU specification from2006 to 2015, (nVIDIA, 2015)

Load per die-area vs Time line
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Figure 2-10nVIDIA top listed GPU die heat flux from 2005 to 20Eated toTable 2-2, (nVIDIA,
2015)

TheFigure 2-10shows the growth of thermal load and die heat flux of some nVIDdéntrast to
Intel CPUs whichhave decreasing die heat flux, the nVIDIA GPUs die heat laz beegrowing
until the recent released Tesla KBoth CPUand GPU development is that their die heat flux has
yet grown over 1000 kW/fnand this number may be the theripairierof the computer processor
design.

Both CPU and GPU thermal isssarechip level vieve of the computer design, but how this thermal
affects thedata centre facility el would be a different cas€he size of the supercomputer can be
increased by putting more CPUs and GPUs ihtodata centre building, whichay not have a

physical limit in theory. But in reality, due to the practigaéind economic reassthe size of data

12



centre cannot be expandefinitely, so the size and power density (kV¥ymasbeenadded to the
table of supercomputers.

Power densicy (kW/m*) of some famous super-computer in

history
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Figure 2-11 Power density against yearssafime togdisted super computer

From theFigure 2-11, it is interesting to see that the power density (k¥yiwas not significantly
increasd over the years, and in fact the highest power density supercomputer among them all is
the CRAY-2 fromthe 1980s, which it was famous for not just its superb computing performance in
its erg but also its unique design to overcome the thermal problem: immerseedipét! design.

Also from the same figure, the othéf a2nd 3 top power density computavas the Japanese NEC
Earth Simulator in 2002 and the Chinese Tiat?Ha 2013.To overcome the problem &fnited
space against the neéat more powerunique desigrwas requiredhese supercomputers. The
Japanese solution fthe NEC Earth Simulator isimple and straight forwardo usea huge heat

sink on top of thenicro-processors, this can be seen from the NEC publicati&arth Simulator
(Habata2003):

| —

AR
e

Heat smk Lo adr
017 CwW

Inside of ket sink
0.4 "Cw

| H
\ TN | A LA1to Hent sink
011 cw

Figure 2-12 The heat sink design (righajd the view of the processor carrier board completed with
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core processor and heat sink in the NEC Earth Simulator sy@tatmata 2003):

The detail design of the heat sink in the@Earth Simulator isiot revealedbut theshapeof the

heat sink seemsversizedand unique from the photo above. The NEC Earth Simulator is-an in
house system based on NECOGs own processor and
employsuchaunique heasink, but for the more commo86 basd serversystens a nonstandard

size heat sink may be a problem, especially for those based on standard cabinet design.

The Chinese TianHe 2 supercomputer is the kinxB6fbased system (Intel XEON seriegro-
processa), in whichto overcome the coolinissue itapplies anore complex solutioto remove
the heat namelywatercooled. Through it is not as radical as the fully immersed liqomed
approach adopted by thegendry CRAY¥2 system, the TianHe 2 uses a more commanrdoor
watercooled racksolutionsimilar to many dense HP&pproachesuch as the HPC system in the
University of Leeds that will mention in the latter cmapterof this thesis (Airedale, 2012)

Cooling System

* Cooling Type
a Close-coupled chilled water cooling

* Customized Liquid Cooling Unit
aHigh Cooling Capacity: 80kW

* NSCC-GZ will use city cooling system
to supply cool water to LCUs

Figure 2-13 The cooling design dfianHe-2 supercomputer (Dongarra, 2013).

Another important thing that thvo systems with the top power density (kW)rin the list are
both liquid-cooled solution; andthe Cray2, which have the highest power density was an
immersed liquiecooled syste. This shows the unique benefit to have high power density with
liquid-cooled based designs, especially fully immersed ligoimled design. The detail of all these

liquid-cooled desigawill be discussed imore detail later in this thesis

The problem & the thermal load so far is mote do withthe power density in the data centre

facility. But there is another isstigathas risen recentyhat isthe energy efficiency of data centres

14



and supercomputers. Traditionally supercomputegknown to bdargepowerconsumersbut the
relationship betweegomputingperformance and power consumption could noahmiversal
standard since the FLOPS of computer will change rapsithetechnologyadvancesSo a power
efficiency metrics based on the proportiof power load spend on the computing calculation has
been introduce in 2007 (The Green Grid, 2007), this was the Power Usage Effectiveness (PUE)
Equation 2-1. The term of PUE stand for Toté&cility power consumption over IT power
consumption.

v o 41 GRAMABDIT x@AW 2-1

U YO N GEDO RE AO

The total facility powerstand for the all power loads including the supporting system such as
cooling, lighting and monitoring which do not join the data processing directly; the IT load is
usually included the load that directly related to the compuattafocessing such as server board,
storage and communication devices.

PUE: Power Usage Effectiveness
DCE: Data Center Efficiency

Building Load
Demand from grid
Total Power IT IT Load
Facility e Switchgear Equipment * Servers
Power * UPS Power * Storage
« e Battery > e Telco
backup equipment
e Etc. (= (o
Cooling
* Chillers
* CRACs
e EtC.

Figure 2-14 lllustration of how PUE and DCE values are calculated in a data ¢@rgenGrid)

The introduce of PUHEise anew concern of poweeffectivenesdssuefor data centre desigit,
basically suggesproportion of power load should be spent on the computing rather than other
places of a data centre. More specifically, it will be more desirable if less energy spentimy cool
system in data centre desigwotice thatalthoughthe PUE is popular in measuring the energy

efficiency of data centres, but it needs to be careful thateffectivenesdut not efficiency figure

All these problemsddup together, the chip therindensity, the facility power density and the
PUE of the data centres leadingto a new stage of data centre design. And the key pbihis

issuewill be the design ofhe cooling system in data centre and supercomputer. As some cooling
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solution (aircooledor liquid-cooled) was menti@d, the next section wilfocus on the specific

cooling designs for data centre applications.

2.3 Design of data centre cooling systenfrom air -cooled to liquid-cooled

In the earlydaysof the first electronic computerwas a vacuumtubes were usedDue to the
fragility towards vibratiorand also the mechanigadopertiesof glass material, the vacuunbeis
difficult to cool down with a fan or a heat sink. But soon after the silicon based integrated circuit
wasintroduca, its flat body would provide a good thermal contact serfac installing metal heat

sinks in direct contact.

Figure2-151 nt el 80486 DX2 O6OverDrivebd CPW((Lhanzeth st anda
2009)

TheFigure 2-15 shows a computer processor (1990s) with a standard passive heat sink on it. But
soon the passive heat sink design has phased owtiesidc fan was added to the heat sink and
form a forced convection of air flow to provide enough cooling for the processor.
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Figure 2-161 nt e | Pentium O6Over Drived (PS5TPP=APAW wi t h

(X86-guide, 2015

Here is heFigure 2-16 shows an Intel PC CPU with a standaeét sink and cooling farhe force
convection with air (aicooled) soorbecame a convenient cooling solution for most computer
application, not because its efficiency but because its low cost and simple installation. Even now
the aircooled design is the dominated solution in most personal computer (PC) and data centre
applicdaion. And the method against higher heat load witftagled design seems straight forward

as well: bigger fan and fast air flow.

But the air is not a very ideal heat transfer mddiathermal conduction or convection (Li &
Kandlikar, 2015)jt has low pecific heat capacityQy) and low density. This means to deliver a
certain amount of heat it requires moving a largieimeof air. Moreover when the flow rate and
speed of air has increase up to some point, the drag of air flow besigmiéicant and th pressure
drop of the air flow through a limited space will increase dramatically:
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Figure 2-17 An example of fan cooling system pressure drop against the flow rate in(¢Libid
feet per mmute) (Greenheck2015)
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FromtheFigure 2-17it can be seen that the pressure drapesnonlinealy against the increasing

flow rate. This eventually become anothErrier of thermal design in computer cooling, the

increasingsystemresistant of the air holds the cooling performance st a poor power

efficiencyof the computer system.

To overcome the weakness of using air as a thermal agent to deliver heat enettgy,tadymal

agent for convection is needed. One of the option is using liquid to work as a thermal agent, and

this is the starting point and liqu@mboled solution has been introduced into computer technology.

Molecular Boiling PointYFreezePointYDensity?® SHC Thermal
Weight Conductivity
Unit (°C) (°C) Kg/m?® J/ (kg AW/ ( mAK
Air 28.9] N/A N/A 1.184 100¢ 0.024
Water 18 10C 0 100( 4181./ 0.563
Dynamic Kinematic ~ Thermal D: At 760 mnmHg
Viscosity?  Viscosity?  [Expensivé)
Unit PaAs cST 1/K 2 0
Air 1.983 x1¢F 15.6¢ 3.411x106% - AL257C
Water 8.9x10* 0.¢ 2.07x104

Table 2-3 The physical properties of general water and air

From theTable 2-3 it can be seen that the Specific Heat Capa€lty ¢f water (4181.4J/kK) is
4 times as that of air (1005 JAQ, this combined the density of water (1000 k§)/amd air (1.184
kg/m?), implies thatthe thermal load / heat capacity per unit volume (p&rfon water (4.%1¢°
JInA) is 4000 time greater than tHar air (1.2<1C° J/nvK).

Liguid-cooled applicatioparenot a new idea for engineering, and tharesome simple wag/of

using liquid in the cooling system without changing the computer design much: one ofustch

the heat pipe (Kim etc., 2003)The original invention of heat pip@érkinstubes) has a much

longer history tharthe development ofomputer, it is a tat transfer device designed bgcdb

Perkins and his son Angier March Perkibased on a sealed tube with ligintermediay which
transpors the heat to the other side of the tllyephasechange of the liquigReayD.A., 1982). t

was firstseen a®erkins Tubsgin bakers and theim locomotivesince 1830s. Latr onthe design

wasimproved bySamuel Dalziel Herom 1923 Sam Dalziel Heron, 1922nd used itheinternal

combustion engine with a sodium filled stem valve to improve the heat transfer. In 1963 George

GroveratLos Alamos National Laboratoffirstly developed the device based on capillary effect

and

used

t he

term

0 h e a fTodgy mgstehéat pip aaebasad orFbote e ma n
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phasechange andhe capillary effect Faghri, 1995), thishas thepotentialto increase the thermal
conductivityof copperfrom 0.4 kW/(mtK) to 10~100 kW/(rtK). (Pastukhov, etc., 2003)

There are a number of heat pipe designuse todaywhich includesdifferent envelop material
(copper, aluminium, steel, étdifferent working fluid(water,Ethano] Ammonig R134a, Kali /
liquid metal etc.) and different heat spreading metfrmatural convection, phase change, pressure
different, capillary effect or the cdymation of themp However he limitation of most heat pipe
applicatiors is that it can only transfer the heat energpmedirection, usually upward or planar,
and it is rarely usetbr long distancegreaterthan 1 meterDespite the limitationdyeat pipes are
still popular in cooling applications, the most common typleeait pipe can be seen in commercial
producs making use otubular Constant Conductance Heat Pig€CHPs) and flawvapaour
Chamberdflat heat pipes). These types of heat pipe have often being seen etdamputer

component heat sislsuchasCPUs, GRUs and I/O controllesin computers.

Figure 2-18 Standard nVIDIA M2070 GPU unit with passive heat sink and heat pipes (nVIDIA,
2011)

TheFigure 2-18 showsannVIDIA GPU with a big heat sink and heat pipeside In this case the

heat pipes transfer the heat very quickly to the top of the finned heat sink for removal by the airflow.
But wsing the liquid to transfer the heat energy over a short distant to the heat sink still far from
enoughfor heat transfer, andsing water to transport heat energy in long distant cloymlove
thermal efficiency. Hence bdaymost data centreavewater crcuits at the edg#o rejectthe heat

energy from inside the facility to the outsielevironment

Eventhoughtherearewater circuis in data centre, the majority deat transfemefficienciesin

data centreooling come from th@art of heat transféhat still use air as a thermal agent. So to
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further improve the thermal efficiency of the system, the water or liquid should move atoclose

the heat source as possitds depicted in the following figure:

External heat|Cooling Computer
rejection vnit | svstem racks
| I T
1 1
- =
| ‘
1
1
> o
1 1 J'l
—d L | Ikg L 1 Ikg
Traditional Air Cooled Advanced / Water-Air hybnid Direct{fully immersed)Liquid Cool
Data Centre Data Centre Data Centre

Figure 2-19 Water circuit design in data centre application: moving towards the heat source

The Figure 2-19 demonstrateRow the water circuitan be configred tomove closeto the heat
source within theomputer systesi Originally the water is just used to transport the heat them
edge othe facility to the outsidéFigure 2-19left). Butin some advanced cooling design the water
circuit can be extended into the computer cabinet and take th&dreahe back of the cabinet
(Figure 219, middle) Eventually in the direct liquictooledapproach would reduce the need for
air to takeplace inthe heat transfer, and the water circuit taltee heat directly from the computer
component (water in nodmlution, Figure 2-19, right).

The o6wat ebstyleohdata @mitre co@ing design is one of the most common-egaited
data centre solutiorthis includes irrow water cooling and baetoor water cooling data centre
solutions(Almoli, A., et al., 2012 Howeverboth types of data centre designs are still based on
air cooling and still require fans to drive air over the heat source to remove heat mertiyer

words they can bdescribedas aircooled and watecooledhybrid serve system.
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Figure 2-20is a typical back door heat exchanger watasled data centre cabinet des{@t
DOE, 2009):

Figure 2-20 Back door heat exchanger water cooled system at Lawrence Berkeley National
Laboratory (LBLN) (US DOE, 2009)

Such aircooled and watecooled hybrid server systenin computercabines is a compromise

between watepiping complexity and thermabssof air heat transfereitherfront-door or back

door heat exchanger design is sitlair-cooled systemWith low heat capacity and conductivity

of air as a thermal medi# usuall requires chilled watesind computer roorair conditioningfor
sufficientcoolinglike mostotherair-cooledsolution Though itis yetto be perfeéé,wat er i n cabi
design is currently the most popular and practical water cooled data centrels@favious the

Chinese TianH supercomputer i s a O6water in cabinetd

has the second highest power density (24.4 \Wimthelisted supercomputers Figure 2-11.

So theultimatecooling solution should be the direct ligeddoled that take the heat directly from
the heat source to the water withaigingany air in theheat transfeflyengar, M., et al., 2032
But even wih many advantages, direct / immersed liggigled solution is rarely being seen in a
large scale data; in fact, none of any commercial data centres / super computers more than 250kW
usesdirect liquidcooling. The main problemis the engineering complext of liquid-cooled
applicatiors whenever water meets electricity. In practibere are fevadditionalproblems First

a liquid cooling system must have good thermal contact with the electronic compmrtesiso
remain certain amount of flexibility tallow the tolerance of PCB boards. Secohavill have
complexity and reliabilityssue insealing design, direct liguidooled designvould usually havea
large arrayiping inthesystemWith adesign that only usavater as the thermal fluithe leakage
of water on live electronic wiltould pose a large threalso such desigrequiresthe electronic

connectivitygoespassheliquid throughsealing thiswould become a challengeo. Theseare the
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potentialreasos that slow down the devepment progress of direct liquid cooling technology in

data centre application

The moststraightforward solution of liquid usedin electronic cooling i& water cooled solution
similar to that of car engineshe concept of using watéw cool down heatg devices is notnew,

but it was not until 1965 that IBM started to consider direct water coafipgoachegKakac,etc.,
1994)for a super computer, am1982 when the first practicalater / liquid cooled computethe

IBM 3081 was producedsince vater isa conductivematerial both thermally and electrically
must notdirectcontactto the electronic componentTo avoid this, the approachwould need
complexsealingandpiping, it also requires very good thermal contact / conduction from the heat
source tahe water block At the time he IBM 3081wasequipped with aadicalcooling solution

to face this, the Thermal Conduction UrBiddgett 1982);which usedheliumfilled metal piston

to apply the contact force to thmicro-processor, and transfer the waste heat into the water system.
This be@ame the first practical direct liquid cooled soluti(water block solutiopandno air was
used inthe major heat transfgprocessbut this can stilbe arguable becauseheliumfilled gas
cylinder was used as heat transfer agent.

Figure 2-21is photo of Thermal Conduction Unit (TCU) the @way section from thiBM 3081

mainframe computer

Figure 2-21 Photo of Thermal Conduction Unit (TCU) the -@away section from the IBM 3081
(Blodgett, 1982)

Another directliquid solution isthe useof di-electric liquid suclasamineral oil or other liquid as
thermal fluid instead of water. In the material prospect it is a compromise, where water is one of
the best thermal fluids faronduction as well asonvection, and in reality any-dlectric liquid

would havepoorerthermal performance than water. Y#te engineeringorospect ofa dielectric
meansthatthe whole electronic part of the computer can be submerged inside the liquid and the
thermal contact of liquid tthe electronis would be insulated With submersion albf the heating

source can be cooled in the same environmmmispread thdeat loacevenly. This is the design
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so called fully immersed liquidooled solution, which firstly put into commercial by Cray with the
famousCray-2 super computdfigure 2-22, which was also the fastest super computer during 1985
to 1990.

[T

1l
-
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Figure 2-22 Photo of Cray2 super computer is 1980s, (CRAY Supercompyti88)

The Cray2 system was the pioneer in computing industry in its era with many innovations, one of
what is the use of mon-conductive liquidF | u o r ) (BenputeEHistory Museum, 2015), this

led to another type of application in direct licpgidoleddesign, namely the fully immersed liquid
cooled solution. Such design is able to avoid the piping issue by basically putting everything into
thenon-conductivecoolant; in the other side it needs to deliver the signal to the outside of the liquid,

which would be another challenger in sealing and cabling.

The IBM 3081 and Carf are both radical solutions of the cooling problem at the time, they are
symbolic of the high building costs, which for the Geawas 12~17 million USD in 1985, 27~38

million USDint oday6s value and high running cost t ha
public bodies. The firs€ray-2 (serial number 1) was delivered to thational Magnéc Fusion

Energy Computer Qdre at Lawrence Livermore National Laboratdi@omputer History Museum,

2015). At this time most other supercomputers andaatties were using conventional air cooling

method with many ventilation fans.

Liguid-cooled computers have recently become popadginwith significant usage by the PC
gaming enthusiast and overclocking group, which tend to modify their personal eorfpQ} to

watercool in order to gain extra performance. The usual solution of such would bebiatkr
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cooling designs, which is simpa block of metal clamped onto the hot component of the computer
with water passing through it to take away the waste(hgatgar, M., et al., 20)2This is straight

forward but a costly solution, since if the computer has a number of distributedtsttsp water

cooling system will be complex with lots of piping and sealing. Because a single water block can
only cool down one component / hot spot, the water block design is udiffiiylt to cool down
everything on the motherboardnless the comyier server is a custom designed for wdeck
applicationptherwisecooling air is still needed for parts without wabdocks. Never the less water
blocks are efficient in cooling hot spots and still a popular concept among data centre manufactures

recently.

Beside itsrelative complexity one more problem othe water block design for data centre
applicatiors thatrequiresaddresig is the flow balancdJnlike a personal computer that the water
loop only needed for few devices, a datmtre level doition would requiresCDUs i cooling

distribution unitgo balance the water flow.

One example is the CoolIT solutiGigure 2-23, it combined a micro pump inside eagater block
powered and controlldoly the motherboard fan port, and as a result each single water path is self
controlled and selfegulated. This solution also uses flexible water hoses so that the locating and

contact / conduction from water block totlspot can be ensured (CoollT system, 2015).

Figure 2-23 CoolIT server blade with watdanlock cooling design (CoolIT system, 2015).

But as a typical block solution the CoolIT solution is a combinatiomadércooled and aicooled
system. Notice that a typical CoollT server blade design has 2 water route (each of 1 CPU) in a

twin-processor motherboard.
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Thelast direct liquidcooled solution ishe fully immersed liquietooled solutiofOhadi, MM., et

al., 2012, which seemsto have been silent for some time after the successfny of Cray-2
supercomputer. One reason for the silence could be that the dioplield Cray3 design became a
failure in business, and before the Gawas available the Cray Rearch became bankrupt and
made this an end to its liqumboled series (CRAY, 1994). Other than Cray Research, very few
fully -immersed liquiecooledsuper computerBad ever been built commercially in large scale,

and even Crayesearch was not makiggod business on its liquiwboled design. The problem of
fully immersed liquidcooled design, besides high cos, is the lack of hardware flexibility and
user friendiness. Also the coolant that Cray series ligeatled supercomputers had used was the
3M F 1l uor i RCEQ sefies (FE&74)fluorocarborbased fluig although at the time was
considered environmental friendly, lately the liquids hawes became less favourablelueto the
growing concern ofts high global warming potential and long atmosphere lifetime (UNFCCC,
1992) All theseissuesaddedtogethetbecomes a new challenge for the design of next generation
fully immersed liquidcooled solutions, but on the other hainere is growing demand for computer
power and density once again calling for such designs due to their potential of having the highest
facility level power density. So in recent years such type of immersed-tigoiéd designs has

returned with some netechnologies based on old cooling approaches.

2.4 Fully immersed liquid cooled solution with new applications

It was not until recently that the size and power of data centres and supercomputers becomes critical,
and the industry starts seeking more haréwadensity solutions. Now they look back at fully
immersed liquiecooled solutions again, but at this time, the requirement is erffigiency rather

than speed. Also neviluoroether based coolants such aserfluoropolyether(PFPE) and
Hydrofluoroethe{HFE) fluids have been introduced by different chemical engineering companies,
such as Solvay and 3M. This type of liquid tends to have a lower global warming potential /
shorteratmospheric lifetimalso better chemical compatibility in general usage. Iiduisd could

be a more environmental friendly replacement of theFBMrinert(PFCs), and remove the barrier

of using dielectrical heat transfer fluids in microelectronic cooling applications again (3M, 2015).

The basic properties of HFE 73Dquid arepresented iTable 2-4.
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Molecular Boiling point | Freeze point| Density | SHC Thermal
weight @ @ condutivity
Unit °C °C Koim® | JI(kgK) | WI(mA)XK
350 98 -35 1660 1140 0.069
Dynamic Kinematic Thermal @ At 760 mmHg
viscosity® viscosity® expensive?
Unit | Pas cST 1/K @ At 250C
0.001176 0.71 0.00145

Table 2-4 3M Novec HFE7300 Engineering liquptoperties (3M, 2009)

According to the 3M Novec HFE7300 engineered fluid data sheet, the density has a linear

relationshipwith the temperature
Y ¢ oX@p c8Y 2-2
Where T is measure in Kelvin

In fact theotherproperties of 3M Novec HFE liquid can be more complex in practice. H laage
thermal expnsivity constanand nonlineartemperatureviscosityrelationship which could result
in some difficultieswith thenumerical modellingFromthe 3M dataSheetmostof the HFEseries

liguids have power-law viscosity versusemperature changes as shown iRigure 2-24 andFigure

2-25.
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Figure 2-24 3M Novec HFE7300 Engineering liquid viscosity vs temperature (3M, 2009)
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Figure 2-25 3M HFE7300 Engineering liquid viscosity vs temperature curve with Least Square
approximation

From theFigure 2-24 andFigure 2-25 above, it can be seen that the 3M HFE coolant has a linear

density correlation and pow#aw viscosity correlation to temperature.

Also, Solvay and other chemical engineering companies (for example, DuPont) also introduced

similar fluoroetherased product for the purpose of heat transfer, mainly for power electronics and

manufacturing processes. The Solvay Galden HT110 (PFPE) liguiexample, has a similar

property and could be used in the same application similar to the 3M HFE liquid:

Molecular Boiling point | Freeze Density | SHC Thermal
weight @ point @) condutivity
Unit °C °C Kg/m?® JI(kgK) | W/(mA)K
580 110 -100 1710 963 0.065
Dynamic Kinematic Thermal
viscosity® viscosity® expensive
@
Unit | Pa& cST 1/K
0.001283 0.75 0.00114

Table 2-5 Solvay Galden HT110 PFPE heat transfer liquid properties (Solvag) 201
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Suggested operating temperature range
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Figure 2-26 Solvay Galden HT110FPE heat transfer liquid viscosity vs temperature (Solvay,
2014)
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Figure 2-27 SolvayGalden HT110 PPEheat transfer liquitiquid viscosity vs temperature curve
with Least $uare approximation
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From theFigure 2-27, the Solvay PFPE coolant also has pelaer viscosity correlation to
temperature. It will use fixed density and viscosity value for the corresponding reference

temperature later on in thisabis as well.

According to HFE 7300 and HT 1Xatasheetsthe viscosity of thesBtuorinated fluidswill be
increased significantly in low temperature (beld&)) and they would be better to use in a relative
high temperature (above Z5 for less viscos and bettefluxivity . Such liquids also have overlap
temperature range with water, which make them ideal to integrate into existing data centre design,
whichwater systems already have built in. With thiserinateand oil based fluids, the immersed

liquid-cooled concept is back again in a mtaghionablenanner.

Up to 2015, there are 2 types of fully immersed liggidled solution that can be seen as
commercial applications. The majority of which
puts al computer electronic in the same container with the primary coolant; the secondary coolant

loop (usually water) would be either work with a condenser or heat exchanger. Thpide2

immersion data centre solution (3M, 2015) is an example ofyghésdf solution:

Y : ) & - 2 3 - “4

Figure 2-28 3M open bath fully immersed@hase liquidcooled data centre solution (3M, 2015)

The open bath / open container solution has the easiest positfwowfer and signatonnectivity,

simply routed the wiring across the liquid surface should do the job and does not require to cable
through the sealing. The pressure management of this solution should be easy as well since it is
open to the atmosphere so it should be egeinteb 1 atn{standard atmosphere pressuak}the

time. The real problem comes from the coolant management, as it is an open top solution, the
vaporized coolant will escape to the room environment. Containing or collecting the coolant vapour
will be difficult and a coolant manage system might be needed to address this, so-tentlata
design may be fundamentally changed.

To avoid thecoolant vapoura norvaporiseoil coolant can be used for open bath ligoabled

servers, for example, the Green Retion Cooling data centre solutiolt.used oil based coolant
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and wagrovedand adopted bgerialcustomergVarma etc., 2014)Never the less the open bath

solution is the most popular and most installed fully immersed liqoided solution at the mant.

The other fully immersed liquidooled data centre solution, rather than the open container, is the
erclosed container solution. This type of solution has a closed environment for the computer

microelectronics immersed in it, one example is the IgEptmlution.

Figure 2-29 Fully immersed liquiecooled data centre cabinet (Iceotope, 2015)

The fully immersed liquicc o ol ed data centre cabinet has O6stati
on natural conection to transfer the heat from the microelectronics to the liquid, and then

transferred further by pumping the secondary coolant / water loop to take the heat out of the system.

Figure 2-30 Liquid-immersed system module in detail

The module shown irFigure 2-28 has quick connect valves that enable it to beshatppable in

a cabinet that has a carefullgsigned water circulation systems that is thermally coupled to transfer
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the heato the outside environment, seigure 2-29. This water circulation system can lexible

to connect with other applications, such as facility water or methods of waste-bsat re
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Total S
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Figure 2-31 Schematic drawing of the liquicboled system cabinet and da&ntresolution

All this fully immersed liquidcooled solutions, due their physical advantages, claimed able to

achieve a high cooling effectiveness, with a PUE from 1.2 down to low as 1.01. It is also claimed

to have high density as walbout60kW per cabinie Furthermorehereare some other benefibé

liquid-cooled solutions:

The fully immersed enclosed liquimboled solution has 2 extra benefit compare to other thermal

packaged solutions:
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1) In the first cooling stagi is fully sealed, seltontained without any moving partso it can be
made as a dust free, vibratioed, noise fre€Capozzoli, Primiceria2015) maintenance free and

fully modularised hot swappable system.

2) A liquid-cooled data centre usualtas very fewotaing componentgno fan) across the facility

but higher thermal efficiency due to the benefit of eliminating air completely as a heat transfer agent.
So the fully immersed liguidooled data centre solution usually has cooling effectiveness (PUE
<<1.2) with a reduction in the need for extra planthi@ data centré only CDUs and insulated

pipework.

To achievethese benefits with fully immersdiduid-cooled data centre solutioacareful design

is neededor all asped. Since it is a fully sealed container working in a range of temperature, the
pressure inside the system must be carefully studied to avoid too much expansion. Also the design
of power and signal connectivity from the inside of the seal container to thdeosystem will

have some challenges as well. But more importadtlg,tothe naturallyoccurring free convection

circuit, the heat transfer analysis fbe natural convection floig critical. The work in this thesis

will concentrate irdepth on the natal convection from the point of view of the mathematical

modelling, physics and its application in practice.

2.5 Summary

This chapterdiscussed the general concept of computer cooling and the evolution of computer

cooling technology.

In terms ofthe conentional aircooled method, air is the most convenient material for codbing
air is neither good for thermal conductioor for convection, hence a conventional-edoled
designmight be limited to its power density. Alsdhenhigh flow-rate electridans and ventilation
have been used in such application, some other unfavourable faatbras noise, dust, vibration

will have appeared as well.

There will betwo directions towards cooling performance and efficiency, one is improvement
towards the heat source si@ieternal side)and the other is improvement towards the ambient side
(external side)Generally speakinchiller or refrigeration unit can be addexernally tothe system

to achieve extra delta temperatundich should help improving the cooling and power density of
the computer system (supercomputers and data centres), but at acxesttbpower efficiency

(Li, L., et al.,, 2016) Or in some othempproachevaporative cooling can be use instead of
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refrigeration in expense of water rather than power for extra cooling. Nevertheless this thesis will

be focused on the internal side of cooling improvement.

To achieve both efficiency and performancthatsame time, some advanced feature will be needed

in largescale high performance computer design, whieltao nsi dered as dédunconve
in this thesisMost of such unconventional method is to introduce water loop into the computer
system, sine water has conduction, convection and heat capacity advantage oveslaiuld

reduce the thermal inefficiency of the cooling systés previously explainedsuch option is to

move thewater closer to the heat source, and the ultimate goal wilil@ate air in any internal

heat transfer loop tachieve direct liquistooled andavoid inefficiency.

One of themost common but unconventional cooling metlwmbackdoor (or front door) water
cooled cabinet, it can be considered as moving the wateiintm cabinehence reduag the heat
resistance to the ambient. But it can also be considered as a comgretwiserfully liquid (water)
cooled and aicooled, which use water to cover some of the heat transfer dtalitcomponents
and use air taover the resof the distant The benefit of such application ie add cooling
performance on aitooled based system without changing it too miitte down side ishatthe
improvementwill still be limited by the basic aicooled design and noigesibration would still

exist.

Another common but also unconventional approach is the Awhtek design, which brings the
waterloopdirectlyonto hotspos. It can also be considered as another way of compromising-water
cooled and aicooled design, whilsame components are direct wataoled all the way while
others are nofThe heat transfer improvement in such desiguld bemore significantue to the
water block direct contaetith the hotestspots yet aircoolingis still retairedin some level and

the noise / vibration remas. Even more, such design would potentially havégher level of

complexity due to extra pumping and piping.

The ultimate solution afoolingis to have everything direct liquitboledwithout air. Since water
is anelectricdly conductivefluid, a compromise needs to be maalesedi-electric fluidatthe cost
of poorerthanwater heat transfer propertie®ther than choosing how much air or water
involved in cooling loop, now the compromiseashavematerial propergsbetween air and water
Yet introducing another fluid to the cooling system usually resmlsophisticated pumping and

sealingdesign and would be evemore sophisticated if it requires phase chaofgie fluid.

But some desigrsuch ashe Iceotope fily immersed liquidcooled system, us@atural convection
in its first cooling stagéence sealing and pumping could be simplifigg@.reducing the number
of pumps, aergy efficiency could be improveand noise, vibration, dust could be avoided

Thereforethe fully immersed liquiecooled design would be one of the best solgtiarterms of
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practicality and energy efficiencBut like all other design it twits own difficulty, so the latter on
chapter of this thesis will be focusing on finding solutiondoe of the biggest problem on fully

immersed liquicooled computer system: the understanding and analysis of natural convection.
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3. Mathematics methodology related to buoyancy driven
natural convection

The core part of the fully immersed liquidoled computer system is the liqwdoled computer

node, which is both at the centre of computational performance and heat transfer efficiency. The
computer node of the fully immersed ligegdoled computer salion relies on densitdriven

natural convection flowo remove the heat energy from the microelectronic components, and then
transport the heat energy to the internal water circuit located in the lid on the opposite side of the
computer nodeAn appropride design for the computer node would allow the system to use the
highest specification computer components with high power (BagtonandSummers2013,

but still maintain excellent cooling efficiency.

The physics of the densityrivennatural convection flovis known to be unstable and challenging
to model. So in order to achieve highest computer performance as well ragtired thermal
efficiency, a clear understanding of the mathematics and physics of the density driven buoyancy

natural convection flow is critical for this research.

This chapter is partitioned into 3 sections of work: the first section will introdecgetheral fluid
dynamic expressions for flows that include turbulence, the second section will introduce the fluid
dynamic expressions specific related to derndityen natural convection flog; and the third

section will be the analytical model for dagsilrivennatural convection flog:

Since the main focus of the research in this thesis is on the fluid dynamics of natural convection

fl ows, it owi || be stated as o6natur al convect

3.1 General fluid dynamic expressions

Before further research of the natural convection femmebasic fluid dynamic principles need to

be explained in order to understand the characteoftiatural convection flow In this thesis, the

fluid dynamic regime ofhe problem will be: sulsoric and steady state. Also because of the unique
condition ofnhatural convection flog;, especially when the flow is confined to a closed cavity, there
will be some difficulty in determining whether the flow is in a turbulent state or not. This section

will also discuss turbulence modelling before applying it to natural convection flows.

This section will review the general mathematical expressions for fluid dynamics within the flow
regime of this research. However, the expressions in this section will spebific to the natural

convection flows.
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Navier-Stokes equatiors
In general fluid dynamic applications, the description on fluid motion usuallys $tarh the
NavierStokesequations. Suclequetions are nonlinear partial differential equaions basedon a

conservation of momentu(wector field) desription. (Batchelor, 1967).

The Navier-Stckes(momentun) equaitons @n bewritten in vector form

_.
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Where u is the flow velocity, is the fluid densityp is the pressure, the symiols a del operair,
whichis vector gradient operating on thelocity vector fieldn the conservation of momentum. In

two dimensionaCartesian coordinates, the vectquation can be written explicitly as:
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Now there ar@ equationgor generalD unknown flow field expression, bittstill requiresanother
equation tasolve forthe presste term and close the equatioii$is is provided by #continuity
equation

Lot
But even if density is time independent, and the density-dien/ative term irequation 3-4 can

also be temperature dependent, and then:

'I!’ '|'_ oY 3-5

T 01 "YOoO
This will bring in the relationship for the buoyancy force egsion, which can either be a full
buoyancy model with temperature variable density, or a Boussinesq approximation for buoyancy
model with constant density and pressure. The buoyancy expression will be discussed in the latter

sections of this chapter.

With the continuity equation, the Mer-Stokes equations become closed and a sollmreasier
understanding of the Navi&tokes(equation 3-1), the left hand side of the equations can be seen
as the inertia term (motion and position), and the right hand side can be deestesss and force

term.
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Notice that the notfinearity of theNavierStokesquations£omes frontheconvective acceleration
terms( uu),Awhich is the vector field of the velocity acceleration over the position (Batchelor,
1967). Due to such characteristibe NavierStokes equations axery difficult to solve (Potter

and Wiggert, 2008rnd often require advanced computaél methods for their solution

On the other handluid dynamic experiments show thahdercertain condition, usually with a
higher velocity, the flow would become unstable. Agedl-knownexample is thgipe flowcase,
which showsthatthe pipe scaland velocity would triggethe flow from stable (laminasgtateinto
unstable (turbulenBtate The Reynolds number (Re&yas introduced to indicatehether the flow
is stable or not will be discussed in next part of this work

Couette-Poiseuille flow

The simplified expression for laminar channel flow in an ideal condition with only one dimension
of velocity considered. Assuming the flow is laminar, stestdye, incompressible, in such case,
the Navier-Stokesequation 3-3 will have only 1 expression left:

) P #r‘] 3-6
Tw (@)
If the pressure gradient term is zero then the solution is called CooettéNéiw the flow has only

2" order velocity term and*tlorder pressure gradient term left (Munson, 2002):

Shear stress u'g__i'_‘ Velority u

. Middle tine

Channel wall

Figure 3-1 Couette (blue) and CouetRoiseuille (red) flow in a parallel wall channel case

Andwith the neslip boundary conditions
6O m mh O a o 3-7

This is special condition that the Nawistokes equation and can be solved algebraically. The
Couetté Poiseuille equatiorin a parallel wall channel condition has the solution for the y

component of velocity:
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Notice that such simplified form of Navi&tokes equation is ideal show the effect of viscous
force in flow. In the latter section of this research, a mathematics solution similar to that of equation
(3-8) is presented for natural convection flows.

Reynolds Number

In general fluid dynamic researctihe Reynolds number (&, named after Osborne Reynolds
(Reynolds, 1883pand is usetb classifythe flow. The Reynolds number is a dimensionless number

given as the ratio dhe fluidinertial force to viscous forgehatis:

2 A ﬂ 39
} is density of the fluid
€ is the dynamic viscosity of the fluid
u is the characteristic velocity of the fluid
And L is the characteristic length scale.
Inaspecifico pi pe fl owbd case, t h Reyfoldonumber¢Rma<i2308, anda mi nar

between 2300 to 4000 appearstransaction between lamina and turbulence stateenAthe
Reynolds number (Re) > 4000 the pipe flow enterBulence state and showsstable condition
(Holman, 2002)But the value of Reyrilds numbeamt transitioris problem dependent

It is alsonoticeable that the Reynoldsmber involves length scale factd)( velocity scale factor
(u) and liquid property factors of viscosity ¢r v) with density (). The flow condition is largely

depaends on the value of Reynolds number, which leads to the concept of dynamic similarity.

Such similarity ofthe Reynolds number can be describedthematically. Thelerivation of

Reynolds humber can be obtained by-dimensionalizing thé&avierStokesequations3-1.
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Then the dimensionless form of these elements would be (Fox, McDonald and Pritchard, 2006):

o. ., .p . | 3-10
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And the unit of each element is: u = (mfs¥ (kg/n¥), L =(m).

Then the dimensionless form of these elements would be (Fox, McDonald and Pritchard, 2006):
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The NavierStokesequations3-1 then become:
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Remove the superscript of the elements and the equations become:
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So the dimensionless form of Nawi8tokes equatiorghows its relationship witReynolds number
The Reynolds number can also be used to predict the convective flow boundary thfokness

cylinder, if the convective force is:

e 3-14
5
And the visous force is:
- 3-15

Where the variablel, is the convective boundary thickness, and it can be rewritten into a

dimensionless form with the Reynolds numBerwhich:

— . 3-16

Notice thatthe Reynolds number might not be useful for natural convection flow, especially in a
closed cavity where the mean velocity is always ZEne.understanding of Reynolds number leads
to the next question: how to qudy and describe sucfiow instabiliies? i.e. turbulencen the

flow. Since the Reynolds number omdientifiesthe flow regime and similarity by its characteristic

factor, or more genelgl speaking, the factors affect the shear force from the N&taes
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equations, but not the descriptiohturbulence within the Naviegtokes equati@ The concept of
turbulence was introduced to describe such instability; it then leads to a more experimental based

rather than theoretical based topic: turbulence modelling.

General heat transfer discussion

There are other factors that take parts in this research, some of them have been used in the previous

chapters, and here it is a quick review of them.

There are usually 3 types of heat transfer phenomenon in the physical condition: conduction,
convectionand radiation. This research is based on a relative low temperature G300 low
energy (SkW in single system); also it is a closed environment heat transfer filled with liquid
medium thereby the radiation effect in such type of system should be very small. The major
argument of the problem is relationship between conduction and convectiotmamséer in the

flow system.

The thermal conduction here refers to the heat energy transfer, of more precisely, diffuse from
particles to particles. It stated as the heat energy travels (diffuses) from one side (heat source) to the
other side (cold souae) of the body. In mathematical expression the heat conduction it can be
written as:

Y 3-17

Where# is the local heat flux (W/m) to a specific reference plate of surface and thereby it is

directional towards oaway fromthe face. In a morapproximatdorm it can be rewritten as:

o . Y0 318
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WhereQ here is the heat energj), andt h €/ &s the power of the heat energy (J/s or W),
Aqis the relative surface area3jmwvhich the heat transfer starts and ends, and

& is the length that the heat energy travels through.

ads the thermal conductivity with the unit W/(m.K)

Notice the elationship between thermal conductivity and heat load can be writtéremsal

resistance
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In the other hands the description of heat convection usually based on the Heat Ceefigent
(HTC, (W/m?-K)) which understood as the traveling of the particles which carries the heat energy
with them. The heat transfer coefficient stated as the heat energy travel through (in or out) a certain

surface, which mathematical expressed as:

OV 0 3-20
o Y

The heat transfer coefficientdTC) has a very close expression as the thermal conductivity; even
so the inverse of the heat transfer coefficient can be the thermavigs{&, (n?-K/W)) too, which
is:

o XY 3-21

v )
V)

Both thermal conductivity and heat transfer coefficient are very general forms of describing heat
transfer with in an ideal shape of face or volume.luidfdynamic the delivery of energy in the

fluid is a combination of conduction and convection, where the heat energy carried by the particle
and transfer between particles at the same time. So the description of energy transfer in fluid leads
to an extraequation coupled with the Navi&tokes equation and forms a solution of natural
convection flow, such equation is the Diffusiconvection equation, which will be discussed in the

following section.

3.2 Mathematical description of density driven natural convection

Natural convection is a flow mechanism usu#dlkingplacein a closed environment with heating

and cooling sources. When the flow in a closed volume heats up by the surrounding source, the
heated fluid exparg] redudng its density and risingpward while thecooledheavier fluid drops

to thebottomof the volume. Natural convection usually formed a loop flow that the cooled fluid

fed to the heat source and sustains the motion.
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Cooled Wall

Heated Wall

Figure 3-2 Density DrivenNatural Convection in a-B cavity

Assuming it is incompressible fluid, the proportion of force in natural convection can be described
as the combination of viscosity (shear) force as the body force, and driving (buoyancy) force as a

function of a temperaturdr{cropera, 2011

Temperatvrs T

Veloeity u,

Buovaney Fores

bbb bbb Y

Hzat=d
Wall

o]

bbb bbb bbb

—

Figure 3-3 Velocity field, Temperature field and Buoyancy field of the near wall section in
natural convection

Based on equatio®-1, the density term can be rewritten in to a temperature dependent variable
density:

o y Y'Y 3-22

Whereb is the coefficient of thermal expansion.

Put the variable density term into the Nav&okes momentum equation:

O
<

o

3-23
” yH
T o

020 np ‘O " Yy'Q

Also the pressure term can be rewritten as the hydrogtatitical) pressure correlated with the

buoyance force, which:
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Andthe NavierStokes momentum equation can be:
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3-25

The equation above is the full buoyancy Na®éokes momentum equation. If the density
difference is small compare to the reference denaity<} o), then the NavieGStoke manentum
equation can be rewritten as:

o) 3-26
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This is theBoussinesq approximatigiGauthierVillars, 1897)for buoyancydriven flows, and if
the density difference is replaced by expression withtemperature&l'=T - To) and thermal
expansionb:

_.
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Where:

To is the fluidreferenceemperature ofinitial wall temperaturg & is the temperatureifference

across the medium

Jois the reference densitif temperaturdo, ag is the density variation,

f is the body force, that is buoyancy force in this partictédee

¢ = Dynamic viscosity of the fluidand

Up to this point theNavierStokes momentum equation for natural convection is governed either
with full buoyancy version oBoussinesq approximatiarersion. The full buoyancyersionwill

be a more compleexpression since the variable density afdmth the time dependent and
velocity terms of the NavieBtokes equatiorOn the other hanthe Boussinesq approximation
allows the natural convection expresstorretaina constant density condition, especially in the

incompressible condition.

One thing should be noticed, tBeussinesq approximatiagvalid when the density or temperature

variation relative small. ThBoussinesq approximatiaiso make the uptream andlown-stream
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flow identical where only the buoyance term is different (negative to each other) in such case. But
in a case like mukphase or particle model solution, the-stpeam and dowatream flow will be
asymmetry, it can only uses the full buoyaegpression.

Since now the source force tefbuoyancy force) is no longer a constant and it is now temperature
dependentTo form a complete expression for the natural convection, anotheri@ywall be
needed to provide the expressiontfte temperat@rterm. Hence €onvectionDiffusion equation

is introducedas an expression of the conservation of energy

Y _ rYTTY ‘1ot 3-28
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Now the natural convection expression is completed withilNt#heerStokes momentum equation
and ConvectiofDiffusion equation together. But unlike the force convection types of problem that
the temperature term is not needed in the Ne&iekes momenturaquation, and the Convection
Diffusion equation is coupled omeay to the NaviefStokes equation velocity solution. In natural
convention the temperature term will be used in the N&tiekes equation to calculate the velocity
solution, while the velogitterm will also be used in the ConvectibDiffusion equation to get the
temperature solution. This forms anay coupling of this 2 expression, eventually increase the
order of complexity.

To understand and describe the natural convectiomaithematicsa method following the pipe

flow in derivationHageri Poiseuille equatiofrom NavierStokes equation would be performed in
the latter on part of this work. Before taking into next step of mathematical derivation, some
dimensionless numbers such as Raylélywmber, Grashof number and Nusselt number has been

introduced for natural convection.

Grashof number, Rayleigh Number, Prandtl number and Nusselt number

The Grashof number (Gr) is a dimensionless description of buoyancy influence of the flow, or more
specifically, is the buoyancy force over viscosity fot€ays, Crawford and Weigand, 200here:
ATY Yo 3-29

The natural convection Grashof number can be oltitginonrdimensionalized the equati@il

(Incropera, 2011):
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In natural convection flow the Grashof number (Gr) play a part as that of the Reynolds number in

the general nodimensionalised NavigBtokes equatim Also the same nodimensionalisation

method can be applied to the conveciitiffusion (energy) equation:
Y _ , 3-32
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It can be rewritten in a more conventional form:
Y _ Ty 5 } Y 3-33
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The energyequation can be rewritten as:
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Eventually it can be rewritten as:
uv "Y uY p T UY . "V
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Which St is the Strouhal number, Re is the Reynolds number and Pr is the Prandtl number
3-37
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In fluid dynamic, the Rayleigh number (Ra) is the dimensionless factor somewhat more popular

than Grashof number (Gr) in general application. Similar to Grashof number the Rayleigh number
3-38

LRV

stand for convection factor oveonduction factor:
2A " @O
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Where:
Tsis the temperature (K 6€) of the heat source,
Ts is the temperature (K 6€) of far side (cold source), and

L is the reference length (m) scale here, which usually stands for the distant between the heat source

and cold source.
Uis the thermal diffusive (As) (Donald and Gerald, 2002).

The Rayleighmumber can be rewritten in a more detailed expression:
" 00 B YYD 3-39
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Notice that this form of Rayleigh number requires a temperature boundary condition, for a constant
heat flux boundary condition, the temperature value can be changed téhrel conductivity
expression, where:

D
= ayy
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And the Rayleigh number expression with wall heat load boundary condition can be rewritten as:
"0 B D DO 341
‘0
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Notice than the Rayleigh number based on the constant wall temperatuig) (&ad Rayleigh
number based on the wall heat flux £Rae) is not really equivalent and interchangeablembrst

typical assumption still based on the Rayleigh number with constant wall temperate) (Ra

as some of the discussion. This indicate that without extra specification, the general Rayleigh
number (Ra) that uses in any letter section of this wdflbe Rayleigh number with constant walll

temperature (Rawr).

In general engineering application the Rayleigh number is a large number usually oveltis10
also noticeable that the Rayleigh numbas a cubical or quartic of length scdlé gr L?), which
may hint that the turbulence of the natural convection flow is largely influenced by the size scale

of the environment than all other factors.

Also noticed that the Rayleigh number (Ra) has very close expression as that of Grashof number
(Gr), howeer a thermal diffusivity ) has been used in Rayleigh number instead of the viscosity

(v) in Grashof. The factor between Rayleigh number and Grashof is that:
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Where the Prandtl number (Pngme after Ludwig Prandtl has been introduced as (White, 2006):
. 60 343
00 R

WhereC, is the specific heat capacit¢d), (J/(kg-K)) , and
_ here is the thermal conductivity (W/(m.K))

Noticedthat both the kinematic viscosity)(and thermal diffusivity () has the same unit &),
so the Prandtl number (Pr) is dimensionless and represemattbeof momentum diffusivity
kinematic viscosityverthermal diffusivity

The Prandtl number does rwve any factor from the flow velocity or size scale, therefore it does
not represent any of the flow condition but only the fluid property itself. The higher Prandtl number
of the fluid refers to greater convective heat transfer; while lower Prandtlanumbards greater

conductive heat transfer.

The one last dimensionless factor introduced in this section is the Nusselt number (Nugfitermed
Wilhelm Nusselt. Iplays a similar role as the Prandtl number, which represents the convective heat
transfercoefficient over the conductive heat transfer (Thermal conductivity) which:

. O'Ya) 3-44

O

Where the factoHTC here is theHeat Transfer CoefficienfW/n?X).

It is easy to find that the Nussalimber (Nu) has the same denominator as that the Prandtl number
(Pr) has: thermal conductivity; while the Nusselt number has different fraction of heat transfer

coefficient HTC) multiply by a length scalk (Incropera, 2011)

It is reasonable to compareetlusefulness of Nusselt number (Nu) and Prandtl number (Pr). By
definition the Nusselt number has both length sdaleid temperature scal€)(nvolved, which
hint it should have connection with the flow condition factors such as Reynolds number (Re) or
Rayleigh number (Ra), where:

.0 o2hbH 00 02O 345

Hence the Nusselt number (Nu) can expressed as a function of Reynolds number or Rayleigh

number with Prandtl number in some approximations. With a given thermal property from Prandtl
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number, the Nusselt number (Nu) can evaluate geometries, conditioneamavitonment of the

flow field affects the heat transfer of the fluid.

For forced convection in turbulence pipe flow (Gnielinski cited in Incropera, 2007):
O
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Where:
o pnt 2A v pmh m 00¢ pm

WhereRe is the Reynolds number based on the pipe diametethafdhctionf hereis theDarcy
friction factorthat can either be obtained from thMoody chartor for smooth tubes from
correlation developed by Petukhov (Incropera, 2007):

N T wi2lA p®T 3-47

For a natural convection of vertical walls (Churchill and Chu cited in Incropera, 2000):
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As mentioned before, in natural convection flows it is hard to identify its velocity scale, as they
usually happen in a closed environment and have zero overall mean velocity. It may be of some
help to assume the Reynolds number (Re) of the natural camvicthe square root of the Grashof
number (Gr) where R&Gr2. However the abseerof avelocity scale (u) with in Rayleigh number

(Ra) and Grashof number (Gr) still resuhscertain difficulties to identify some parameters for

numerical solution of natural convection flow, which for example, the dimensionless wall distance
(y+).

In the following section it will discuss the-ttepth mathematicsedivationof natural convection

flow.

Log law of wall

The discussion of turbulence modelling also refers to another topic that affects the flow simulation,

the turbulence flow condition near wall boundary. In general speaking the close wall fluid would
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be more affected by the viscous force while the far fide would be mode depend on the body
force. The log law of Wall, An approximation givehy Theodore von Karmarin 1930represent
the problem(Chanson, 209).

The near wall condition would be important, especially in natural convection flow which near wall
heat transfer would dominant the flow behaviour. The near wall condition in turbulent flow usually

described in the powdaw near wall condition:
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Figure 3-4 Near wall flow regime (bg law of wall)

FromFigure 3-4 it can be seen that thewsually has 3 regimes to define the close wall condition:
viscous suBayer (inner), log law (outer) regime and buffer layer (middle). The logarithmic law of
the wal is aself-similar solution for the mean velocity parallel to the wall, and is valid for flows at
higher velocity and higheReynolds number®r Rayleigh numberThe middle layer is an
approximation that transmits from innercé$ar) to outer (power law)n some engineering

applications there are only inner and outer layeonsidered

In mathematial expression the near wall condition based on dimensionless velocity and
dimensionless wall distance, where for the outer layer (power law) fluid it can be:
P 4 o
5 =l W o0
Q

3-49

Here:
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kv is theVon Karman constant
C+ is a constant which C+ &5. 1

y+ is the wall coordinate: the distance Y to the wall, ndideensionlessvith the friction velocity
ugandkinematic viscositys, where:
wo
o — 3-50
0
u+ is the dimensionless velocity: the velocity u parallel to the wall as a function of Y (distance from
the wall), divided by thériction velocity ug

d 3-51

O c

Uis the wallshear stressvhich can be related to the stress teghif NavierStokes equations,
J is the fluid density,

ugis called the friction velocity ashear velocitywhere:

) 3_ 3-52
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For the inner layer is simpler as it has only the scalar where:
5 W 3-53

For mostengineeringsolution they+ is somewhat guide line for thechoice of turbulence model,

as it defines velocity scale and length scale (wall distance) that would be observed in the solution.
Also they+ value defines the mesh density for a Computational Fluid Dynamic solution (@FD),

one hand it needs to have egb mesh resolution for the near wadlundary;onthe other hand it

can save some computation resource by reducing the mesh density on the less important volume.

This will be an important issue in the latter on part of this research.

In general the choicef y+ would be quite relafor k-0 (kinetic - epsilon) model, as thelkmodel
is usuallyvalid for higher Reynolds number and thea 30 would be sufficient. In the other hand
fork-y ( k i-ameda)imodel is more restricted doy#n= 0.1~10 due tds requirement of close

wall resolution.

The reason to mention turbulent modelling and near wall condijiervélue) is some CFD

simulation inlatter on workin this research will use one of the turbulent model (SST model). But
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whether a relative low Vecity natural flow will need turbulent modelling remains questionable.
One more thing is, if there is no turbulent modelling then thewwaliflow might not necessary a
powerlaw curve. This may require another method to describe thenadladistantwhich will be

an indepth discussion in the latter on section.

The detail of turbulent modelling method related to this research will be In the chapter 8 Appendix.

3.3Mathematical modelling of fully developed natural convection

(constant thermal gradient madel)

The goal of this section t® understand the relationship between physicsaaiatiytical modebf
natural convectiofy working onthe derivation othe convection equationdJsing the Hagen
Poiseuille equationf fully developed flow derivation, thigow field mathematicakxpression of
natural convectiogan besimplifiedin a very simplananner; which, in some particular condition,

could be solved without involving of CFD method

This work is based on 2 directions of research, one is the fullglageed /laminar natual

convection of vertical flowMorton, 1%50) (Sinha 19@). It starts withan antrsymmetrygeometry

with heateecooled walls, and then a single heated with heat flux (noruniform temperature)

boundary conditionWhile Sinhds work isantrsymmetrybut uses a uniform wall temperature

boundary, and Mortds work has deat flux wall boundary buwtnaxissymmetrygeometry The

other direction of research is based on the work on natural convection in various vertical aspect
ratocs ( El der , 1965) . In Elderés research it show

the flow pattern of the flow with a fixed Rayleigh number.

The following work simplifies the mathematical expressions to obtain an algebraic solution of
natual convection from the Naviedtokes equations and Convectibiffusion equation for
energy conservation, which includes relationships between flow condition and case height (aspect

ratio).

Derivation of equations

The scope of the natural convection lirstsection base on théaice range of Rayleigh number.
Fromequation 3-39, in herefor Rayleigh numbethe characteristic lengifh) defines as théotal
length or heighth) of the typical square cavity problem (whes h) for the generaRayleigh

numberis:
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Notice that in latter on section of this thesiben the height scalé ( thermal €ngth will be more
important to the problem solution, it is no longer equivalence to the length séalg énd could
not be considered as the same length scale abd_u3e of length scale will be more likely to be
half length [, thermal distantrather tharthe overall length (L) of the problemwhichL = 2I.

Along with the liquid physical properties such density, viscosity and gravity is known, there are 2
extra factors that states the condition: delta tempera@melcharacteristibeengthL. In other hands

the 2variable of intereswill be Y direction velocityp on X axisandtemperaturd on X axis

Boundary conditiorfinputs)
Wall temperature | Thermal distance Thermal length
Distant heated¢ooled wall | Distant against gravity
T1 L=2l. h
°C m m
Propertiesand ConstantgTypical water, 26C)
Densit | Kinematic | Dynamic Thermal SHC | Thermal Reference | Gravity
y Viscosity | Viscosity Conductivity Expansion | temperature
J 0 € & Co b To -g
kg/m® | mé/s Pa.s W/m.K J/kg.K | 1/K °C m/s
997.05| 8.90<107 | 8.874 x10* 0.613| 4181| 2.07x10* 25 -9.8
Outcomes
Velocity (Y axis) Temperature Flux
v T Q*
m/s °C W/nm?

Table 3-1 Input and output parameters that would be involvedliowing parts

Herethe direction of gravity is alwaysppositeto the direction of flow, but foconveniencehe
indicator-g will be use in thighesiswith the value of gravitgndhas an absolute value of 9.8f/s

or 9.8N/kg.

The concept of simplifying the natu@nvection problem is to rade the dimension of the system.
In the latter on section of this chapter the mathematical solution would mostgimesional

form, but here it starts with-@imentionalvelocity ®vector

® o6 3-54
The flow direction will be orthe £Y axiswithin 2 vertical wall, one side of the wall is heated and
the other side is cooled, with the distant between 2 walls:igl. The heated fluid flovagainsthe

gravity direction ¢Y) and the cooled flow follows the gravity directiociY}.

Similar to the derivation of Couette flow from Nawvigtokes equation in a pipe flow case, treme

few conditions to medb achieveheo f udkevelgped flow' state natural convection
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Figure 3-5 3 dimensional view of thdensity driven natural convectigmoblem space

1), The flowis steadytime independent and caaatin they axis direction:

1o .10 3-55
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2), All forces arebalanced over timdifne independeitin natural convection flow the only force

termleft is thebuoyancyforce againsthe gravity (y axis) direction which:

T AE . 1A 3-56
—, Th — T
T W T o

And 3), The flow isplanesymmetricon XY plane and centr@ymmetry ony axis, so no flow

motion and force on the Znd Zaxis:
6 mh 6 nn £ mh £ =n

With these 3 conditions lined up, thienension of the problem can be reduced and now it is possible

to rewrite the 3 components of the Nav&iokes equationgquation 3-1) into 1 equation:

Rewrite the2-dimensionaNavierStokesequations3-2 and equation3-3, with the 2dimensional

energyequation 3-28 (Convectiofidiffusion equationtogether forms thequatios set for 2D
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natural convection flowFor steady state and incompressible problgm, motions of the fluid

shouldbe consisted over time

16 . 1YY . 1o 16 3-57
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Assume the natural convection takes place between 2 idfmitgvertical walls with the gravity

againsty direction, where:
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Figure 3-6 2 dimensional view of the density driven natural convection problem space

Under thisassumptionin pure density driven natural convection flow thevelocity and the force
fx (along x axisshouldalways be zero, where:
. . 0 - 1o 3-63
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w W

Notice that here the-direction velocity is assumed to be zero, when all the componentsaiti
now zero value, therkt NavierStokes equation of xlirection momentum is zero value as well.
This left only the second Navi&tokes equation of yirection momentum still exist since the y

direction velocityuy is nonzero value. And the natural convection equations then reduced to:

, 10 To 16 3-64
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Al so consider the natur al oy directian evhich theny, velotitp w
dose not vary along coordinates, therefore:
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Up to this point, the equatiomnd fully developed natural convection can be reduced to:
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This is the simplest forrthat Navier-Stokes equations arhergyequation could be rewritten by

reducing the factors and dimension of the problem, but it is stliln@nsional system with

temperature distributioan both X and Y axis.

The di s cfulgdeielopedconditiodeads to further simplify of temperatterm T/
and O/ ¥ with the introduction oBoussines@pproximation Ideally the buoyancy forcterm
(full buoyancy model) in the natural convection genesrtite density difference of heated / cooled
fluid, where:

£ Qo Qy” 3-68

Suchbuoyancy forcéermleadsto a complex expression since it is a function of a variable density.
In small temperature changes tBeussines@pproximationcould be applied instead of full
buoyancy model and the buoyancy force can be simplified as a function of tempergiwse=th

[T(x, y)] when the density change of the fluid is insignificant:

P:: ) AT, 7B o o X ) AN 0 0 3-69
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Figure 3-7 Relationship between the control point temperature T (X, y) and reference temperature
To

Extend this to 2 dimensional case, when the fluid on the locatigny:jx it heated up from
temperature {1, y1) to T(x, y2), and moveverticallyto location (X, y-), the buoyancy force still

based on the reference temperatuie T
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Figure 3-8 Control pointmoved from (x, y1) to (X, y2) andits temperature shifted from Ti(xy1)
to T(xs, y2) but still based on the same reference temperature T

The uses oBoussines@pproximationretain the density as a constant under all condition, this

avoids the uses of temperature dependent dgr@ipyor coordinate dependent dengitx,y).

The buoyancyforce of the fluid control point ¢xy1) will be f(x1,y1), and in the control point (x
y2) will be f(x1,y»), thus:

Abhd 7 QOtohd 7 QO h AbhRd 7 Q0 ohld 7 "QoF 370
And in this case:
W O ° 4w 40 ©° Ay Ahd

So the buoyancy force depends on the vertical (against gravity) displacement, where the
temperature of the flow contrgoint would shift due to the increasing amounthefatload

transferred into the fluid over time.

Convection flow
Temperatura

Profile T z ﬂ

&

Wall Hzat load €4 =
Per Unit wall heizsht  h 3 Temperaturs
—>L Increment
LAY
|

Figure 3-9 Relationship between wall heat flux (Q&ihd temperature gradie@t/ YO

Thiswould resultan ircreasing buoyancy force Boussines@pproximationrwhen the flow going

upwardsif it is only based on one fixed reference temperature.
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Solution with zeroOr/ yvalue, conduction model
Now the simplest assumptiafithe O/ yOralue is zeran an extreme casahere:
o .y Ty
4 ow 4000 © —, T
T w

This resultsGT/ ¥=0 as well, the coupletlavier-Stokes equations arehergyequationwill

become:

Where:

Y. . . 371
QOQwO 4 How #

Give the temperature boundary condition on the heated wall x=0 and on the centre Ipoint x=

W T .. ®w 4 4
( (o] -
4 4oosQ4 4 # 3 h # 4
Then:
T o] T'04 4 3-72
Tw a

Solve equation 3-72, and therthey direction velocityuy onx axis will be

. "4 40 . 3-73
o] —— w0 # W #
ad

Also put the velocity boundary condition on the heated wall x=0 and on the centre point x=

W Mg q® 9 o 4 ah # i
0 T 0O T

As the result thg direction velocityuy profile onx axis will be:

o o "0 JY @ o o3 3-74
ad e ¢ o
And:
W .
Yo 'Y p 3 3-75
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Eventually the O/ YOY 0 assimption lead to the collapse oknergy equation(Convectiori
Diffusion equation)and turrs the velocity solutiorinto a cubicapolynomialcurve where the heat
transferprimarily is simpleheat conducton Thi s st ated as the 6condu

convection in this research, and its maximum value of the velocity can be obtained as:

& dp & mccedw
o
, Mo ” Q0 JY "0 JY
(0] C_XS‘— T@T@Tﬁ—ﬁ‘i

Underrelative low Raleigh number caffer exampleRa<10%) the natural conveion CFD result
shows increasing similarity with the conduction model wéthbical curve velocity pattern.
However to match scope and scale of the fluid flow closely with the conduction model, it may end
up with a very low Rayleigh number (Ra <1) and Y@y high aspect ratio volumé/( > 1x10°).

This might enter the regime of mieotvannel fluid dynamic exceed the requirement of this research,
therefore there will be not further discussion for vl Rayleigh number condition in the
following section.For highRaleigh numbe(Ra>1(.), the convectiveheat transfer will become
significant as more heat enerigycontained within the flopandthe O/ yOY 0 assumption is no

longervalid.

Solution whenOr/ yOs constanti Constant thermal gradient (CTG) model
To have aconsisted buoyancy foraespitethe fluid vertical location the force term needs to be
independent from the flow axislocation if:

» ®O° 40 4o O Ay Aok

To achieve this, the reference temperature should only reptesesaame level of flowfsame Y

coordinates) where:

Temperature Tlxe, v x
FProfils
Tixy, 71) Tan:[ P:;gfjl'
c L
Valority T, Tl e I|
Profile - w0
\xfﬂ

Figure 3-10 Control point moved from ¢xy1) to (X, ¥2) and its temperature shifted from T,(y1)
to T(x., y2), based on the reference shifted temperai(xe y.) to T(X, Y2)
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Underthis assumption theertical (Y axis, against gravity directiongmperaturegradientOr/ yO
consist in allY location the temperaturegl only represent the flow in the same y coordinate level
and depend on th¥ coordinate of the flow control point. This option avoids b@tmvectiofi
diffusion equatiorbecoming zero value and the whole expression collapse into lower order system.
But the temperature gradietiien has talescribewith both O/ x0and O/ yQand als results a

slightly more complex solution.
Now the coupled NavieBtokes equation ardonvectioridiffusion equatiorcan berewrittenas

1o . - - Y
‘—— Q04 4 h m

_ Y 3-76
T 00 tTw )

ol
I
Since the reference temperatureohly represert the shifting of overall temperatur@d when

QT =T -To, the expressions can be rewait with thegdl', which:

1o ’ . _ 1 ya 4 1 V4 4 3-77
e 6 37 1w T @

Notice that the reference temperattipewill always be a constant value in the same problem, so

the differential form ofl o will always a zero value:

B . 14
4 Al l OOAPO — T1h — T
) %)
Now the solution can be rewritten as:
T o s w F _ 1 Y4 én”/4 - 378
1o 63 Tw T W

And for convenient if the reference temperature assumed to be zero:
4 mh Y4 4 4 4h 3-79

Theexpression can be written @ general form of the solution

1o L. P = # T4, 3-80
o TR S i n

This should be the simplest form of the solution, although it is still a 2 dimension problem, it could
be consider as a singtitmension solution by assuming the temperature gradiéngas a constant

in all X coordinate:
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Thisis the core assumption of this paragraph and the basic setup of the constant thermal gradient
(CTG) model. Because by assuming@ié yvalue is a constant will remove all unknown variables
otherthan the variablesuf velocity andT temperature) on the X axis, thus the Nagéokes
equationand energy equation can have an analysohltion.

Rewritten all constant coefficiesin the equations, where:

. Q. , 60 :};'Y 381
0o —h O

W

Then the equation set could be rewritten into a very siragdlifianner:

Toe | 3-82
— 0 ™

Tw

TY . 3-83
— #DD T

Tw

T O - Y o 0o — 3-84
—_— %,7 —— 0 T
° W n Qo

Notice thatthis will be a typical differetial system with a parameter AX&come the damping
factor. And in the special solution, if the temperature gradi#ntyds a zero value, it results the
whole damping factor become zero valdeC=0. This indicateghat thevalue of AxC actually
defines thepatternof solutionin the system.

Now it has 2 variables left in 2 equatiodespite thedr/ yOvalug which the solution should be
closed. In the other hands, tO& ys assumed to be a constant that does not changayy
value. YetOr/ yOs not a given value in thieitial boundary condition, it should be considered as
an unknown consta@r in the equations.
A 4
6 —.
W

T

Giving theboundarycondition:
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Figure 3-11 Typical velocity and temperature profile of density driven natural convection flow
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Equation 3-82 andequation 3-83 can be solveds

YU 0B Q m 20 Q m 20 0 n 2 0 n 2 3-85
°w C p Q MW 00 Q WO P
Y 0 m 20 @ u 232 0 m o qwu 3 3-86
0 p Q u 929 QU o p

Couplingthe NavierStokes equations arghergyequation togethecould give the relationship
between velocity and temperature of the flbistice that this solution was obtain with thesisted
of computer mathematical softwarkldthworksMatLab) Such solution could be obtained by
mathematical practise such like the standard method of solvgigohder Partial differential

equatioras well, the result should be identical and the solution method is not included in this thesis.

To understand the energy transportation of the flowetigegyequation can be rewritten inbther
energy forms, forxeample, heat flux form Q* £(x). There will be some detailed explanation latter

on.

Solution of the wall heat flux Q* (W)
Consider only the same level of fluid in the natural convection has been observed in this case, for a

very small amount of fluid control volungd/*, where:

Vor Y 0l 0N GH BN G AN 3-87
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Figure 3-12 Relationship between wall heat flux (Q*)elocity profile, temperatureand
temperature gradient OT/ Oy

Sincethe casés incompressible witBoussines@pproximatiorand the flow density does not vary,
the control volume flow along axis upon a distarfy, the energy Q(W) that such flow control

volume has taken away would be:

i ¥6° B I O"Yohw Yoo B 3-88
v o
And
o ., Yol Y 3-89
YO 6 O 6°0 —
W W
Where:

® o Yoh Yo o Yofw Y'Y

Rewriteequation 3-89 into a differential equation, which:

Y0 6 0 VYD - ; Yy | , , 3-90
— — O Y0 60D T 0@ AW ®AQA
Y6 Yw Yw

Since it is a dimensional fully developed flow case asymmetry ory axis and plane symmetry
onxy plane x andz axis heat load should be consisie@quation 3-90, where:

[o¥ . D or LYY 391
—. mh — m © Yo 033D Qo DN T T
Qw Qa Yw ‘
Rewriteequation 3-91into a partial differential form:
3-92

Integral theequation 3-92 and it becomes:
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0 3-93

~ T o= v
0 0X . . oA Y
o o Nw 03D I%—(binco

Since specific heat capacit@4), density () and ydirection temperature gradied@{ ypare given
as constants here, the omhgegrablevalue is the y velocityy which varies on x axis. Thus the

energyequation 3-93can be written as a wall heat flux expression from the velocity based solution:

o, 1Y, ‘
E}( ooi%—cbi)of.nco

3-94

Notice that thavall heat load should be universal in both Y and Z coordinates, so the tgroa)/
be written in to the heat flux'Qwhich:

V] . . Yo, O Y, . 3-95
fUZOO’T,OOCD(E)Iﬁ)U oC)’T,Cbe(
WX w W
The solution okquation 3-95 can beobtained via
YD -
6 Mo #u Lo +90
¢ b6
O‘Q o7 I 0 o 0 M O ”m 90 3O 0 m 2 0.0)
Q o/ p Q a1 0 p
Andremove the constant of integration
53y QXM 9 P Q Q M 290 p 3-97
0 Mw 3 —— —
¢O 66 QN pOoQ™M 2 p

Now equation 3-97 the complete expression of the energy equation of wall heat flux solution

Also the integral of temperature field graxis would be:

"y ‘0 oo Jp N 0 007 o) O o) p 3-98
Y w — 0 — —
¢IM 00 '‘Q OV p 0Q O

Consider thexintegrationstarts from 0 td, which:

5 5 T \5 sy 3-99
@ o] %—w o] W
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It can be simplify as:

5 ) 0 C)Z]?I—Qp Q0 QX 297 p 3-101
— =-JYIN 0 60 — —
WA ¢ QO p 2QOW O

Notice that theequation 3-101is the general solution of natural convection wall heat flux.

Although the derivation of wall thermhkat fluxequation stands alone from theergy equation
(3-101), it has a close relation with tle@ergyequation, or could be considered as a transformation
of energy equatiorQonvectiondiffusion equationunder particular condition. Write down theliva

thermal loacequation 3-101:

T a)% " ey 3-102
To °7® 3%
And:
ey a)% , 3-103
°F % To B0
Put this into theoriginal energyequation 3-86, then:
0 3-104

a =

- 1Y eI P, f} Y .
6 0FTw 1w © 0 =T R

Also the energy equatiamow can be written in the temperature based solution:

%F"Y 0 3-105
=% o o

In this casewith the temperature gradiedf/ yaand velocityy removedthe equatiorollapseinto

2" order systenagain This might hirn that the fully developed convection flow will eventually

turn into conduction heat transfer at some point.

Solution of the thermal energy E (J)
Similar to the pervious section of carrying out the wall thermal load equation, the expission

total energy of the flow field can be obtained as wekheat energy term E (J) will be used instead
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of the heat load expressi@Qd (W), and the heat energy E over a time scale t will become the heat
load dE/dt =Q6(J/s=W).

For a small volumepV:
Y6 Yol 0l 0B 0 0N a 3-106
For a small fraction on heat energy pre volume, where:
YO 6 O 3YYoh Yo Y ool 3-107
Then:
YO 6 JIY20DMN® 0l N® 00N d 3-108

Noticethat the temperaturgis thedifferentiablefactorof equation 3-108 on different direction,

and this part of work does not contain angi®iensional term<E/ L3hould be zero value where:

U yo . : -1
YO 0 J3YO0odMw odw 1 © i 0 JO°YW ® "YW w 3109
Let
Ty 5
T ®
In the y direction, it becomes
. , w m o~y o s e m . Y, 3-110
QYO0 MNwo Y 0 0 QuwP Y 0 w ov©o Y ':I_u):h) ov
Thenthe energyequation (3-101) could become:
YO .
= 6306 fv WX YHRG $111
And:
3-112

YO TY

— 00 Z%—Cw:w:nco 0 J wIYNw 6
a ® ¢
Herein equation 3-112only the temperatur€is thedifferentiablefactor to thex derivative, hence

the total energy of the fluid E would become:

O 50350t 050w Y @b SH3
& Yo ¢

And:
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Here he C6 and C7n equation 3-114 areconstars of integration that states the initial condition

of x derivative andy derivative. Considered the initial value of the integral started from a O
temperature and O heat energynpoboth C6 and C7 could be zero, left the total heat energy as:

o T Y . s . T 3115
— 0 00— Y ®w €1 Ce o0 JAX0—00Q Y
(38 T w T

Discussion of the natural convectiommathematical solutionbased on constant thermal

gradient (CTG) model

Based on théoussines@pproximationand the assumption of constahermal gradient value

Or/ yothe numericadolution can be carried out symbolicaf@inalytical solution)There ar@ base
equations of the solution which is the velocity and temperature expregsierexpression of

energy here is a transform from the temperature expression, which should not be considered as a
third equationin the solution. Despitethe propertiesof the fluid, there are 3 inputs / boundary
conditiors required for the solution: Reference distant (I), wall temperatujeaidly direction
temperature gradier®/ yO The output of the solution can be eittferm such as velocity,

temperature or wall heldad.

The onlyunsolvedterm in this expression is thedirection temperature gradie(@r/ ¥, which
could not be calculated from the equations provifileth the previous sectiorEquation 3-81,
Equation 3-82 andEquation 3-83).

T 0 1Y
—— 03 Th — #D T
Tw Tw
Where:
RS (0.6 I . 00 Y
0 , h 6 —

Thecore concept will be a constant thermal gradient value:
TY o o 4
—, Al 1 OOAI O
T w

Boundary condition will be:
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Sothere should ban approximation ofhe thermal gradient value @/ yOSuch approximation
will be carried out from a matrix of CFD test and will be explaitzdron in this research.

Notice that this solution based on the assumption of heat load on one side of tBeetgifoblem
(boundary conditionyan be rewritten intotherform: For examplegquivalent heat load on both
sides of the wall asit Mo r t o n Msertor, B&D)ewith(comparable appearance.

And the lmundary condition will be:

€
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=
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=3
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® ch 4 Y

The solution of such case is too sophisticated to simplify and too complex to written down here,
but it can be obtained from Matlab

The general solution of the 2D natural convection would be given via equéiiguation 3-85,
Equation3-86 andEquation 3-101):

YU 0B Q m 20 @ u 22 0 m o3 qwu 3

0 w —— —
C p Q u 99 Qo p
Y 0 m 32 qwu 22 0 m o owu D
(0 0)) p Qv 929 QWO p
5 . QX 9p W Q¥ 200 p
-— =JYIN 0 63 —— ——
WA ¢ 'Q 0V p 2QXM O

The manner of the all solutions can be treated as a scaler in the front and followed by an
exponential part:
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Scaler part Exponential part

Carefully examiningthe equations, it shows all components in the exponentialopahergy
Equation 3-101 are assembly from hase parttO/l 0 6or WO O G the scadr part of the
solution somehow only included some basic parameter from the liquid and the wall temperature T

Hence take baspart alonewhere:
—— . o X» O Y BT A Y
aM 00 ad Q@_# D #—

“Q W “Q W

3-116

Since the term 6 Owill be a complex numbeiit can be rewritten as a complex component
multiply by a scar which:

o, W N 3117

Notice that the complex number part of the term can be considered as a cossadant Which
should not affectharacteristiof the outcome; andhithe other hand, the Rayleigimbercould
be

. " 00D Y4 D " B D h Y4 3-118
2 A m ., o 2A ‘9
VRS A) SO

Both parts have a noticeable similarity to each other, @€t/ YOuaT,"/ y ¥T, /h, then it could

be rewritten into:

3-119

e, D B T Y4 DI BYL
ado o 3 O—Q ) 3@

Thenfor the Rayleigh number on the vertical direction (along the gravity direction / thermal length
direction), it can be:

Y& Q0 6 3-120

Or the Rayleigh number on the horizontal direction (acrosgridngty direction / thermal distant

direction), it can be:
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However, the Ra* value does not yet show a straight relationship with the dynamic similarity of the
flow field and heatransferdirectly. Having the same Ra* value does not necessarily result an
identical flowprofile. This also hints that the scaler part of the solution may have greater influence

to the outcome over the exponential part.

The completed expression of natluconvection solution is given in this part of the research, yet
there is one unsolved value in these equations, the value of thermal gr@diehtidwas treated
as a constant in the equation, but it is not be a fixed value and it should have atioreshéb with

the condition of natural convection flow.

Also, carefully examine the energyuation (3-101), it can be notice that the value of its
exponential part of thequation (3-101) has a constant value output with a wide randevafue is

given, where

o) o Jp N Q om0 0 X0) P 3-122

Qo p QoM O p
The termA 0 Gin equation 3-122can be rewritten as:

R 3-123

Combined this with exponential part, the energy equation can be rewritten into:

. Q% p @ Q¥ 27Qp vic —
0° =3IYMNM 0 6 — — =JY3>—=p MQp pQ0o 0
C 'Q M P D 'Q M o) P C C

And finally the exponential part of the wall heat flux solution can be reduce

~ |7|E o 3-124
0 oYM

And the complete form of the wall heat flux solution is:

3-125

So the energgquation (3-101) has been simplify into such forthatcan be calculated directly.
Despite the fluid properties that required, the only 2 extra input parameters will be teedefie
the heat flux is thbeated wall to middle point temperatapgx and the thermal gradient along the

gravity directionOr/ yO
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It can also be noticed thtte simplified form of the energy equatibas a very similar form with

the heat flux over Nusselt number where:

OY& 0° 3-126
9

00

o 1° 660=3Y3§(

Compare with the simplified energyuation 3-124, the termlid6 6can be expanded and it has a
unit of (1/m)

So the componeritdo 6can be understood as a form of characterisiemal distant scale, where:

p_ § 3-127
Vo o

It is interesting to know that the factdxC is also the damping factor in the original form of natural
convection NaviefStoke solution. So it is reasonable to useARE value as the characteristic
factor (length scale) of the problem.

And:

e —. . U 3-128
o =3Y3c—c3/|660 o :wac—csg

If a specific Nusselt number is assumed to be the constant part égtiziton 3-128 where:

3-129
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A further assumptiohas madén this part of thework, asthel* would bethe specific length scale
of the natural convection equation solution. Under this specific length scale the heat transfer (across
the gravity direction) will be consistent since it has a constant Nusselt number value. By assuming

the length scal&* will be on the X axis (across the gravity direction), it may hint that most of the

heat transfer take place within tfie Of regime/ thicknesslue to the constadusselt number

Also the Rayleigh numbetescriptionfrom the previousy can be rewrittenn the characteristic

thermal length scal®rm, where:
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The characteristic thermal length scale véfweould become a very useful featunethe following
part of this work, it will look further into the heat transfer modelling base on the mathematical

assumptiort expressiompresent in this section and compare with the CFD result.

3.4 Uniqueness and similaritycompared with others work

Previous work has focused on a uniform wall temperature boundary, which seems to be the common
method of analysing natural convection and how the original Rayleigh number was defined. Some
other previous work started with uniform wall heat flux, and iunexg a variation of original
Rayleigh number converted into a heat flux form. A few works based on a Newtonian (variable)
heating boundary, which almost equivalent to constant thermal / temperature gradient boundary.
But M e (1994) wotk svas not focusd on analytical solution; instead it was an asymptotic

analysis.

The uniqueness of CTG (Constant Thermal Gradient) model in this thesis is that it based on an
analytical solution of the Navietokes equation and Convectidiffusion equation coupled
togaher. The expression of such solution is a clefseoh expression, by giving appropriate
boundary condition it should be able to produce the exact value of velocity and temperature in the
corresponding location. The absent of wtdmensionalization processd dimensionless factor of
similarity such Ra and Gr make this work different from most other research for similar type of

problem.

In terms of equation gathering, most pervious work kept the X diragtiaiocity component, and

some work also kept theé directionuy velocity gradient. Keeping these terms help describing the
developing of the convection flow, but also increase the complexity of the problem, thus some
approximation method in solution method would be introduce hence there might notube a p
analytical solution with exact value result in any case. This is also true to the CTG model, through
it would write down the closetbrm expression of the analytical solution, it still has 3 unknowns
towards 2 equations. That means an approximatidmsgds to be made for the last unknown

value (usually is the thermal gradient value).
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One of the earliest and most significant work
(Sparrow and Gregg, 1956). They presented a Nusselt number correlationobatbed exact

similarity solution of the laminar boundary layer equation with Prandtl number from 0.1 to 100
(Aydin & Guessous, 2001).

_ 3-132
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Since Sparrow and Greggb6s work, | atter on rese
wider range of fluid and more complex case condition, but the form of expression and correlation

stay more or less the same. Here needs to mention somengploetant pieces of research works

done by Fujii in 1975 (Fuji& Fujii, 1975), and Ayth & Guessous, 2001Aydin & Guessous

2001). Which they concluded a series significant research works by the time of natural convection
cases in different fluids. Theglso concluded the general Nusselt number correlation form would

be:

e 6O i 3133
The coefficient C* will have various expression depends on different case condition and different
fluid, and with experiment most of these correlations have good agreement within the range of
condition they were suggested. Notice that the cases they compared seems to have more variety

rather than unity, which put flat heat source and cylinder heatestagether in same table.

2 more referenceable works from Goldstein & Eckert (Goldstein and Eckert, 1960) and Qureshi &
Gebhart (Qureshi, Gebhart, 1964) gave the Nusselt correlation specific for water in laminar range,
the correlation would be:

L& @ WIOTH TR pa OF p o 3134
(Goldstein and Eckert, 1960)

. Cm l]J;\Y & h p& p it Y Q P8 p 3135

Notice that most of theseor r el ati ons are based on the O6dopen

coupling of coldsource is not considered.

Other than the referenceable work on Nusselt number correlation, one research work needs to be

mention is Cai adnzthang, BQ2)nog rdakiral womvedtion @r@lgtical solution.
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This research work is somewhat similar to part of the solution that presented in this thesis: it has
the same boundary condition, the setup of the boundary condition for the temperature field based

on a Y-direction temperature gradient as the CTG model in this thesis.

Cai and Zhang also assumed an infinite long heated / cooled walldinrection, this could be
equivalent to the problem / solution in this thesis with zedoe Y-direction temperature gradien
Interestingly their result is almost same as that in this thesis, where the resulted velocity expression
collapsed into a cubical polynomial equation manner. But their work did not expanded this into

finite wall height and did not show more complex e@ipcurve that matches the natural

Now the only remaining question of the mathematical solution is the dependenc€&ch thém,
though it is assumed to be a constant, it is still an unknown value that colle olotained from
boundary or initiatonditions, or from fluid properties. The next chapter will focus on how to obtain

approximate thermal gradient constaDtT /) ¢ajues.

3.5Summary

The constant thermal gradient (CTG) model is an analytical solution of the Mdwolers equations

and Convetion-Diffusion equation with appropriate boundary conditions and assumptions and in
this case is not based on thmwdimensionakationversions of the equations. This means that the
constant thermal gradient (CTG) model relies less on using Rayleighrandtl numbers, which

is different from most other natural convection studies and is also a different approach to

understanding the natural convection heat transfer problem.

The ron-dimensionakation method gives a simplified expression (i.e. one basedRayleigh
number) to indicate the flow condition and dynamic similarity. But since tbe- n
dimensionakation method indeed removes all the directional factors of the problem, which
sometimes creates some confusion of choosing the reference point foolbiam. On the other
hands, algebraic solutions of the simplified Nax8éokes equations and the Convectiziffusion
equation could give a similar but more complete description of the natural convection flow dynamic

similarity in exchange of extra coteyity.
Rayleigh number in general natural convection study:

" 00 B YYD
e

2 A

Notice that the length scale L here is the general characteristic length for Rayleigh number, in

typical cavity problem it usually refers to the full distabetween heated wall and cooled wall.
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Thermal distantlf or thermal lengthh) over characteristic length scald*(or h/I*) in CTG model:

" 00 B IY A i Q 7 0 B IY IQ

o
g D) JQ a 0 JQ

Notice that the thermal distan} bere isspecifiedfor CTG model in this thesis, it is the half distant
between heated wall and cooled wall, whire.5L

Since now the description of in CTG model, especially Thermal didjaot thermal lengthh)

over a characteristic length scHl& would need both vertical and horizontal length from the natural
convection problem, it essentially matches 2
one that different velocity profiles develop with different aspect ratios of the naturaatmn,

and two that the middle line of the cavity has zero velocity but positive temperature gradient.

Also the concept of using a constant temperature gradient or thermal gradient is not a new idea in
naturally convectinflow research, it has commorthging used in geography research ad tpse

rate (Tritton, 1977) Interestingly thd_apse ratds a negative ratio that decreases with increasing
height (attitude), while the constant thermal gradient (CTG) model in this research uses a positive
ratio where temperature raises along with the height. But this difference could be explained by the
fact that in geographical applications its scope is far greater than the general natural convection
study, also in most cases heat dissipation in geographic&atppis would additionally be more

complex.
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4. Ther mal gr adiyapproximaionue ( OT/ O

TheConstant Thermal gradient (CT@pdelpresented in the previous chapter requires the thermal

gradient O Ty) @Galueto complete the NavieBtokes equations and energy equation. In order to

use theConstant Thermal gradient (CT@)odel to numerically solve the natural convection

problem, an approximation method is needed to gain the thermal gr&dliEy) @lue In this part

of the research, it will carry out the approximation of the thermal gradient constabaszd on

CFD analysis of ideal natural convection problem (rectangular cavity case),coaipared with

theChur chi I | and Chuo6s ecagainstéhk Ralyleigh numbef to Vdlidatestreel t  n um
model (Churchill and Chud, 1975).

To understand the scope of the problem, some pervious research has listed here as part of the
reference cases. The closest research sholdd bd ¢Etdér,s1965workandSe | ov & Paol ucci ¢
(Suslov & Paolucci, 1999)ork, which all based on solutions with differeagpectratio (/1). It

also reference a recent benchmark work done by Dillo(Deffon, 2013).

Ra Pr Aspect ratio| material
Current work 3x10' ~ 0.71,7 1-32 Water, air CFD/
1x10° | and 24.6 Hydrofluoroether] Numerical
El der &s 1x10°~ 1000 1-60 | Paraffin / silicon| Experiment
1x10° oil
Suslov & 6x10° ~ 0.71 1-b Air/ Gas| Experiment
Paol ucci 1x10*

Table 4-1 Regimeof the problem compare to sotiterature

TheTable 4-1 shows the scope of the research that will be carried out in this part of the work. Since
the research in this section will be based on numerical and CFD solution, it can cover a wider range
of the problenrather tharexperiments. The fluid properties cante from the previous section,
which is the typical water under Z0) the halfwidth of the problem case starts frén©.00375m

to 0.2288m (1:1 ~ 32:1 aspect ratidl), this covers a wide range of Rayleigh numisaf 3 x10*

~ 1x10P).

It is also needa notice that, unlike general natural convection research based on Rayleigh number,
the constant thermal gradient (CTG) molbased on thanalyticalsolution of the NavieStokes
equation and Convectiebiffusion equation rather than dimentionaless metlsodt is lesselied

on the usage or Rayleigh number &rdndtl numberNotice thathis does not necessarily means

the convection flow here isdependent with Prandtl number, and one of the important task at the
end of this chapteis the conversionfdC TG model solution to an existed Ni(Ra) or Nu#(Gr, Pr)

correlation such asquation 3-133andequation 3-134.
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4.1 Problem definition

In this section, a series of CFD analyses has been carried out based on 2 different type of basic
layout: the open cavity natural convection problem and the césty natural convection problem.

Though both these 2 cases have been popular in academic research, some even presented as a
standard reference case for fluid dynamic simulation benchmarkisgnterested to see that open

cavity natural convection ually has a length scale same as gravity direction, while close cavity
natural convection usually use the length scale normal to the gravity dir€atiernf the purposes

in this part of the study is to validate the constant thermal gradient (CTG) moateb&th open

cavity and close cavity in parallel

Open cavity case overview

The origin of open cavity problem is a vertical open channel with heated and cooled walls with
flow pass through similar to a channel flow, it should have almost a fully develeptchl flow

field. Since flow is antsymmetric, onlyhalf of the domain needs to be considered. The simplified
open cavity case can be setup as a vertical channel with only one side is heated wall and the other
side is adiabatic wall: a hadlection cas with only heated section rather than full section with both

heated and cooled sides. The boundary condition of thedetiion open cavity case will be:

Opening Opaning

Hazatzd Coolzd E> Haatad Adiabatic
wall wall wall wall

Opzning Opening

Middle

Svmmetry Axis

Full section cass Half zzction casze

Figure 4-1 Simplification of a full open cavitpatural convection case from heatzbled wall to
single heated wall model

Where in mathematical expression, the boundary condition expression is:
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The problemthat halfsection open cavity case differ from full section case is the boundary
condition of the middle linexgl). In half section case the boundary that represent this line is a fixed
adiabatic wall which restrict the temperature and flow velocityeto xalue; for the full section
(open cavity or close cavity) this there is no restriction on the middle line, the symmetry layout
should naturally generate an inversgror image of the other side of the flow. But in extreme
condition such as turbulentehaos flow would happenittmaynot be symmetric if it is turbulent
But having a middle / adiabatic wall would be a desirable feature because of restricting the flow in
one direction, but in exchange of slightly more unrealistic compare to other tonwamndition

As a result, the open cavity case should be very close to the ideal mathematical expression that
given in the previous part of the research, and would be beneficial in modelling and approximation
due to its simplicity. However the real liratton is the boundary condition on the inlet and outlet
whichin these 2 section there is no heated Welien thebuoyancy forcés no longeprovided by

the wall boundary condition, the convection fltemds to return back to typical Couette flow state

as free stream channel flow. Therefore the open cavity saffess insufficient flow development,

and the length of inlet / outlet section has an important influence to the velocity profile.

Closdl cavity case overview

The othercavity problem setup ithis part of flow research is the close cavity case, which can be
simply understood as closed volume setup with vertical walls on the top and bottomsiilissae
recirculation flow witlin the volume despite the path and time scale of the flow, thersfiordd

be fully developed all the time.

0.5k Observation
area
TRERETEL £ Height k
Heated rree Cooled
wall convection wall

Half langth
1

Figure 4-2 Schematic drawingf close cavity naturalonvection2-D case
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The problem of such setup is the changing direction in 4 corners in the eavityy, does not

correspond to idealisddTG model conditionsin these cornerthe assumption ofx=0 is invalid.

Even more the top and bottom fluid flolorizontally without buoyance force applied on it

buoyancy force assumed only appear in gravity directiariich basically turns into a force

convecti

on and

become

t he

6short

cut o

of

suit the research of flow and heat transfer development, but also more complex and more difficult

in modelling and approxint@n.

Basic setup parameter

A series of CFDsolutionswith different fluids and conditions will be carried out in the latter on

section of this paragraph, speoperties table is given

t he

Boundary condition (inputdpr CFD /mathematics modelling

Acrossthe flow / gravity direction

Along the flow/ Against the gravity direction

Wall temperature | Thermal distancehalf Thermal length Wall heat flux
Distant heatedooled wall Distant against gravity

QT x I H Q*

°C m M W/m?

Propertiesand Constant®f thefluid for CFD /mathematics modelling

Densit | Kinematic | Dynamic Thermal SHC | Thermal Reference | Gravit | Half

y Viscosity | Viscosity Conductivity Expansion | temperature y length

J 0 € =3 Co b To g d

kg/m® | m?/s Pa.s W/m.K J/kg.K | 1/K °C m/s m

Outcomedrom CFD result

Velocity (Y axis) Temperature| Delta Temperature Flux Thermal gradient

% T oL vy pT Q dT/dy

m/s K or°C K or°C W/m? K/m

Table 4-2 Input and output parameters for the problem for both CTG model and CFD analysis

Also the type of fluids and their properties is given as well in the followaige 4-3:

Propertiesand Constants (2Q)

Density | Dynamic Thermal SHC | Thermal Prandt | Reference | Gravity
Viscosity Conductivity Expansion | number | temperature
| € e Co d To g
kg/m? Pa.s W/m.K J/kg.K | 1/K °C m/s’
Water 997.05| 8.874x10* 0.613| 4181| 2.07x10* 6~7 25 9.8
air 1.185| 1.831x10° 0.0261| 1000| 3.36x10° 0.71
HFE 1660| 1.179x10° 0.069| 1140| 1.451x10° 19.47

Table 4-3 Propertief fluids: general water, general air and HFE

And the CFD modellingnd simulatiormethodin this section will be
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Discretization | Solver model| Buoyance Turbulent | Scheme Energy model
methods model model

Finite volume | Laminar Boussinesq N/a Second order| Thermal energy
method approximation upwind equation

Table 4-4 CFD analysis solveoption

Also a mathematical solution will be calculated following CFD result, the expression of the
mathematicsolution would beequation 3-85, equation3-86 andequation 3-101:

YM b :b Q m 20 (o) m 290 0 "
C p QW 00 Q

"V 0 M 30 o u 29 0 m o w D
0D p QW 99 QW o p

o . QX 0p Q Q%M 207 p
— =JYO b &0 — —
(V1) IS 'Q O p 2QM O

Where:

"o . . 6 T 1Y
" h 5 —3,
_ w

Such mathematical solution can be carried out either by Matlab or Microsoft ExceExtéb
might suffer from difficulty in complex number solution). Notice that the thermal gradiefityj O
could not gained directlffom the given condition, so at the moment this value can only come from
the CFD solution.

Before entering detail simulation and analysis of the CFD modelling, the first thing to do is to
determine the mesh / grid resolution as the initial of all solution. Since the lengthisahkeonly
significant coordinaté displacemeninput in the stution expression, so it start from changing the
mesh resolution related to the length stdte the X axis).

CFD verification: effect of mesh density

Unlike forced convection or other type of simple flow mechanism in similar physical regime (i.e.
in similar Reynold number), natural convection usually requires finer mesh and tends to be sensitive
to mesh quality. The Y+ (Plus) value in turbulent flow can be useful to determine the Aggrath
closewall resolution, but most of the cases in this redeanight be in laminar condition. Based

on the mathematics description from previous chapter, it is possible to obtain the X direction length

scalel* (boundary layer thickness) by knowing the thermal gradient on the Y dire€idny).O
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This gives the podtsility to match the first layer mesh thickness with appropriate boundary layer

thickness, which somehow similar to what Y+ value is taken to the turbulent flow.

Because closed cavity convection should have better flow development hence better accuracy for

CFD mesh comparison. In this section, a close cavity CFD case study has been chosen and

performed with various mesh setting, and here is the CFD case input parameter and boundary

conditions:
Boundary condition Cases setup Others
Fluid | Flux X axis Y axis Aspect | Mid-point | X Mesh | Y Mesh | Pr Ra
dimension| dimension| ratio temperaturel count count heat flux
Close | Q* 2x| h h/l To (x=1) Racwhr
cavity | W/m? | m m °C
water 800 0.00715 0.0572 8 0 8~256 256 | 6.13| 1x1C°

Table 4-5 Closecavity naturalconvection case parameter for mesh validation

The Schematiadrawing / layout of the close cavity case can be seéigimre 4-2, and the esult

matrix with different mesklensity is:

Boundary condition Casessetup Outcome Othess
Heat || Aspect| X mesh | Y mesh | 1mesh | T: OTy (T [*/1 Y*/1* Error
flux count count Y* (Tx-To) (Ty'-To") @
W/m? | m h/l m °C °C/m |°C %
800| 7.15 8 8 256 | 1.79%10°| 0.768| 125.53 7.180| 0.112 2.23| 485
x10°3 16 8.94x10% | 1.047| 140.72 8.049| 0.1 1.15| 27.8
32 4.4710%| 1.269| 149.15 8.531| 0.107| 5.8310*| 11.2
64 2.23%10%| 1.375| 151.53 8.667| 0.107 | 2.93x10*| 3.42
128 1.12x10* | 1.410| 152.10 8.700| 0.107 | 1.46<10'| 0.885
256 5.59x10° | 1.420| 152.23 8.7 | 0.107 | 7.32x10%| 0.193
2562 2.70x10° | 1.417| 154.09 8.814 | 0.107 | 3.55<10°| 0.103

Table 4-6 Closecavity natural convection case in@utd outcome matrix

(M Notice that error ratio will bed O O T pO —

for theCFD simulation and0*

z

. The wall heat fluxQ* crpis theinput condition

m‘% is the wall heat load calculated from the constant thermal

gradient (CTG) model from pervious chapter base on the characteristic lfeogtain from the

CFD simulation result. So the error ratio here basically indicate the different (in heat flugghe

CFD result and constant thermal gradient (CTG) model.

The velocity and temperature profile from the observaliioe (Y=0.5h) will be shown in the

following plot:
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Velocity profile by mesh density
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Figure 4-3 Velocity profile on theobservation line (Y=015

Temperature porfile by mesh density
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1.414 |*, 256x mesh
Figure 4-4 Temperaturerofile on the observation line (Y=0.5h)

In this case studlyigure 4-3 andFigure 4-4 showhow the mesh quality / density affect the solution,

also the length scalé Vo 6has plotted alorgide the CFD velocity solution. Recall the
equation 3-117from thepreviouschapter, the length scdtecan be rewritten as:
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The length scale X% happen to bdor closed ty the X direction distant when the flow has its

maximumvelocity () has occurredRecall theequation 3-84 from the previouschapter, the

natural convection solution velocity expression can be writterdé®maler differential equation
Qo

E (s R€:28)) Tt

Notice that the term AC is the only coefficient of the equation, whithd 6should be one of the
root of the solution. So it would be reasonable to assumélthat 16 Gis able to represent the
length scale of the problem; or more importantly, it indicates the boundary layer thickness. It is also

possible to rewrite the energy equation with the length $tale

YO 4-2
6 z

0 ?O’Y:]‘/I 6 6Mg © W af

It did seems like most of the heat transfer takes place wathintitic i regionIn following
section of this work will be based on this assumption. The benefit of havind thisid Gas the
thermal length scalés that it gives a physical definition along with simple mathematical

relationship to natural convection flow solution.

Following such assumption, the first layer mesh thickness Y* should be smaller than the thermal

length scale or boundary layer thickn€se order to represent the flow, where:
@ dh = P

Large Y*1* values (Y*1*> 1) result in a poor matctresult, vhile the smaller Y#* value results
in better match of input and output heat flux, andli*%/ 0.1 will be desirable and it should have
very small error (<0.2%) from CFD input heat flux to output heat flux; in other words it should

have more than 10 mesh elements aarhasacter length scalé for a good CFD solution.

4.2T Observation point for thermal gradient O T / iO@FD solution
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In this subsection mathematical and CFD solutions of the open and closed cavity problems will be
compared for typical conditions. Since the mathematical mstilé cannot solve the natural

convention problem alone, sioe progresdor the case studies in this section willTeble 4-7:

CFD smulation CT G model caleulation
Boundary Thermal distant of the problem on X axis: 1 (m)
condition Azpectratio of the problem: k7 (m)
Input Haat fox Qe (Wim') X X Delta temperatnre T, (°C)
X Delta temperature -
DL'-IZME md:-s-ar‘ratimpufiﬂ T-_ I:-:C} arror gl HElt i'l.'-?‘a'. QT‘:Z‘I [:1;';- ﬂ'l.':.
Veloaty w, (m's) _ Veloaty w, (m's)
compars
Tempentee T [C) = Tempeee T O

Table 4-7 Work progresf CFD and mathematical modease studies in this section

Open cavity case

The thermal gradient/Q)) in chapter ds assumed to be constant in the mathematic model. Yet

in CFD solution, the thermal gradied{Q/) may not necessarily to be constant alongjréction

(along the gravity direction). This is due to the fact that the shape of a CFD flow case (and also the

real world condition) will be different from the ideal mathematic modelling.

To observe this, one typical close cavity case and one typicalagyity case has been analysed
using the mathematical model and CFD. The object of this case study is to observe the thermal

gradient Or/Q)) on the heated wall, middle line and cooled wall.

Theopen cavitycase setupnd boundary condition will be Table 4-8:

Boundary condition Cases setup Others
Fluid | Flux X axis Y axis Aspect | Mid-point | X Mesh | Y Mesh | Pr Ra
dimension| dimension| ratio temperature count count heat flux
Close | Q* 2x| h h/l To (x=1) Racwhr
cavity | W/m? | m m °C
water 800 0.00715 0.0572 8 0 256 256| 6.13| 1x10P

Table 4-8 Opencavity natural convection casetup andoundary condition
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Figure 4-5 Schematic drawing adpencavity natural convection-B case

The temperature plot along the Y axis is shown in the followiggre 4-6:

Open case Y temperature plot

3 Ty*
25 R . T(x=l,y=h)
- 2 eoe . .
O ARSI Linear temperature gradient
s }
> . ot
= Flow de\{eloplng I
o Section i
o I
S 3
@ M
= .t
>- ____________________________ IJ_- - - -
Inlet i
05 Outlet Sectior
-1
-0.2 0 0.2 0.4 0.6 0.8 1 12
y/h
—H—Y temperature on Heated wall (CFD) = = =Y temperature on Mid line (CFD)

--------- Ideal Y temperature on Heated wall (CTG mode)- — Observation point, (y=0.98 I)
Figure 4-6 Temperature vs Y coordinate plot of the typical open cavity natural convection case.

From the temperature plot diagramigure 4-6, the dash line is the ideal temperature distribution
on the heated wall (Y direction), based on the concept of constant thermal gradient (CTG) model.
It can be sen in open cavity case CFD solution, the temperature gradiédt is not entirely

constant and significantly influenced by the inlet and outlet section.
85



Because it stilheeddo obtain the temperature gradi€ftQy value from the CFD result, ta/Qy

value from the CFD result is not entirely constant along the Y axis. It would be better to obtain the
Or/&y value from the point that the thermal gradient is almost lif®@the referendeobservation

point is chosen to be the highest point on thedueagll before entering the ndinear section (T

at x = M), They exact location of this observation point would be various depends on the

condition of the case, but in most cases it is around #=0.9%.

Velocity development in Open cavity case

4.50E-03
4.00E-03
3.50E-03
3.00E-03
2.50E-03
©

S 2.00E-03
>

=~ 1.50E-03
1.00E-03
5.00E-04

0.00E+00® T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x/l
......... inlet ———y=0h ——y=0.2h —#—y=0.4h
y=0.6h y=0.8h —6—y=0.98h (reference) ===-- outlet

Figure 4-7 Velocity vs X coordinate plot of the typical open cavity natural convection case

Temperature development in Open cavity case

Temperature T (°C)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x/l
--------- inlet y=0h y=0.2h —¥—y=0.4h
y=0.6h y=0.8h —6— y=0.98h (reference) = = = outlet

Figure 4-8 Temperaturers X coordinate plot of the typical opeavity natural convection case
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From the velocity and temperature piotFigure 4-7 and Figure 4-8, it can €e how the flow

develops along the Y axis (along the gravity direction). In this particular open cavitjhdas® (
[=0.0715, Q*=800W/rhwith water), the observation point is chosen ty+@ 98, this is the point
has most developed flow before affecbgdthe outlet condition. Obtain the delta temperatyre T
T(0,0.98")1 T(I,0.98), and temperature gradigd(T y from the observation point (x=0s0.98).
With T; andO T y v@lue known, the velocity and temperature profile can be calculated from the
equation 3-85, equation3-86 andequation 3-101

Table 4-9 is the data matrix to setup the test; the boundary condition will be applied to both the

CFD simulation and CTG model calculation:

Boundary condition Cases setuj Outcome Others

Heat || Aspect| mesh count| giloem |OTyYy O] Ty /1| Y*/1* Error

flux (Txl'TXO) (Ty* 'TO*) )

W/m? | m h/l °C °C/m °C %
800 | 7.15x10° 8 256 x256 2.62| 15.425| 0.8823| 5.29| 9.99 x1¢* | 3.92

Table 4-9 Open cavity case CFD simulation input and outcome matrix

The velocity and temperature plot from the observation point will be shown in the following

diagramFigure 4-9:

uy veclcity m/s
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-

Velocity and Temperature plot on y=0.98
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—=— Velocity (CTG model)
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.........

Temperature °C

Figure 4-9 Open cavity natural convection case velocity and temperature plot in observation point
(Typical case)
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FromFigure 4-9 above the velocity and temperature curve calculateddnstant thermal gradient
(CTG) modelmatches the CFD result in open cavity case quite, waltbugh it still requires the

O T y v@lue from the CFD model to carry out the calculatiiso the flow profilefrom the CTG

model seems to have further flow development, which pushed the peak velocity point more towards

the heated wall

Closdal cavity case

In closal cavity case, the problem setup and observation point is slightly different from the open
cavity casesuch ad-igure 4-10. The X axis length is the half length of #h (closed) cavity, the
observation point for Tand temperature gradier® Ty i©the middle axis across the Y axis
(y=0.5), and the observation line for Y temperature plot are heated wall (x=0), cooled willl (x=2

and middle line (xB.

Obzarvation

0.5k
arsa
Height k
Hezated Cooled
wall wall
& .
Otbearvation i
arsa

Heated wall Whiddle ine  ecooled wall
=l =l x=2

Figure 4-10 Schematic drawing aflosecavity natural convection-P case

The temperature plot along the Y al@shown in the followind-igure 4-11:
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Close case Y temperature plot
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Figure 4-11 Temperature vs Y coordinate plot of the typiclalsecavity natural convection case

Fom Figure 4-11, in closed cavity case, the 4 corners generate thelimesr effect to the
temperature gradient, but in general the temperature gradient in the cavity case is effectively linear.
The top andottom wall do not have the buoyancy force generated for the convection flow, the
flow in these places act as force convection which transfer the heat from the heated wall to the
cooled wall, hence improves the heat trans®&meral speaking the closevitg case seems closer
to the ideal natural convection case of CTG model, especially the aspect ratio isllargd.).
Part of the reason may be the flow has infinite long path to develop in a closed circle condition, so
there is no obvious developingdion. This can be seen from the velocity and temperature plot
from different height of the CFD solutidtigure 4-12 andFigure 4-13;

8 00E-04 Velocity development in Close cavity case (CFD result)
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Figure 4-12 Velocity vs X coordinate plot of the typicalosecavity natural convection case
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Temperature T (°C)

Temperature development in Close cavity case (CFD result)
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Figure 4-13 Temperature vs X coordinate plot of the typiclalsecavity natural convection case
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Table 4-10is the boundary conditions and outafrom the close cavity CFD simulation.

1

Boundary condition Cases setuj Outcome Others

Heat || Aspect| mesh count| T, OTy O| T/ I[EERREIE Error

flux (Ty'-To") @

W/m? | m h/l °C °C/m °C %
800 | 7.15x10° 8 256 x256 1.417| 154.09 8.814| 9.35| 3.55x10%| 0.10

Table 4-10 Closecavity case CFD simulation input and outcome matrix

In the same way as open cavity cagemn Figure 4-12 and Figure 4-13 the Y velocity and

temperature of the close cavity case on the reference line fy=@b be obtained with the wall

temperature Tand emperature gradie@ T y v@ue known.
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Figure 4-14 Closecavity natural convection case velocity and temperature plot in observation point
(Typical case)

Figure 4-14is the velocity and temperature plodom CFD result and CTG model calculatidn
the close cavity case, the velocity and temperature result seeme tagaadmatch between CFD
and CTG mathematical modelling; this may due to the reason that a close cavity case has

recirculation flow henceesultsbetter development of the flow.

Up to this point, it can be seen there is a very good match between thee€@HDand the
mathematics modelling on velocity and temperataaéculation. This means it just need 3
parameters to match / justify the convection flow: thaxis temperature delta from the wall to the
middle-point (T1), the Y-axis temperature gradie(® T /),@uyd the distance between heated wall
to middle line(l).

The influence of wall heat flux case study

In this sectiontwo series otestsfor open cavity and close cavityill be carried outIn this case
study, all other input and boundargndition is fixed except the value of wall heat flux. Both open
cavity and close cavity problem will have 5 iterations of test and compare the velocity and

temperature pldirom the observation point

Also another task of this case stu@nd the following case as welf to validatewhether the
characteristic lengtht universally matches all cases and conditibdwtice that in this part of case

study only CFD result will besed and discussed.

First part is the open cavity caseamecondition and dimensiowith various wall heat flux, here

is the condition / result matrikable 4-11:

Boundary condition Outcome Others
Heatflux | | Aspect | T: ar/yO | Ty* 1/1* Error | Case Setup:
Q*crp @
W/m? m h/l °C °C/m °C % Water
50| 2.86 2 0.38| 0.7134] 0.0977 11.24| 4.13] Open Cavity
200| %102 0.994| 2.054 0.2811 14.64| 5.13| Y*/I*<10°
800 3.017 6.057 0.812 192 | 5.51| Mesh count
3200 9.154| 18.13 2.491 25.6| 5.61|912x512
12800 27.72| 5457 7508 33.3| 5.82] Yrer0.9%

Table 4-11 Opencavity case CFD simulation input and outcome mdtmieat flux case study
L Error rate calculated as Brr= 1- Q*crs/ Q*crp

The velocity profile from th€FD at the observation point will be givenFigure 4-15
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Open cavity Velocity plot and Length scalel
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Figure 4-15 Open cavity casdneat flux case stugfCFD result velocity plot oY =0.95

Open cavity Temperature plot
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Figure 4-16 Open cavity case, heat flux case study, CFD résuiperaturglot on Yref=0.95h

From the velocity antemperature pldtigure 4-16, it can beseen th@utcome obpen cavity case

velocity and temperature from both CFD simulation and CTG nlodsklymatch each other.

Secondpart is the closd cavity case with various wall heat flux, here is the condition / result
matrix Table 4-12:
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Boundary condition Outcome Others
Heatflux | | Aspect | T; OTy O| Ty /1% Error | Case Setup:
Q*crp @
W/m? m h/l °C °C/m °C % Water
50| 1.43 2| 0178 10.16 1.162 9.526| 0.13]| Close Cavity
200 | %102 0.548 26.59 3.0 12.12 0.33| Y*/I*<10°
800 1.584 98.09 11.22 16.79| 0.22| Mesh count
3200 5317 193.0 22.08] 19.89| 0.83] 512512
12800 17.19 432.71 49.50 24.34 2.0 Yre0.5h

Table 4-12 Closecavity case CFD simulation input and outcome matrix for heat flux case study

L Error rate calculated as Error =Q*cre/ Q*crp

Close cavityVelocity plot and Length scalel
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Rt lé’ ‘\_.;l Q=50(W/n?)
0.00e+00 Z 1T 11 &r
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[*=(AC)025 Velovity (CTG model) ------e- Velocity based on CFD result

Figure 4-17 Closecavity case, heat flux case study, CFD result velocity plof.gn0.5h
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Close cavity case temperature plot
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Figure 4-18 Closecavity case, heat flux case study, CFD result temperature plate6.5h

Notice: the thermal distanden the closed cavity case (heatedll to middle line distant across

the gravity) is different from that in the open cavity case.

From the velocity and temperature pfagure 4-17 andFigure 4-18, theoutcome of closed cavity
case has very good match between CFD simulation and CTG model. This again shows the close
cavity case haietter flow development.

For observation of characteristic length scale 110 3 , in all cases thi distant has always

match the distance to the maximum flow velocuy=X max).

It is also noticeable that there is a negative peak capture@ wetbcity plot profile, especially

from the closed cavity cases. This will be more significant wheldttecale (work as1'Y &) value

is large. In the CTG model it was simplified to have only one dimension flow, and in the CFD
simulation results so fahey were set to avoid complex and unstable flow so it does not have a
significant effect to the outcome of this research. But it would be possible in some other

configurations such negative flow velocity could cause a local recirculation, or everc ¢loaoti
If the simplification of NaviefStokes equation is a 4 order system asthation 3-84:

20 3D
o (0] L
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If the coefficient A&C in this equation consider as the damping factor obtudlatory systemit
could bepossibleto obtain the overshoataleand distant withanalytical solution. But it will be

very difficult to have thanalyticalsolution of the overshoot value since it is"sodder system.

Velocity plot

i, velocity m's

@
overshoot .. )
scale

[ ——

overshoot distant l

Figure 4-19 Overshoot of the velocity curve

The overshoot of the velocity and temperature curve may be relatedduaibtéecflow of natural
convection, aver the less theffect of this negativeelocity is not a major conce here in this
thesis it is focus on the characteristic length sikallt does not have a lard#* scale that goes in

to the chaotic flowegime;andwill not have further discussion on this topic.

4.30 T y approximation for Constant thermal gradient (CTG) model in

opencavity case

In this part of case study, a matrix of CFD solution will be carried out with different parameter to
show the relationship démperaturalifferencebetween X direction (across the gravity direction)
and Y direction (along gravity direction). For the Xatition temperature 1T it is the delta
temperature between the heated wall and the middle line in the same heaftthé cavity. The
reference line for theitemperature in open cavity problem it is y=39-80.98 (depends on flow

development), anfbr the close cavitproblemit is: y=0.5.

For the Y direction temperature, it $tightly more complex. Ideally the delta temperatgrd=

T(0, h)-T(0, Q) should be taken from the top to bottom of the heated wall. However this temperature
will be affected by the inletoutletsection in the open cavity cases, or by the corner effect in the
close cavity cases; instead it will use the temperature gradient@ad from the reference line

and multiply by the heightj of the cavityto have the linear delta temperatopg’ (x=0), where:
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? ;_C: 0 4-3
Up to this point by using outcome(BNndO T y) fiom the CFD result as an input of the constant
thermal gradient (CTG) model, the constant thermal gradient (CTG) roadelosely match the
CFD result. The keyoint now is the value of thermal gradiedtT y, tis is not the boundary
condition of natusl convection case. So finding the appropriate approximation of the thermal
gradientO T y ithe key to complete the constant thermal gradient (CTG) model.

Since there are only 3 values needed for the constant thermal gradient (CTG) model, and the thermal

gradient O Ty) @lue isone of these value thaave been looking for, the relationshiptween
these 3 factors will be the task in this part of the study.

In the following case study will ba numberof CFD simulationsin 2 types First type of CFD
simulationwill havefixed thermaldistance(l) with various heat flux (Q*) and aspect raftl),
this results different wall delta temperatureand different thermal gradie@ T y f@ study. The
secondypewill be a fixed heat load (Q¥)fixed thermal lengthlf) but various thermadistant(l),
this again results differemtall delta temperature;nd different thermal gradie@ T y f@ study.
The thermal gradier® T y c@n be converted to a Y axis temperature dgftawith the equation
4-3, and by studying the temperature plot mapagainst T*, the relationship between thermal
gradientO T y a0d other factors should be reveal.

Open cavity CFD case studyfixed thermal distant (1) with variable heat flux (Q*) and
variable aspect ratio @/l)

In this section, a series of CFD simulations with fixed thermal didbarstnd various values of the
heat flux (Q*) and aspect ratib/{) will be carried out, the outcome will be andT,*.

Step 1 Open cavity natural convection case with water. The CFD simulation conditions and matrix

of results of the open cavity natural convection case with water and fixed thermal thissagivén
in the followingTable 4-13:
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Boundary condition Outcome Others

Heatflux | | Aspect| T; OTy O| Ty I/1* Error | Case setup:
W/ m h/l oC °C/m oC %

50 1.43 | 1 0.2459 |2.158 [0.0617 | 12.93 |0.13 | Water

200 102 0.7487 |6.331 |0.181 |16.93 |0.33

800 2.277 18.72 0538 |22.20 |[0.22 | Open Cavity
3200 6.917 |55.% |1.600 |29.19 |0.83

12800 20.8 | 1687 |4.85 |38.46 |20 Y*/1*<10°
50 2 0.2843 |1.22@ |0.0703 |11.24 |0.13

200 0.8638 | 3.541 0.2025 | 14.64 |0.33 | Mesh count
800 2624 | 1048 |05993 | 1920 |022 |°12512
3200 7964 |31.42 |[1.797 |2527 |0.83 .
12800 2413 | 9474 |5.419 |3329 |20 5‘5‘; gg‘q”t
50 4 0.3280 |0.7134 |0.0816 |9.808 |0.13 :

200 0.9940 |2.054 |0.2350 |12.78 |0.33

800 3.017 |6.057 |0.6930 |16.74 |0.22

3200 9.154 |18.13 |2.074 |22.02 |0.83

12800 27.72 | 5457 |6.243 |[29.01 |20

50 8 0.3775 | 0.4220 |0.0965 |8.601 |0.13

200 1.142 |1.193 |0.2729 |11.15 |0.33

800 3.462 |3.485 |0.7974 | 1458 |0.22

3200 1050 |10.37 |2.373 |19.15 |0.83

12800 31.79 |31.13 |7.124 |2521 |20

50 16 0.4345 |0.2547 |0.1165 |7.581 |0.13

200 1.312 | 0.7029 |0.3216 |9.771 |0.33

800 3.974 |2.028 |0.9282 |12.74 |0.22

3200 12.04 |5.992 |2742 |16.70 |0.83

12800 36.43 |17.94 |8211 |21.96 |20

Table 4-13 Open cavity cas€FD simulation matribbased on water withfixed thermal distant),
variable heat flux (Q*) and variable aspect rahifh)(
Notice: theError rate in table and all other similar part of the thesis defined as the:

#4011 AROODA®O OO 44
AOOTO — s T %0 50

Plot thenatural convection cases temperature result poinand T,* of water:
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T, vs T,* Temperature plot for open cavity casewater
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Figure 4-20 Open cavity cas€: vs Ty* temperature plot based omter with fixed thermal distant
(1), variable heat flux (Q*) and variable aspect raltith) (

From theTable 4-13, despite different input of heat fl©Q*) and cavity height{, thermal length),

the relationship between @nd Ty* tends to be very linear all the time. It is possible to use linear
scaler approximation with only %calar coefficientto represent the temperature X and Y
temperature relationship, any this can be the approximation expression thetmal gragnt
valueOTy. O

Step 2 Open cavity natural convection case with air. Due to the reason that air has poorer thermal
performance, the heat flux Q* applied for the air convection will be smaller than that of for the
liquid. TheCFD simulationcondifons aml result matrixof open cavity natural convectiavith air

and fixed thermal distank)(will be shown in the following able 4-14:
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Boundary condition Outcome Others

Heatflux | | Aspect| T; OTy O| Ty I/1* Error | Case setup:

W/ m h/l oC °C/m oC %

4 1.43< 1| 1.178] 12.94] 0.370] 5.384] 2.30| Air

16 102 3.710| 37.98] 1.086| 7.047| 5.43

64 11.46| 107.9] 3.087| 9.150| 5.75| Open Cavity

256 35.13| 314.7| 9.000/ 11.96] 5.88

1024 107.1| 933.6] 26.70| 15.69| 5.92| Y*I*<10°

4 2| 1356| 8.846|] 0.5060] 4.896] 7.09

16 4.294| 23.85| 1.364| 6.274] 8.65| Meshcount

64 13.43| 64.53| 3.691| 8.046| 8.91|°12512

256 41.28| 183.4| 10.49| 10.45| 8.71 .

1024 12509| 539.4| 30.86| 13.68] 852 Rel-point
Y=0.95h

4 4| 1523] 50911| 06762 4.426] 875

16 4850| 14.62| 1.673] 5.551| 857

64 15.28| 38.36| 4.388| 7.065| 8.84

256 4751| 1055| 12.07| 9.097| 8.95

1024 145.1| 309.9] 3545 11.91] 8.90

4 8| 1.684| 3.751| 0.8582| 3.951| 7.34

16 5.493| 9.074| 2.076| 4.927| 9.15

64 17.22| 2353 5.38| 6.252| 856

256 54.72| 61.10] 13.98] 7.937| 9.47

1024 167.7| 175.4| 40.13| 10.33| 9.19

4 16| 1.822| 2.412| 1.104| 3538 3.97

16 6.136| b5.776| 2.643| 4.401] 8.91

64 20.07| 1359| 6.217| 5.450| 10.3

256 62.42| 36.23| 16.58] 6.965| 9.59

1024 191.8] 101.1| 46.28] 9.002| 8.79

Table 4-14 Open cavity case CFBimulation matrix based on air with fixed thermal distdnt (
variable heat flux (Q*) and variable aspect rahifh)(

And plot thenatural convection cases temperature result poirasid T,* of air:

T, vs T,* Temperature plot for open cavity case-air
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Figure 4-21 Open cavity caseilvs T,* temperature plot based @ir with fixed thermal distant
(1), variable heat flux (Q*) and variable aspect raltit) (
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From the table above, the CFD solution of open cavity natural convection case with air does not
hasa good linear relationship betweendnd T,* temperature value. This may be related to the
property of air, its low density results a large boundary layer thickifessh@racteristic length),
hence affect the outcome of the temperature result. Whéteedson, or it is related to theandt
number(Pr), there will be some discussion in the latter on part of case study of open cavity natural

convection with variable thermal distaht (

Step 3 Open cavity natural convection case with HFE liquid. TR&EHquid has a much greater
thermal expansion ratidd), with greater buoyance force, or in other words, greater Rayleigh
number (Ra). Therefore the choice of cavity size of the HFE liquid natural convection case study is

smaller in order to compensatestthermal expansion ratio. The CFD simulation conditions and

result matrix of open cavity natural convection with HFE and fixed thermal distantl pe shown

in the followingTable 4-15:

Boundary condition Outcome Others

Heatflux | | Aspect| Ty OTy O| Ty /1% Error | Case setup:

W/ m h/l °oC °C/m °oC %

12,5 1.43« 1| 0.1915] 3.274| 0.0468] 17.55] 8.27| HFE

50 102 0.5811] 9570| 0.1368] 22.95| 8.99

200 1.764| 28.38] 0.4059| 30.12| 9.36| OpenCavity

800 5.356| 85.08] 1.217| 39.63] 9.48

3200 16.24| 251.3| 3594 51.96| 1.01|YYI*<10°

12,5 2| 02207 1.854| 00530 15.23] 8.28

50 0.6692| 5.442| 0.1556| 19.93| 8.99| Mesh count

200 2.029| 16.10] 0.4604] 26.14] 951|°124512

800 6.153| 48.22| 1.379| 34.39] 9.76 .

3200 18.66] 1453| 4.154] 4530 9.87| Ref- point
Y=0.95n

12.5 4| 0.2413] 1.006] 0.0575| 13.07| 1.39

50 0.7309| 2.947| 0.1686| 17.10| 1.47

200 2.216| 8.743| 05001| 22.44] 152

800 6.719| 26.21| 1.499| 2953 154

3200 20.40| 78.96| 4517| 38.90| 154

12.5 8| 0.2927| 0.6308] 0.0722] 11.63] 7.08

50 0.8846| 1.828| 0.2092| 15.17| 8.40

200 2.678| 5.376| 06150 19.87| 9.22

800 8.117| 15.99] 1.830| 26.10| 9.67

3200 2461| 47.99] 5490 34.34] 9.88

12.5 16| 0.3195| 0.3464| 0.0793] 10.01| 1.27

50 0.9651| 1.000| 0.2289| 13.05| 1.41

200 2.922| 2930 06703] 17.07] 1.49

800 8.857| 8.708] 1.992| 2242 153

3200 26.84| 26.13| 5.978] 29.50| 1.56

Table 4-15 Open cavity case CFD simulation matrix based on HFE with fixed thermal didtant (
variable heat flux (Q*) and variable aspect rakig)(

And plot thenatural convection casésmperature result points &nd T,* of HFE liquid:
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T, vs T,* Temperature plot for open cavity case HFE
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Figure 4-22 Open cavity caserlvs T,* temperature plot based &iFE with fixed thermal distant
(1), variable heat flux (Q*) and variable aspect raltih) (

Similar to thenatural convectiorcaseresult with water the HFE liquidresulthas very linear

temperaturglot as well Since the temperature result from all 3 types of fluid saerbg in the

same flow regime, they can be put into the same piatdmparisorFigure 4-23;

T1 vs Ty* Temperature plot for open cavity casewater air and HFE
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Figure 4-23 Open cavity caseilvs Ty* temperature plot based evater,air and HFEwith fixed
thermal distantl}, variable heat flux (Q*and variable aspect ratib/()

101



It can be seen from thHégure 4-24, most of the temperature point fits in a singtear line,use

least squarenethod to approximatedhe Ty* and O T y* @alculation is given:
4° T T @TY 4-5
And it can be rewritten with the thermal gradie@tT y) @lue:

Fa .
— # —

Y 4-6
Tw Q

h # T CT @TU

Now the thermal gradien(T y) @lue can be aniversakexpression to natural convection problem
independent to the material and fluid that was u3duk scaler of the linear expressionsC
=0.22465 now is the thermal gradient constant of the CTG mdtie. could be a universal
expression but the relation beten temperature and different thermal distéhhés yet to be
discussed, so in the next section it will focus orréhationship between temperature,(Ty*) and

thermal distantl}, and followed by the discussion of ttiermal gradient® T y) &pproimation.

Discussion ofthe CTG model for Open cavity natural convection problems

The previous section showed that the relationfigfween temperatures 1(TTy*) and thermal
distancel) needed to be identified before building the CTG mddehissection a number of CFD
simulations for open cavity natural convection (water) with variable thermal dibtabut( fixed

heat flux (Q*) and fixed thermal length)(are presented.

Boundary condition Outcome Others

Heat I Aspect | T OTy (T /1% Error | Case setup:

flux (Ra*29 @) Water

Wim2  |m hl °oC °C/m |°C %

3200 2.29¢10? 0.5| 9.055| 18.09| 2.069 176.1| 6.6 | Open Cavity
1.14x10? 1| 8.954| 18.24| 2.087 88.22| 74
5.72x102 2| 9.059] 18.09] 2.070 44.02| 6.5 YH/I*<10°
2.86x102 6| 9.067| 18.22] 2.084 22.05| 6.2
1.43x10?2 8| 9.037| 19.36| 2.214 11.19| 5.1 | Mesh count
7.15¢103 16| 9.046| 24.36| 2.787 5927| 5.6 212512
3.58<10° 32| 7.846| 41.87| 4.790 3393 12| .
1.79%10° 64| 4.594] 93.99] 10.75 2077| 28 $fd%‘;q”t
8.94x10* 128| 2.356] 0.80] 0.092 0.3158] 89| '

Table 4-16 Open cavity case CFD simulation matrix basedvaterwith fixed heat flux (Q*) and
fixed aspect ratiol{/l), but variablehermal distantl}

Plot thetemperature result points @nd Ty* from the variable thermal distahjtg¢pen cavity water

convection case along with the temperature plot fragare 4-20:
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T1 vs Ty* temperature plot for open cav
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Figure 4-24 Open cavity caseilvs T,* temperature plobased onwvaterwith fixed heat flux (Q*)
andfixed aspect ratiol{/l), but variableghermal distantl}

It can be seefrom Figure 4-24 whenl/I*>5 most of the temperature point:(¥s Ty*) will gather

at almost the same location in the temperature. appite the changes of the thermal distant

the heat transfer of thetural convection caseould have little variation as the thermal disthist

greater than 51%. For a better observatigthe velocity profile against the physical X coordinate

of the case study is given as well:

Open cavity Y Velocity vs x(m), Heat flux Q*=3200W/r, water
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Figure 4-25 Open cavity case&elocity plot based ornwaterwith fixed heat flux (Q*) andfixed
aspect ratiol{/l), but variablehermal distantl}
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FromFigure 4-25, it also showshe velocity plot overlap in the same curve when the thermal distant
is larger:l > 7.15<10°m, but the actual value of the thermal distapt\ll be problem dependent.
It is better to use the characteristic length stabs the base factor. That is to say, duygiation
4-5 andequation 4-6 will be valid when:

o 0 4-7

o
This along wih theequation 3-85, equation3-86 andequation 3-101(generahatural convection
expressions), also witbquation 4-5 and equation 4-6 (CTG model approximation) forms the

complete solution of density driven natural convection in open cavity cases.

Notice that the CTG model will have pooegreement with the CFD when the thermal disltant
51*, but this usually means a very small value of thermal distant, for example in the previous case
(Table 4-16), the distant < 51* results a very small convection cavitylef10 mm, which exceed

the regime of interest in thikesis

Interestingly thel/l* expression can be rewritten eguation 3-120andequation 3-121:

a 00 D R
§ a3 R

And use the constant thermal gradient approximatio)(@ rewrite the gradient valu@ Ty, O
which:

4-8

= — O JY 0) JY

& Q oY 0

o # J 00 D # Q" OO b
LO=

It has the same expression as the Rayleigh numbgri@sed on the X direction wall distant, thus
the thermal distant scale sho(ld*) can be used tdescribenaturd convection as well:

LI

o Q
One more observation of this length scale and thermal distant expression is that, to represent the
complete scaling and similarity problem, both X direction coordinate (thermal digtamg Y
direction coordinate (thermal length),will be needed. Thprecise expression of Rayleigh number
should be:

" 00 B WYY 4-10
© Q.00

Y @
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This expression approximatioris also possible to describe single heated wall natural convection
case without the middle wall. Unfortunately it is not quite possible to give the exact expression

whenl=b, the exponentiatomplex part of the equation may result an invalid value:
& bh Q@ 7 9907
It only need to give a large thermal distant value, which:
a
—0 Wb
o
Thethermal distank still need to be a real value, but as it could be large value and the solution will
be very close to a single heated wall case. And for a natural convection problem like open cavity

and single heated wall case, the thermal didtamdy be irrelevant to the solution as long as it is
large, and it does not appear in the energy equation solution as well.

It is also possible to rewrite the energy equation into general Nusselt number forar{@atut,).
Firstly writing down the Rayleily number expression farsingle heated wall
0.6 106 I 4-11
Y ® L:; 'YTQ
The reference temperatufgin this expression=is be thiifferencebetween heated wall temperature
and the far side bulk temperature (constant wall temperature conditosjriplification, the delta

temperaurefar side temperatureyTor the delta temperatugp Twill be zero value, which:
YY Y Yh Y m © YVY Y

Noticethat general Rayleigh number and Nusselt number correlation has coradta@mperature

T, for boundary conditiorBut the constant thermal gradient in this research based on constant wall
heat flux assumption and uses the mefiee point heated wall delta temperaturelflis possible to
obtain the average heated wall temperati¥érom Reference point temperature 8nd thermal
gradientO Ty, @Which:

QT 4-12
Y A
PR
In the other hands, theverage heated wall temperatufé can be loosely used as the reference

temperature for Rayleigh number calculation:

Yo —F—0Q3JY

"0 B "0 B Q 4-13
L
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With the Rayleigh number, the Nusselt numbernjNan be calculated by the correlation that in
given by Churchill & Chu (1975), which:

@0 Y& 4-14

™ wd
p B 26

U1

. 0 @y

It is also possible to use the heat flux from the constant thermal gradient model to calculate the
Nusselt number. Since this is a different method to calculate the Nusselt number, it will be given as
a specific Nussulhumber Nu *, which:

I
'y
<

§ 1 Q 4-15
1° h . ~
o =5 ‘

I Pus
o]
O
I‘

 Of

s

And with the length scale:

4-16

(@

00 DB _H
n:)=

o

Finally the specific Nusselt numbeXu,* derivedfrom constant thermal gradient model can be

rewritten as:

4-17

Noticed that the Nusselt number calculated frive constanthermal gradient model shares
significant similarity with the Rayleigh number R&o0 a specific Rayleigh number for constant

thermal gradient model Racan be:

L, 700 D . ;0000 B 4-18

So this specifidRayleigh number for open cavity solution only needs the thermal length along the
gravity direction fi) as the length scale. Also it can rewrite the specific Nusselt number expression

with Rah component:

. 4-19
‘0 # 3o D Y
>——F3 .
., L Q 2 A
e _ -
Vi VI
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In the open cavity problem, the specific Rayleigh numbet Ralosely related to the calculation
on Nusselt numbett can be written in terms of the thermal length stakend the thermal height
h: (equation 3-131)
2 A 2
o
It indicates the ratio between the free convection flow travelling dist@hermal height) and free

convection flow boundary thickness, or even loosely understood as the intensity of the free

convection flow.

Using the temperature data from the open cavity convention case with water, the Nusselt number
from constant thermal gradient model carcomparedvi t h Chur chi |l I & Chuds c

Nusselt number vs Rayleigh number, open cavity with water

1000

100 Mﬁ@’}’*

Nusselt number Ny,

1.00E+05 1.00E+06 1.00E+07 1.00E+08 1.00E+09 1.00E+10 1.00E+11
Rayleigh number Rg,
-=+{3--- Nusselt number correlation Ra-h vs Nu-h (Churchill & Chu, 1975)
—#A— Nusselt number from Constant thermal gradient model Ra*h vs
Nu*h

Figure4-26 Nusselt nmber vs Rayleigh number correlation comparison

It can be seen there is a constant shift between the Nusselt number derived from the energy equation

of the constant thermal gradient model matches and the Nusselt number correlation present by
Churchill & Chu (1975). This shift value is indeed the thermal gradient constanallie, the &

value obtain from the CFD result in this research+is (CFD) =0.224605, and ther€value
approximation for Chur c h ic(Churckil &nhw=H.548360mvharee | at i 0

- Y0 # N, 4-20
O ™y S - i h # ™T Yo

™ wd
VR
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The reason of the shift between 2 Nusselt number approximation methods may due to their different
boundary conditions?the constant thermal gradient model uses heat flux wall condition and

assumed to have a variable wall temperature (constant gradignt),lwe Chur c hi | | & (
correlation is based on a constant wall temperature boundary. From the Nu vs Ra plot and the

shifting value between the methods means that these 2 Nusselt number methods are linearly related

and can be converted from one to anothién & simple linear approximation.

It is also interesting to know that the specific Rayleigh numbgriiaaed on the thermal distadnt
(distant between walls) as the length scale, may depend on the flow regime. On the other hand, the
specific Rayleigh nutrer Rat based on the thermal lendti(height along the gravitydeems to
be less useful at the mome&till it may be more useful takeboth Ratand Raf based on thermal

distant () and thermal heighhj to represent the complete view of ttamvection case.

To compare with theonstantheat flux casérom other pervious researctne CTG model energy
expression can be rewrite into a similar maragethe Nigwnr and Rgwnr) correlation. Now the

original CTG model hedtux is (equation 3-125):

TV IV T O IV 00D 6w TV
1 —— —0 - - - -
Vg 26 VG Q2 g Q.3Q

Rewrite the order of the equation and put théemperature to the left hand side:

ME:nZO Q.70 . Mg AL’ 5 © Q.30
"0 6 H# _ " 0] 6 H

z

Now put the temperature; back into thespecific Nusslt number Nu, * expression, which:

2 T Y000 6
” Vi o R

6 P g, OB UK 421
' G

el
~

Giventheconstant of CTG modd&l1s=0.54836, the end result Nusslt number Nu, * now is:

i " QD 6 C1° 3K 4-22
.G T™XJQ —

~_
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Notice that the right part of the expression is identical to the Rayleigh number for constant wall
heat flux Ra(CWHF), which make this expression rather close to Quresttand har t 6 s wor
(Qureshi and Gebhart, 1978), which was:

.0 myyg Y-S
Andal so cl ose to Goldstein and Eckertds work (G
.0 M yp o Di

ConsiderQur e s hi and Gebhar twitls a fixeo meight &f 4.836md andtle a c a s ¢
distance in their case of the Rayleigh number actually refers to the point of observation height over

the inlet section, and their work was more focused on the developing stage of the flow. In this thesis

theh refers to the overall height of the problem and it only looked into thedeNgloped stage of

the flow. Thus the outcomes of the Nusselt number are different in this comparison.

Such outcome of the energy equation of CTG model also mafdim andGues ous 6 s suggest
(Aydin, Guessous, 2001):

e O°ZTOF i~

The importance of such practiorewriting the CTG model energy into Nusselt number correlation

is that it could be reverse used. In face a Nusselt number correlation can be rewritten into a single

Cre value and could be used in the CTG model analytical solution expression. For examigileec

Qur eshi and Gebhart 6 s20 ¢ogetherethead valwerfor Qunedhi amdj u at i o
Gebhart 6s @dencouelbeat i on ( C

EO# m gk # & X Yy

As a result, a number of Nusselt number correlations thadyitén andGues sous 6s assum
could be used to obtain theddvalue for analytical solution, thus the usage of CTG model can be

expanded.
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Closecavity CFD case studyfixed thermal distant (I) with variable heat flux (Q*) and

variable aspect ratio f/l)

Follows the open cavity case studies, a matrix of CFD simulations with fixed thermal dijtant (

various of heat flux (Q*) and aspect ratidl] will be carried out for the closed case and the outcome
will be T and T*.

Step 4 Close cavity natural convéon case with water. The CFD simulation conditions and result

matrix of open cavity natural convection with water and fixed thermal did)antl(be shown in

the following table:

Boundary condition Outcome Others

Heatflux | | Aspect| T; OTy O| Ty 1/1* Error | Case Setup:
W/n? m h/l °C °C/m °C %

50 2.86¢ 2| 01566 14.42| 0.4123] 10.40| 2.27| Water

200 102 0.4624| 49.78| 1.424| 14.17| 1.66

800 1.377| 1741 4.978| 19.38] 1.13| Close Cavity
3200 4.406| 412.8| 11.80] 24.05| 6.25

12800 14.02| 914.7| 26.16| 29.34] 3.56| Y*I*<10°
50 4| 0.1602] 1451 0.8301] 1041 0.13

200 0.4823| 44.74| 2559| 13.80] 0.13|Mesh count
800 1.478| 129.1] 7.383| 17.99| 0.26|°12512
3200 4678| 323.8| 1852 2263 o071 _
12800 15.49| 626.6] 35.84| 26.70| 3.07 358%?”
50 8| 0.1747] 10.16| 1.162] 9526 0.13 :

200 0.5482| 26,59 3.042| 12.12] 0.33

800 1.584| 98.09] 11.22| 16.79] 0.22

3200 5.317| 193.0/ 22.08 19.89] 0.83

12800 17.18| 432.7| 4950 24.34| 1.98

50 16| 0.2016| 5.707| 1.306| 8.247| 0.21

200 0.6087| 17.55| 4.016] 1092 0.24

800 1.819| 54.77| 1253| 1452| 0.95

3200 6.133| 108.8] 24.90| 17.23] 0.87

12800 19.35| 273.8] 6265 21.71] 1.52

50 32| 02427 2.709] 1.240| 6.846] 0.28

200 0.7060| 9.696| 4.437| 9.416| 0.25

800 2.092| 31.23] 14.29| 1261| 1.04

3200 7.282| 54.43| 2491 1449 1.02

12800 22.06| 163.8] 7495 19.09] 1.27

Table 4-17 Closecavity case CFD simulation matrix based on water with fixed thermal ditant (
variable heat flux (Q*) and variable aspect rakifh)(

Plot the temperature result poifitsand T,* of water convection in closEvity convection (water)
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T, vs Ty* Temperature plot for close cavity casewater

100
A OX
yAN

Q‘ AO X B~

g Ty*=3.01121 T, oX 12800 W/nd

10 R>=0:92153 4 s T

o 3200 W,

) S

© oX

ﬂé A 800 W/n?
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0.1 1 10 100
X delta temperature T, (°C)

0h=0.0286m < h=0.0572m A h=0.1144m ©0h=0.2288m X h=0.4576m

Figure 4-27 Closecavity casdl'1 vs Ty* temperature plot based orater with fixed thermal distant
(1), variable heat flux (Q*) and variable aspect raltith) (

From theFigure 4-27 it canbeseen that the closed cavity natural convection case does not have a
linear relationship betweeh and T,* temperature like the open cavity cases. Therefore it may not
be possible to use the same method as the open cavity cases to approximate the thermal gradient

valueO T y with the close cavity cases.

Step 5 Close cavity natural convection case with aircé-re the conditionand result matrix:
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Boundary condition Outcome Others

Heatflux || Aspect| Ty OTy (T 1/1* Error | Case setup:
Win? m h/l °C °C/m | °C %

12.5 1.43¢ 2| 2284 154.7| 4.426| 10.40| 18.0|Air

50 102 6.708| 427.1| 12.21| 14.17| 11.7

200 19.54| 1397| 39.97 19.38| 9.45| Close Cavity
800 56.81| 4623| 132.2| 24.05] 7.26

3200 163.1| 17257| 4935| 29.34] 7.00| Y*/I*<10°
12.5 4| 2290 127.3] 7.280] 10.41| 127

50 6.640| 375.6| 21.48| 13.80| 7.10| Mesh count
200 19.33| 1306| 74.70| 17.99] 6.45| 21512
800 54.62| 5217| 298.4| 22.63] 6.30 .
3200 250.2| 9440| 539.9] 26.70| 4.12 sig%ﬁ'm
12.5 8| 2262| 103.2] 11.81] 9526 564 '

50 6.878| 326.5| 37.36| 12.12| 7.12

200 19.92| 1171 133.9| 16.79] 6.75

800 59.12| 4101| 469.2] 19.89] 8.33

3200 235.3| 8118 928.7| 24.34| 279

12,5 16| 2.511| 62.85| 14.38] 8.247| 362

50 7.544| 2248 51.43| 1092 701

200 21.66| 839.1| 192.0] 1452 676

800 66.68| 2399| 548.8| 17.23] 685

3200 217.6| 4759 1089| 21.71| 347

12,5 32| 2.836| 35.89| 16.42| 6.846| 172

50 8.896| 111.0| 50.80| 9.416 58

200 25.82| 417.7| 191.1| 1261| 601

800 77.80| 1300| 594.7| 14.49| 692

3200 253.0| 2792 1278| 19.09] 529

Table 4-18 Closecavity case CFD simulation matrix based on air with fixed thermal didbant (
variable heat flux (Q*) and variable aspect rakifh)(

Plot the temperature result pointsahd T,* of air convection in close cavityonvection
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T, vs Ty* Temperature plot for close cavity caseair

10000
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[E=Y
o

Y delta temperature T, (°C)

Figure 4-28 Closecavity case Tvs T,* temperature plot based @ir with fixed thermal distant
(1), variable heat flux (Q*) and variable aspect raltith)

Step § Close cavity natural convection case with HFE liquid. The conditions and result matrix are

given below:

Boundary condition Outcome Others

Heatflux || Aspect| T: OTy O| Ty I/I* Error | Case setup:
W/m? m hil °C °C/m °C %

12.5 7.15 2| 0.1304] 20.52| 0.293| 13.89| 1.13|HFE

50 x103 0.3792| 56.99| 0.815| 17.93] 7.22

200 1.177| 150.0] 2.146] 22.83] 8.27] Close Cavity
800 3.668| 379.8] 5.432| 28.80| 9.88

3200 11.43| 9422| 13.47| 36.15| 119 Y*/I*<10°
12.5 4] 01496 11.87|0.3394| 12.11| 1.11

50 0.4692] 30.22| 0.8643] 15.30] 2.04| Mesh count
200 1.468] 74.39] 2.127| 19.16| 4.05| 12512
800 4574| 180.8| 5.172| 23.93| 6.64 .
3200 14.24]  496.2| 14.19] 30.79] 6.49 f;fg%ﬁ'm
12.5 8| 0.174| 6.283]| 0.3594| 10.33] 1.69 '

50 0.547| 15.48| 0.8855| 12.94| 3.43

200 1.701| 38.15| 2.182| 16.21| 5.87

800 5304 92.16| 5.271| 20.22| 8.55

3200 16.522| 256.5| 14.67| 26.11| 8.01

12.5 16| 0.2032| 3.329| 0.3809| 8.813| 2.22

50 0.6344| 8.814| 1.008] 11.24| 2.66

200 1.972| 20.81| 2.381| 13.94] 6.23

800 6.006/] 60.25| 6.893| 18.18| 6.88

3200 18.74| 138.7| 15.87| 22.39] 105

12.5 32| 0.235| 1.795| 0.4106| 7.552| 2.99

50 0.748| 4.783| 1.094| 9.648| 154

200 2.379| 15.03| 3.438| 12.85| 4.27

800 6.841| 51.27| 11.73| 17.46| 1.87

3200 21.08] 135.6| 31.02] 22.26] 063
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Table 4-19 Close cavity case CFD simulation matrix based on HFE with fixed thermal digtant (
variable heat flux (Q*) andariable aspect ratid(l)

Plot the temperature result poifitsand T,* of HFE fluid convection in closeavity convection:

T, vs Ty* Temperature plot for close cavity caseHFE
100

A

F A
10 = Ot dﬁ 12800 W/ |~
Ty* = 1.129621 T, &
R = 0.90788 A Y3200 W/nd |
A~ A
1 800 W/n?
] | I |
01 50 W/n?

0.1

Y delta temperature T," (°C)

1 10 100
X delta temperature T, (°C)

+h=0.0143m Oh=0.0286m < h=0.0572m 4 h=0.1144m ~h=0.2288m

Figure 4-29 Closecavity case Tvs T,* temperature plot based ¢FE with fixed thermal distant
(1), variable heat flux (Q*) and variable aspect raltih) (

Gatherall the temperature from different cases (water, air and HFE) and put them into the same

plot.
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T1 vs Ty* Temperature plot for open and close cavity casevater air
and HFE
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Figure 4-30 Closeand Closecavity case Tvs T,* temperature plot based ovater,air and HFE
with fixed thermal distant), variable heat flux (Q*) and variable aspect raltit)

| t can be seeffrom Figure 4-30 that temperature plot has less consistency in close cavity
convection cases than for the open cavity cases. This may due to the extra forced convection section
from the top and bottom side tife close cavity cases, therefore using just one linear correlation to

approximate the temperature field may result in a poor match.

In the previous section of open cavity natural convection case study, the Rayleigh nusniiér Ra
thermal heightlf) is used for the heat transfer problem, and the Rayleigh number with thermal
distant () is used to determine the flow regime. But that was based on the assumption that the
thermal distantl] is irrelevant to the heat transfer in the open cavity dases(*). In the close

cavity problem, if there is heat transfer in the vertical direction (across the gravity direction), that

the thermal distant)in no longer independent, and it will affect both flow regime and heat transfer.

4.4 CTG model for the closeal cavity problem
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The CTG model is now applied to the closed cavity problem. Once again, a simple scalar correlation
is used to approximate the X axis and Y axis temperature relationship with one constant parameter
introduced for the solution.

To observe thémpact of the thermal distank) (on the CTG model solution a number of CFD
simulations for close cavity natural convection with variable thermal didjabu fixed heat flux

(Q* and fixed thermal lengthh) are presented.

Table 4-20is the condition and solution table for the water convection case:

Boundary condition Outcome Others
Heat I Aspect | T: OTy (T 1/1* Error | Case setup:
flux (Ra*2 @) Water
W/n? m h/l °C °C/m |°C %
3200 5] 0| 9.154| 18.13| 2.074 P | 5.47| CloseCavity
4.58<10? 0.25| 7.4% | 38.33| 4.385 424.% | 6.81
2.29x10" 05| 7.2Z7| 43.76] 5.006 2196 | 6.99| Y*/1*<10°
1.14x10" 1| 6.941| 54.44| 6.228 116 | 5.65
5.72x102 2| 6.471] 80.98] 9.265 64.(8 | 2.85| Mesh count
2.86<10?2 6| 58| 1284| 14.69 35.92| 0.97|°12512
1.43<102 8| 5317 193| 22.08 19.89] 0.83 .
7.15¢10° 16| 558 216| 24.71 10.9 | 6.43 5?8?'”
3.58<10° 32| 5.7%| 184.9| 21.15 4919 6.19] '
1.79¢103 64| 6.041] 1752| 20.04 2.426| 9.98
8.94x104 128| 4.712| 0.7152| 0.08® 0.3104| 781

Table 4-20 Closecavity case CFD simulation matrix basedveaterwith fixed heat flux (Q*) and
fixed aspect ratiot{/l), but variablehermal distantl}

Plot the temperature pointsy(¥s Ty*) with variable thermal distant)(in red (dark) square dots.
The back ground of theigure 4-31is the on cavity and closed cavity with thermal distdt (
but different input heat flux (Q*) and different thermal lendth (
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T, vs Ty* temperature plot for open and close cavity casevater

100
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. fixed 1=1.43x 102m
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h =0.0143~0.2288, 1=0.0286, Open cavity

Figure 4-31 Closecavity case Tvs T,* temperature plobased onvaterwith fixed heat flux (Q*)
andfixed aspect ratiol{/l), but variableghermal distantl}

From Figure 4-31, thered (dark)square dot represents the CFD solution wlifferent thermal

distant(l) but same heat flux (Q) and same therlaagith(h). This temperature poin{3i vs Ty*)

has a linear appearance, and there appears to be a linear relationship between the close cavity case
and the open cavity case. Ansl the thermaldngth scale valuél* grows, the temperature point

moves towards the open caviplution In order to have an approximation for the relationship
between temperature scale and length scale of the close cavity problem 2 assumptibesrave

made here:

Theinverse of thermal distant scdfel would have a linear relationship with the slop ratio of the
temperature scale Ty*{IThe temperature from the open cavity solution would be equivalent to a
close cavity solution wheltY B,  1*#YuOs.

It is also inteesting to know that the thermal length sdales an expression based on the vertical
(along the gravity direction) thermal heightand vertical temperature Ty*, it represetie
horizontal thickness of boundary layer in vertical natural / free comvefttiw. On the other hands

the thermal distaritshould be clodg related to the horizontal fordeonvection flow of the case
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because they are in the same direcfidre ratio betwen thermal length scdfeand thermal distant

| could be simply interpreted as the ratio between free convection and force convection.

The curve Ty*/T againsti*/l from the solution matrix (close cavity problem with water, various

thermal distancg fixed thermal heighlh, and fixed wall heat flux Q*is plottedin Figure 4-23

Ty*IT ; vsI*/l, Close cavity, water

ie =705 107
4

| =2.86x 1072

T

| =2.86x 10?

Close cavity water appximation
TyT1=79.0744 (/1) + 0.224605
R2 = 9.95604E01

0.15 0.2 0.25 0.3 0.35 0.4 0.45
*/1

Figure 4-32 Closecavity case J* / T1 vsI* /| plot based orwaterwith fixed heat flux(Q*) and
fixed aspect ratiol{/l), but variablehermal distaoce (l)

From theFigure 4-23, in the region 10* < | < b, t hi s Ty5/eTg ¥si* @ Incureefis

approximately linear. The close cavity temperature approximation correlation can be given as:

v4

. 4-23
h - ™

a

oy

— +
Y

Q‘(I)Qﬁ
o

When 0<—< 0.1, the correlatiobetween temperature rafig*/T 1 and length scale ratlé/| seems
to be linear and the temperature rafi/T 1 would reach the maximum value with the thermal

distant value betweeh1<—< 0.5.

And when the thermal distant) towards infinite valelY Dand—Y0 t hi s correl ati on

equivalent to the open cavity case, the constant for close cavity solyti@st®uld become the

thermal gradient constant&from the open cavity solution:

v4

d Y 4-24
(o

a0 Tth nh — 6 o)
Y
Also thescalar kjoseCan be estimated as:
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+ x ADAQ @ xtrt 4-25

Expandthe close cavity temperature correlateguation 4-25 with the specific length scalé&*)

equation:

. ” :)‘m :ﬁ #’Y 4‘26
(of e — ’
Q w

For close cavity problem, the thermal gradiénT / i< longer linearly related to the heated wall
temperature T, so it would be rewritten as the Y direction temperatlifferenceover the thermal

height of the case:

IRV Z "0 B Y 4-27
—,O = h a ‘—3—
T o Q Q2 Q
Put this back in the correlatioequation 4-21:
z + 5 P 5 4-28
a " 30 B gi
ol Q

The equation 4-28 is the generathermal gradienexpression of CTG model for closed cavity
natural convection. To make the model valid, 2 constants will be needed for the solution: The
thermal gradient constaCrc and the close cavity scalar. Notice that this model will also be valid
for the open cavity solution, where the thermal distas assumed to be infinité ¥ D), and the

model collapses to a scalar mokdjuation 4-4):

Z

oy

— O
Y

In this research, the thermal gradient constant @tge 0.224605s a least square approximation
calculated from different CFD results. Ttlese cavity scalawill be vary depending on the fluid
properties but it can use the same least square approximation method from different CFD results.

For water this close cavity scalardgiose wate= 79.0744

Also the Constant thermal gradient model expression canvi@tem as a 5th order quintic
(polynomial) function of Y direction temperature if the ®emperature value is known 4T

temperature solution):
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4-29

w2 14 wy 2 + O'Y
m Y o JYOY 3 3

P
s To's Je:
a0

Or combined with the energy equation, it became a 6 degree sextic (polynomial) function if only

the heat flux value Q* is known (Q* is the heat flux solution):

4-30

Q7Y

||UQ ©

p
= O B D

330 T3.3Q
In both equations 4-29 and equation 4-30 the only unknown variable is the Y direction delta
temperature JF, it can be solved either by knowing the X direction delta temperaifezliations

4-29), or the heated wall heat flux Q&quation 4-30). These approximation equations are high

degree polynomial functions and the solutien beobtained using Matlab.

To validate the model, a comparison between @TG model solution and CFD temperature
solution will be carried out. The CFD solution matrix will be using the one from the previous section
(step 4,Table 4-17), and the CTG model will use the same input as the CFD solution (heat flux Q%
thermal distant and thermal length). Both CFD and CTG solutions will predict &nd T,*, and

the input and outcome matrix will be shown in the following table:
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Input Outcome (Close cavity, water)

Heat I Aspe | CFD CTG model| CFD CTG model| CFD CTG model

flux ct T, T OTy O|OTy O | Ty IFa

W/m?> | m h/l °C °C °C/m °C/m °C °C
50 1.43 2| 0.1566 0.133 14.42 30.39| 0.4123 0.87
200| x10? 0.4624 0.422 49.78 77.04| 1.424 2.2
800 1.377 1.34 174.1 195.59| 4.978 5.59
3200 4.406 4.23 412.8 497.47| 11.8 14.23
12800 14.02 13.39 914.7 1268.24| 26.16 36.27
50 4| 0.1602 0.149 14.51 19.1| 0.8301 1.09
200 0.4823 0.474 44.74 48.38| 2.559 2.77
800 1.478 1.5 129.1 122.73| 7.383 7.02
3200 4.678 4.76 323.8 311.85| 18.52 17.84
12800 15.49 15.06 626.6 794.05| 35.84 45.42
50 8| 0.1747 0.168 10.16 12| 1.162 1.37
200 0.5482 0.532 26.59 30.39| 3.042 3.48
800 1.584 1.69 98.09 77.04| 11.22 8.81
3200 5.317 5.34 193 195.59| 22.08 22.38
12800 17.18 16.93 432.7 497.48| 495 56.91
50 16| 0.2016 0.188 5.707 7.55| 1.306 1.73
200 0.6087 0.597 17.55 19.1| 4.016 4.37
800 1.819 1.89 54.77 48.38| 12.53 11.07
3200 6.133 6 108.8 122.73| 24.9 28.08
12800 19.35 19.02 273.8 311.85| 62.65 71.35
50 32| 0.2427 0.212 2.709 4.75 1.24 2.17
200 0.706 0.671 9.696 12| 4.437 5.49
800 2.092 2.13 31.23 30.39| 14.29 13.91
3200 7.282 6.75 54.43 77.04| 24.91 35.25
12800 22.06 21.37 163.8 195.59| 74.95 89.5

Table 4-21 Closecavity case CFD simulaticend CTG model solutiomatrix based on water with
fixed thermal distace (1), variable heat flux (Q*) and variable aspect raltit) (

The plot of the Y axis temperature against the X axgperature from both CFD solution and

Constant thermal gradiemodel solution is givem Figure 4-23;
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T, vs Ty* Temperature plot for close cavity casewater
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A Close cavity water (Constant thermal gradient CTG model, Matlab solution)

Figure 4-33 Closecavity casel; vs Ty* temperature plot based omter with fixed thermal distant
(1), variable heat flux (Q*) and aspect ratidl), CFD simulation and CTG model solution

It can be seefrom Figure 2-1 that the Gz model has a reasonable good agreement with the CFD
solution. From previously discussed in close cavity problem should be a combination of free
convection in vertical direction and forced conveciiomorizontal direction, the relationship on

both length scale should be more complex that a linear equation.

CTG model for closeal cavity problem, HFE

Unlike the approximation for the open cavity solution that can use the same thermal gradient
constant (@) for all fluid (water, air and HFE), the approximation for close cavity scalag K
cannot be universal for all fluids. This might be because the closed cavity problem is a combination
of free convection and forced convection, thesed cavity scaldfcosemay somehow be related to

the ratio of free convection and forced convection, or related to the Prandtl number which refers to
the ratio between viscous diffusion and thermal diffusion. But because only 3 types of fluid was
used in the case study,s difficult to find out the relationship between close cavity scalagK

and Prandtl number Pr, so in here it only calculated the ¥alue from the CFD solution.

A case study with different thermal distantegnd same heated wall heat flux jQnd same

thermal lengthif) will be carried out. Here is the condition and solution table:

122



Boundary condition Outcome Others

Heat I Aspect T1 OTy (T I/1* Error | Case setup:

flux (Ra*-%) @) HFE

W/m? m hil °oC °C/m |°C %

800 5} 0| 8.117| 15.99| 2.074 N/a| 9.67 | Close Cavity
1.14x10" 1| 6.707| 30.14| 3.448 245] 12.5
5.72x102 2| 6550 34.96| 3.999 127] 11.4 | Y*I*<10°
2.86x107 6| 6.328] 39.20| 4.484 65.3| 11.9
1.43x10?2 8| 6.333] 45.88| 5.248 34.0| 8.28 | Mesh count
7.15x10° 16| 6.006] 60.25| 6.893 18.2| 6.88 | °12512
3.58<10°3 32| 5579 99.41| 11.37 10.3] 1.96 _
1.79%10° 64| 5.204] 141.2| 16.15 5.62| 1.82 f;fg%ﬁ'm
8.94x10* 128| 5.181| 177.7| 20.32 298526 | '
4.47x10° 256| 5.153| 4.808] 0.55 0.604] 57.5

Table 4-22 Closecavity case CFD simulation matrix basedHRE with fixed heat flux (Q*) and
fixed aspect ratiol{/l), but variablehermal distantl}

The following figures shows a plot of the temperature pointsv§TTy*) from 4 fixed thermal
distance l) cases studies: open cavity with water, close cavity with water, open cavity with HFE
and closed cavity HFE, along with a variable thermal distdip¢eniperature result of HFE liquid
closed cavity CFD solution:

T, vs T,* temperature plot for open and close cavity casevater HFE
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Figure 4-34 Closel cavity case Tvs T,* temperature plobased otHFE with fixed heat flux (Q*)
andfixed aspect ratiol{/l), but variablehermaldistarce (l)
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It can be seen that the temperature plot with variable thermal distaring the same thermal
height f) and heat flux (Q*) from the closed cavity HFE solution has a linear appearance similar

to theclose cavity water solution.

To obtain theclose cawy temperature approximation correlatErale Kiose(HFE), it will need the
temperatureurve T*/T 1 against*/I from the solution matrixPlot this curve from the CFD result
with HFE liquid in blue (darkjriangle dots(with various thermal distamt fixed thermal heighl,
and fixed wall heat flux Q*)the back ground dots are the CFD result with water.

Ty*/T1 vs I*/l , Close cavity, HFE and water
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O
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0 ﬁ|:1.144x 101
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
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A T1vs Ty* close cavity HFE (CFD) O T1vs Ty*, close cavity water (CFD)

""""""" Linear (T1 vs Ty*, water, approximation) Linear (T1 vs Ty*, HFE, approximation)

Figure 4-35 Closecavity case J / T1 vsI* /| plot based orHFE with fixed heat flux (Q*) and
fixed aspect ratiol{/l), but variablehermal distantl}

It can be seen that the temperature scale ratio against length scale ratidgufve s I* /1)
with the HFE has quite a differesliopefrom the curve with the water, therefore a differentsK
value will be used for the close cavity HFE problem, which:

+ (&% p@xo 4-31

There will be a comparisdoetween the CTG model and CFD solutidmisthe HFE liquid. The
CFD solution matrix will be using step Bable 4-19, and the CTG model will use the same input
as the CFD solution (heat flux Q*, thermal disthand thermal length). Both CFD and CTG

solutions will predict (Tand T*), and the result are shown in the following table:
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Input Outcome (Close cavityHFE)
Heat Aspe | CFD CTG model| CFD CTG model| CFD CTG model
flux ct T, LEt OTy O|OTy O | Ty IFa
W/m? h/l °C °C °C/m °C/m °C °C
12.5 7.15 2| 0.1304 0.142 20.52 15.29| 0.293 0.219
50| x103 0.3792 0.448 56.99 39.52| 0.815 0.565
200 1.1774 1411 150.0 102.8| 2.146 1.47
800 3.6679 4.44 379.8 268.9| 5.432 3.85
3200 11.430 13.92 942.2 709.4| 13.47 10.15
12.5 4| 0.1496 0.16 11.87 9.53| 0.3394 0.272
50 0.4692 0.504 30.22 24.56| 0.8643 0.703
200 1.4677 1.59 74.39 63.67| 2.127 1.82
800 4.5745 4.75 180.8 166.1] 5.172 5
3200 14.240 15.72 496.2 436.3| 14.19 12.48
12.5 8| 0.1743 0.18 6.283 5.94| 0.3594 0.34
50 0.5467 0.568 15.48 15.29| 0.8855 0.874
200 1.7014 1.79 38.15 39.5| 2.182 2.26
800 5.3036 5.64 92.16 102.7| 5.271 5.88
3200 16.522 17.75 256.5 268.9| 14.67 15.38
12.5 16| 0.2032 0.202 3.329 3.71| 0.3809 0.424
50 0.6344 0.639 8.814 9.53| 1.008 1.09
200 1.9721 2.02 20.81 24.56| 2.381 2.81
800 6.0057 6.40 60.25 63.67| 6.893 7.28
3200 18.744 20.02 138.7 166.1| 15.87 19
12.5 32| 0.2353 0.227 1.795 2.319| 0.4106 0.531
50 0.7477 0.719 4.783 5.94| 1.094 1.36
200 2.3790 2271 15.03 15.29| 3.438 3.5
800 6.8408 7.17 51.27 35.52| 11.73 9.04
3200 21.077 22.57 135.6 102.7| 31.02 22.5

Table 4-23 Closecavity case CFD simulatioend CTG model solutiomatrix based ol FE with

The followingFigure 4-36is a plot of the Y axis temperature against the X axis temperature from

the CFD and CTG solutions for HFE liquid:

fixed thermal distantl), variable heat flux (Q*) and variable aspect ratifh) (
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T, vs T,* Temperature plot for open and close cavity caseHFE
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X axis temperature T, (°C)

m Close cavity case HFE (CFD)
A Close cavity HFE (Constant thermal gradient CTG model, Matlab solution)

Figure 4-36 Closecavity casel; vs Ty* temperature plot based on HRlth fixed thermal distant
(), variable heat flux (Q*) and aspect ratigl)

From the tablet-23 and figure4-35 above, the CTGolution of the closed cavity problem with
HFE liquid agrees reasonably with the CFD result. Though the CTG model for the closed cavity
problem only added one more constant param@edss close cavity sca)eto the open cavity

solution, it gives a reagable approximation to the CFD solution.

4.5 Summary

This chapter provides the thermal gradient vaiu@ / layyintroduction the thermal gradient
constant Gg to the open cavity solutiormhe CTG model and approximation seems to match
Churchi |l | Il&ion©fNusSedt numioer quite well.

For closed cavity problem a cavity scale parametess@K is introduced to combine both free
convection and forced convection; the approximation for close cavity problems is poorer and the

close cavity scale (#s9 value will be different when different fluid is used.

The analytical solution of the CTG model of natural convection is:
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For the open cavity problem, the CTG model is:
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And for close cavity problegthe complete CTG model (thermal gradient equation) is
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Andthe close cavity scal KcioselS:

+ x AOAQ @ x tht + (&% p@Xo

Generdly speaking the CTG model contains two temperature figures, one is vertical temperature
distribution (along gravity direction) that uses a simple scalar (thermal gr&di€nt) 10 yepresent,

and the other one is the horizontal temperature ligtan (normal to gravity direction) derived

from the solution of energy equation of the problem. A 2D temperatureanthpelocity profile

can becalculated from the given fluid properties, cavity dimension andlbadt

For open cavity problem it simple and straight forward, the relationship betweeartl T, is a
linearexpression withouthe length scale involvedoa simple equation can have tieenperature
(T1) vs heat flux Q*) solution. For close cavity problem its more complex, the mglatiipbetween
2 temperature figures is ndimear and it requires solving lsigh degree polynomial functions
(equation 427) in order to obtain a temperat(ffe) vs heat fluQ*) solution. Notice thasolution

of a polynomial functions higher thab degreewould be difficult to achieve. So rather than
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spending time to solve difficult but known problem, in this thesis it uses computer assisted

mathematics software to obtain the result.

The next chapter willse the CTG model in practidewill be used to predict the thermal regime
of a liquidcooled computer system, and guide the selection of the convection boundary layer

thickness for CFD meshing control.
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5. Constant thermal gradient (CTG) model and CFD analyss
compare with CFD analyss andlaboratory experiment

The goal of this chapter ie develop an engineering methodology for predicting and analysing the
thermal performance of the Iceotope licgimbled computer system. Tlhaly immersed liquid
cooledsystem has as its core teclogy the secontained computer node wiktydrofluoroether

(HFE) or PFPEtype of coolant, which relies on natural convection for waste heat removal in the
first coolingstage. In order to achieve this, the thermal design of the system will be important since
natural convection is unstable and difficult to analyse, this makes the design work critical to the

fully -immersed liquiecooled computsolution.

In previouschaptera Constant Thermal Gradient (CTG) model has been developed, with an
approximated @ and K value this model can be usedpnedictingthe natural convection flow
heat transfer efficiencyAnd in this chapter, a heat transfer case study will be givemipar@ the
CTG modelprediction the CFD analysis and tHaboratory experimentMore important such
pattern ofprediction analysis and experiment will form a work flow fstablishinghew design or

improvement for fullyimmersed liquiecooled systems.

5.1 Overview of theproblem setup

Natural convection is complicated by its instability and the difficulty of finding the right length
scale and velocity scale for the specific problem. The natural convection flow, especially in an
enclosed environment, wouldVe a zero mean velocity due torgégalculatinglow; so it would

be difficult to obtain the reference velocity in the first place.

The CTG model is used to analyse the heat transfer problem. It can give heated wall temperature
from the corresponding heflux, as well as the free convection boundary layer thicknesswell.

This could make the understanding of the convection flow easy and straight forward, and the
boundary layer thickne¢s will be a very useful feature for validating the CFD mesgjuality.

In this casestudy, a thermal experimental test has been setup in the Ic&pagzanywith a real
running system, and in parallel a corresponding CFD model hascbastiuctedo compare the
experimental test datén the CFD test the heat kilon the lower CPU has been switched to a
cheaper alternative aluminiuheat sink with thicker fins, instead of the original copper heat sink
with thinner fins And the result will be presented to ttmmpanyfor the consideration of their new

designwith reduced cost.
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The experimental tests and analyses are based on a running computer thermal test system within
Iceotope Ltd. Itwasa small scale liquitooled computer system-(®des rack) linked with a
thermal controlled heat rejection unit thatlyrovide a constartemperature water supply for the

test.

A schematic diagramfohe test device used for ti#-D and experimental comparisons is giien

Unit

Figure 5-1:
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Thermal Tast Svstem Insulation

for Experiment

Figure 5-1 Schematic drawingf the thermal test system basic layout

The principles behind the system design hbeen discussed in the previous section of this thesis,

so there is no need to explatnagain. The thermal test system in this experiment was modified
from a commercial based 1C system. The basic structure in terms of thermal design and mechanical
design is based on the original commercial model, but the metal cover of the system has been
removedand extra insulation has been added to improve the measurement accuracy. In total there
are 2 more layers of insulation than a commercial unit: one layer of insulation added on each
computer nodes so they does not significantly affect each otlo¢hgamayer of insulation has been

added from the outside to cover the whole system to prevent heat leakage to the ambient.

Another difference of the thermal test system compared to the commercial unit will be the electronic
system, the power supply foretlihermal test system use a laboratory power supply with higher
power (voltage) accuracy instead of commercial power supply, and alseviawabased sensor

monitor system has been installed to the test unit.

Externally there ideat rejection unit / watechiller connectedo theexternalwater loop in order

to provide a stable cooling for the test systdimtice that there is a heat exchanger to separate the
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external and internal water systems, and in this research the only concern in the thermal test system,
therefore the efficiency of the heat rejection unitridevant In fact, only the temperature and flow

rate on the supply water from the heat exchafigéernal loop) to theomputemode is fixed.

Requirement anddescription of the test

The goal of this part dhestudy is not just run the thermal test compsiatemijnstead it will aim

to providean engineeringprocedurefor the industry tgoredct the thermal performance of their
design before putting together a real system and run a test@@mmercial requiremegtmean
thatthe tes$ have to haveelatively low economial cost andabourcost.Therefore the cost of the

CFD simulation shdd not besignificanthigher than the experimental teBhe resource spent on
experimental test is easy to track and record, while the CFD simulation software and computing
resource is difficult to calculate. So only the labour time of the CFD simulatidrexperimental

test will be recorded and compared in this study.

The core part of the test is experiment and analysis the cooling performance of the computer system
(Figure 5-2, Figure 5-3), in this test an Intel based server board computer has been used. The choice

of mother board is Intel S2600 series server board, with 2 Intel Xeon &269PUs on it.

Figure 5-2 Intel S2600 series motherboard real item top view photo

The temperature and heat load on the CPUs will be the major observation point since they will have
the most critical condition among all componehteeat source in the systeifhe detailed heat
motherboaradcomponentoad will be shown iTable 5-1:
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Figure 5-3 Schematic drawingf the server motherboard with numbering indicate the heat load
componentslescribed in Table-&

Type Make Model Quantity | TDP Sub Total | T max
MotherBoard Intel S2600 series | 1
1 CPU Intel E5-2690v3 2 135W | 270W 99°C
2 Chipset Intel Intel 1 69 W >90°C
C600/612
3 BMC chip 1 >90°C
4 Ethernet controller Intel 1350 1 >90°C
5 Video chip Matrox G200 | 1 >90°C
6 Voltage regulater | N/a N/a 2 10W | 20W >100°C
7 DDR3 memory Samsung 8GB 8 5W 40 W >90°C
Total 399 W

Table 5-1 Computer server board with major component heat load cdatgponent refert® Figure
5-3. Notice TDP refers to ThermBlesignPower

Only 2 motherboards with identical configuration are used in the test, the water supply temperature
measured from the exit of the heat exchanger is %2L.8vith a flow rate about 4L/mjrand the

water flow rate to each single system will be 2L/min. The test / benchmark software is the Power
Thermal Utility (Intel PTU) for the Xeon series CPUs, which can provide an ideal heat load to the

major components as well as temperature and power load gaafkdine components as well.

The heat sink uskin the test is one important factor, the origifdly immersed liquidcooled
computesystem uses a copper heat sink {80mm base) with thiskivedfins (0.3mm thickness
x 75 fing. This is arelatively eyensiveheat sink with large surface arddecause thdully
immersed liquiecooled computer nodeositionedthe motherboard vertically in the coolant
container and relay on natural convection to cool it down, it wittbsonabl¢o assume the lower
proaessor (CPU #2) has lower temperature than the higher processor (CP&b #{ljnay be

possible to replace the lower processor heat sink from a high cost copper heat sink with a lower
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costaluminium heat sink(0.6mm thickness< 16 fins) and as long as afirocessors retain its

temperature below the desitpieranceemperature

Schematic drawing of the processor heat sink will be using in the following test

Fin thiclness
D.ﬁ-m:n|x 19 fins
ey
Fin height |
11lmm i
4 5mm e
Bass width Basa width
Orizinal Copper heat sink (73 fins) Cost raduction Alvminum heat sink (16 fins)

Figure 5-4 Schematicdrawingf copper heat sink and O6reduce c

The copper heat sink (thin fin) in the left has a surface area about 0)@ihthe aluminium
heat sinkheat sink (thick fin) in the right has a surface area about 0.04Gigure 5-5)

Figure 56T he copper heat sink (left) and O6reduce c

In parallel a CFD model will be constructed to simulate the leatsferof the systenand he
choice of CFD software will be CEXThe reason to choose CFX is because its user friendly
interface toindustry, which the sponsor company of this thesis éagerienceto operate this

software as well.

In the previous sections of the research only laminar-{ndyulent) model has been used, but in
this part of the work comparison simulation between laminakKanthega (SSTjurbulent model

will be carried out as well.
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To configure the numerical model for the test, the dimension and geometry of the system will be
needed. Usually CFD simulation for natural convection is sensitive and unstable, so the geometry
of the model needs to be simplified to allow ideal mesh quaiityresolution for the simulation.

Thus only important dimension will be retained in the model, most of unnecessarycdethi
simplified.

Here is the basic layout, orientation and dimension of the fully immersed-tiqgoidd compute
node(Figure 5-6):
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Figure 5-6 Schematic drawingf the internal layout and dimensions of the fully immersed liquid
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cooled computenode

It is also important to know that in the fully immersed ligo@bled computer node the coolant is

not filled to the top level, it usually left about 10%~30% empty as an expansion gap for the system

(filled to 380mm in this case). The cooled sidetiwvater jacket) of the system internal will have

fins and extension surface as well, the surface area that submerged in the coolantGi864ut

m2.

The choice of the coolant will be a custom blen&olvay GalderPerfluoropolyether Fluorinated

(PFPE)Fluids Through thePerfluoropolyethetiquid has different chemical formula from the

hydrofluoroether liquid, it has similar physical property and in most condition they can be

interchangeable.

The choice of liquid reference temperature is’60Noticethat the PFPE liquid viscosity has a

nontlinear dependence on temperature (Solvay, 2015) but quite linear density changes vs

temperature, it can be calculated as:

6 EOAT#BEDW X T Wb

$AT OEQU wo ¢ U

p@wYp P

51

52

HereK is the temperature in Kelvirin the following Table 8 the density and viscosity of the

PFPE liquid is calculated mquation 5-1 andequation 5-2.

Table of liquid properties:

Prosperities and Constants {@)
Density | Dynamic Thermal SHC Thermal Prandt | Reference
Viscosity Conductivity Expansion | numbe | temperature
r
} € & Cp b Pr To
kg/m? Pa.s W/m.K J/kg.K 1/K °C
Water |} _H20 | & H20 a H20 SHC_H20 | b_H20 6~7| To_H20
997.05| 8.874x10 0.613 4181| 2.07 x10* 25
HFE 1660| 1.179x1C° 0.069 1140| 1.451x1CG°| 19.47 25
1572.2| 6.731x10* 0.063 1140 | 1.526¢<10°3 60
PFPE 1690| 1.268x1C° 0.065 971.3| 1.01x1C°| 17.26 25
}_PFPE | ¢ PFPE a PFPE SHC PFPE| b_PFPE To PFPE
1620| 7.745¢10* 0.063 1078| 1.235¢10° 60

Table 5-2 Table of general fluid properties for the case study

Up to this point, althe detail and data that require for modelling has collected and ready to procced

to the next part of calculation.
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Configuration CTG model CFD model Experiment
Normal node CPU 1 copper Yes Laminar and Yes

CPU 2 copper SST
Reduce cost CPU 1 copper Yes Laminar No
node CPU 2 aluminium

Table 5-3 CFD simulation plan / schedule

5.2 CFD solution based onthe CTG model

Beforeconstructing the CFD model, a numerical solution based on the Constant Thermal gradient
model will be carried out to get the approximaerence temperatureiencd, CPU temperature,
temperature gradient (Y axis) and the free convection boundary layer thickness . Having this
number calculated before the CFD modelling will help buildimesh and reduce the model setup

time, therefore reduce the time consumption of the work.

Thermal performance prediction based on CTG model

Gather all geometry dimensions togethieesurfacearea can be obtain from the heat giekmetry

in figure 54, the heat load of each heat sink will be the GPTDP value, then the heat flux on the
heat sink surface can be calculated from the heat flux and surfac&laahermal distancg) is
the half distance from the fin centre to the cooled wall from thedi 56. And the thermal length
(h) is the base width of the heat sink in the figu# BVith theheat flux Q*), thermal distantl)
and thermal height, the temperature of the heat sink can be calculated withdéhmal gradient
(CTG) model

Solid body Load area Heatflux | Middle Height Y axis
dimension & line location
condition distant

Q Q* | h Y (part)

W m? W/nv? m m m
Cooled wall Qb cold | A cold Q* cold |1 _cold H_cold h_cold

399 0.2564| 1556.16/ 0.0025 0.38 0.190

Heat sindow | Q6 sink | A_sink_lo| Q* cu | _hot H_sink h_sink_lo
(cooper) 0.0971 0.08724
Heat sinkhigh 135| A_sink_hi 1390.32| 0.0M025 0.09| h_sink_hi
(coppe) 0.0971 02121
Heat sinkow A_sink_al| Q*_al h_sink_lo
(Aluminium) 0.0426| 3169.01 0.08724

Table 5-4 Metal heatsink basic dimension and heat load

Then the solid material temperature gaimis can be calculated:
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Material | Thermal Average Area Load Heat flux Temperature
conductivity | thickness | (base) (base) increase Yoiid
unit W/(m.K) m m? W W/m2 °C
Cooled Al 2 AL | t cold A_base_cold| Qb cold | Q*_base_cold | DT cold
wall 237 0.00885 0.076 399 5250 0.09
Heat sink | Cu aCu |_t sink_cu| A_base_sink| Q0 sink | Q* base_sink DT_sink_cu
(thin) 401 0.0075 0.3
Heat sink | Al a AL |_t sink_al 0.0081 135 167x10* | DT_sink_al
(thick) 237 0.01 0.7
Table 5-5 Conduction calculation of the heat sink
Here is the table of aterthermal properties and resii§wateer based on Specific Heat Capacity:
Waterdata | SHC Flow rate | Inlet Outlet DT/DY Wall Water
properties temperatureg temperature | (water) height | Ty
Unit J/kg.K L/min °C °C °C/m m °C

SHC_H20 | M*_H20 | T_in_H20 | T_out H20 | DTDY_H20 | H_H20 | DTY_H20
4181 2 44.6 47.62 7.945 0.38 3.02

Table 5-6 Water temperature calculated from the flow rate

On the cooled wall side with a water jacket, it is necessary to calculate the tempecadase due
to forced convectin. In this sectiotheforced convection Nusselt number (Bus correlatel with
theReynolds number (Rgto approximate the corresponding temperatifferénceof the water
to-metal interface:
. _ . 0° OEEAET AOO 53
.0 mi¢co2A 00 —

v © 54

There are the Reynolds number for circular pipe and the EBibedter equationEquation 52,
Incropera, 2007) approximation for Nusselt number. But these 2 equations require aaivsglar
section and the water jacket cragstion is close to rectangular shape. So a transformation equation
to give the equivalent shape / flow velocity scale bélneeded (White, 2011):
OEEAENXAQBGOE 5-5

$ ¢ SEERENEGOE

Here is theSchematic drawing of the water channel of the computer node. Noticed that is not

completely rectangular shape so tihesssection area is slightly less than thicknesgidth:
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Figure 5-7 Schematic drawingf the cooling water volume with dimensions

So thetable of force convection calculation and interface temperatyaesult will be:

Force Heat load | Contact Flux Flow Velocity
convection Area rate
Unit w m? W/m? L/min m/s
Q06 cold A_H20 Q*_H20 M* H20 | U_H20
399 0.06204 6431 2 0.564
Force Water path | Cross section Nu Re Pr Interface
convection | lengtyh Diameter temperature
Unit m Mm °C
Path_H20 | D_H20 Nu_H20 Re_H20 | Pr_H20 | DT_H20
1.76 8.26 50.11 5626 ar 0.283

Figure 5-8 Water temperature delta calculated fromigus-Boelter equation

The design of the water channel on the cooling loop of the Iceotope-tigaidd node is reasonable

long with extended surface, it should have little heat resistance and lead to little additional

temperature increase.

Now all data for the computer modukemperature calculation is ready. The CPU to heat sink

interface temperature can be calculated from the (CTG) model. Because only temperature result is

needed, only the energgquation 3-131and thermal gradiemquation 4-25 will be used:
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Notice that these 2quations form a high degree polynomial expression, and have an analytical
solution (by Matlab in this case). The result matrix shows as:

CTG model| Input Output
calculation | Q* I H Tyv* T DT/DY [*
W/m? m M °C °C °C/m mm
Cold plate | Q* _cold | |_cold H_cold | DTY cold DT | cold DTDY _cold 0.43
1556.16| 0.00025 0.38 15.41 15.12 40.56
Copper Q* cu |I_hot H_sink | DTY_sink cu | DT_| _sink _cu | DTDY_cu 0.35
Heat sink 1390.32| 0.0025 0.09 9.05 10.77 100.61
Aluminium | Q*_al |_hot H_sink | DTY_sink_al | DT_|_sink_al | DTDY_al 0.44
Heat sink | 3169.01| 0.00025 0.09 16.3 21.18 181.42
Thermal stack calculation
Input Copper heat sink low @Ixmlnlum heat sink | Copper heat sink high
T in_H20 44.6
DTY_H20 x
05 3.02x 0.5
DT H20 0.283
DT cold 0.09
DT | cold 15.12
DT | cu 10.77 |DT I al | 21.18 | DT I cu 10.77
DTDY_cold x D DTDY_cold 40.56 x
h_sink_lo 40.56 x0.04224 x h_sink hi 01702
DTY _sink cu 9.05 ;)ITY—S'”“— 16.3 | DTY sink cu 9.05
DT _sink cu 0.3 DT_sink_al 0.7 DT _sink cu 0.3
Output (Sum) | T_CPU lo 8344 | T CPU al | 1015 | T _CPU hi 88.63
Thermal R _CPU lo R_CPU_al R_CPU_hi
resistance (°CTIW) 0.2877 (°CTIW) 0.4215 (°CTIW) 0.3262

Table 5-7 CTG model calculation of heat sink temperature

Notice that the upper CPU (i) preheated by the lower CPU (2), but it is difficult to calculate the
pre-heated value with the simple CTG model. Ideally the heat transfer of 2 separated but vertically

stacked heat sinks could be considered as one single heat sink with double libeghigh), and
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in this way the préneated upper CPU (1) heat sink can be taken as the upper half of the elongated

counterpart.

The calculation of CPU temperature and characteristic length I8daleow known. The exact
average coolant temperature wohtgdifficult to obtain, but since the hottest part in the coolant is
about 9C°C and the coldest part is abouf@bsit is reasonable to use a middle temperaturé®PC

as the reference (average) temperature for the latter on CFD modelling. Also theteciséia
length scale (boundary layer thickneBs)s given between 0.31~0.43mm, so the first layer mesh
thickness Y* must be smaller than thesalue. And for greater reliability of the CFD solution, the
Y*/1* should be close to 0.1

The next step is tbuild a CFD model and compare the temperature calculation from CTG model.
Also the reference temperature and the length sBattbfained from the CTG model will be a

useful guide for CFD meshing and modelling.

Construction and running the CFD model

In this part of the study a series of CFD simulation wilusang CFX, and éaminar / Komega

(SST) turbulence model. In general the CFD modelling for natural convection flow has convergence
problems due to its-th order nature. Also ¥omega (SST) turbant model is a 2quation single

order (only have ®lorder velocity term) system, it might not able to reduce the instability ef a 4

order system such as natural convection flow.

Step 1, Create geometry

The first step of the work will be building theagaetry model for the CFD simulation. In order to
have an athexahedraland altsweep mesfor betterconvergence, only simple shape and important

feature has retained in the geometry of the model:
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Figure 5-9 3D geometry model for CFD simulation

In the mother board geometry for CFD modelling, only the CPU, heat sink and dimms have been

retained.

0.000 0030 0.060 (m) 00e0 0060 (m)
[ B |

0015 0045 0015 0045

Figure5-103 D geometry of copper heat sink and O6redu

The figure 510 is the detail of CPU heat sink geometgft hand side is the thin fin copper heat
sink, right hand side is the thick fin aluminium heat sink.
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Figure 5-11 3D geometryof computer node container with water channel detail
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Figure 5-12 3D geometry dtail of the internal of computer node container, the cooled wall has fins

for heat transfer.
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Step 2, building the mesh for CFD solution

After having the basic geometry built, the next step is constructing the mesh for simulation. Natural
convetion flow usually tends to be unstable and have poor convergence, so a highlquality
skewness) mesh will be critical. Also from the previous calculation from the (CTG) model the
boundary layer thicknes$*Y would be around.31~0.43mm, to achieve first layer mesh thinner

than 0.3mm will require very fine and detailed mesh struciiurerefore all hexahedraimesh for

coolant body will be desirable before making the CFD file into an unmanageable size.

0005 0015

Figure 5-13 Detail of thecoolant bodymesh cross section.

The meshing method usesnalti-body mesh with 1:1 connection so there will be not loss between
different sections.
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Figure 5-14 Detail section of the mesh layer near solid body,

Notice that fromFigure 5-14 it can see the first mesh thickness is about 0.1mm.

§N ber of Element:
18

—

O

L

O

0z 030 040 5]

g

Element Metrics

Figure 5-15 Mesh quality check in the mesh@&nsys meshing)it can be seen mostements has
low skewnesgskewnesgalculated in Ansys meshing)

Coolant Nodes elements Average Max skewnesg First layer Y*
skewness

With Copper | 5.7 million 5.33 million | 0.077 0.488 a ¥10°mm

heat sink

Aluminium 5.4 million 5.06 million | 0.0406 0.815 a ¥10°mm

Heat sink

Overall 6.96 million 7.64 million

Table 5-8 Mesh file statistics for CFD simulation

From the mesh qualifjable 5-8, it can be seen that the average mesh skewness is very low for all

cases.

Step 3 Setting up and running the CFD solution

The method of CFD simulation will thown inTable 5-9:
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Discretization | Solver Buoyance Turbulent | Scheme Energy model
methods model model model
Finite volume | RANS Boussinesq Laminar | Second order| Thermal
method Approximation| SST upwind energy

60°C ref equation

Table 5-9 CFD simulation basic configurations

Setup the CFD model in CFRre, and run the model with a relative low relaxation faddx(

time scale), the model should take-48thours to finish. Usually the momentum and heat transfer

will have some difficulty of reachindx10%esidual (CFX default convergingpoint), so the

convergence condition would be more based on the monitor of tetupgeand heat flux point. One

of the useful methods is to monitor the heat load of the water outlet. Because the computer node
have 399Wthermalload, the water outlet should carry the same load as well. The water outlet
thermalload can be calculated liye Specific heat capacity of the water, outlet flow rate and outlet
temperature. When the outtbermalloadhas an error smaller than 1% (about 4W) compare to the

overall system heat load, it can considered as converged:
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Figure 5-16 Momentum and Mass residual plot of CFD simulation
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Figure 5-17 Heat transferesidual plot of CFD simulation

From theFigure 5-17 above, it can be seen the high residual of momentum and heat transfer.
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Figure 5-18 Water thermal load plot from CFD simulation over iterations
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Figure 5-19 Major component temperature plot from CFD simulation over iterations

Fromthe residual ploFigure 5-19, it can be seen that the monitor temperature point and the water
outlet heat load does not change anymore. At this point the model can be considered as converged.

coolant velocity
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Figure 5-20 Average / nominal coolant velocity plot from CFD simulation over iterations

TheFigure 5-20is the coolant average velocity, it can be seen that the velocity scale plot stabilized
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Figure 5-21 An exampl€FD simulation graphical result (coolant stream line)

TheFigure 5-21is the flowpathline with temperatureolure renderingthe convection flow pattern
can be seen easily.
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Figure 5-22 CFD simulation graphad result (motherboard temperature)

The Figure 5-22 is the temperature cologontourplot. It can be seen the top CPU (CPU 1) is
overheated, with a temperature slightly over®@@rom data sheet this the Intel XeonZE®0
v3 processor shddiperformbelow 99°C.

A total of 3 CFD simulations has been carried out, the result matrix shown as:

149



Temperature| Water | Water| Water| CPU | CPU | Memory | Coolant| Water metal | Coolant metal
°C inlet | outlet | load |1 2 average | average| interface interface
Coppersink | 44.6 | 47.41| 395W | 102.5|86.2 | 731 70.2 41.42 41.72
laminar

Copper sink 47.41 | 392W | 102.4 | 85.1 | 733 69.8 41.42 41.71

SST

Aluminium 47.42 | 393W | 101.5|97.1 | 73.7 70.1 41.41 41.71

Sink laminar

Table 5-10 CFD simulation result matrix

It can ke seen fronTable 5-10, the top CPU (1) temperature is somewhere arountC1@nd the
lower CPU (2) for copper heat sink is ab86C, 16~17C lower than the top CPU temperature.

To validate the mesh resolution for the flow, a vertical cross line in the centre of the CPU fin area

has been use to plot the velocity profile:
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Figure 5-23 CFD simulation result: coolant velocity profile between fin, cooper heat sink

From Figure 5-23, it shows the vertical direction velocity curi@rofile betweerCPU (1) heat

sink fins. The velocity curve shows the relative low resolution near the fin wall boundary, because

there are diy 5 elements across the fin pitch. Also the natural convection boundary layer thickness
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(characteristic length scalg,) calculated in the constant thermal gradient (CTG) model is about
0.31~0.39mm, and the pitdpch between fins is 0.9mm. So the badanies of 2 facing fin wall

would be merged when:
a O¢ d

Thus only a single peak velocity profile between fins on the-fimircopper heat sink can be

observed.

For the thickercheaper aluminium heat sink design, because the fin pitch is much larger (4.2mm
pitch), and the natural convection boundary layer thickness (characteristic lengthl*gcale,
calculated in the CTG model is about 0.31~0.44mm, it should be possible totwaepaak
velocity profile between finsimilar toMo r t o n Mertort BRs., 480  with both sided heated
walls:
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Figure 5-24 CFD simulation result: coolant velocity profile between dlyminumheat sink

TheFigure 5-24 is the cross section Y direction velocity profile on the tHinkaluminium heat
sink, the twinpeak shape can be observe and the distant frofimtiall to the velocity peak is

about 0.4~0.6mm, somewhat close to the CTG model prediction of 0.44mm.
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5.3 Experimental test with the liquid-cooled computer thermal test

system

The last section of thishapteris an experimental test of the liqgeddoled computer node in the

Iceotope Company.

The thermal test systemiine Ilceotope Companig shown in the following figure

Figure 5-25 Photo of the thermal test unit in the Iceotope company lab

The Figure 5-25 shows the fully immersed liquidooledthermal test unit with the external case
and insulation removed, the blue part is the computer node. Noti¢bdhetulation panel will put
back to the thermal test unit during the experiment.

TheFigure 5-26is the photo of the heat rejection unit with chiller.
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Figure 5-26 Heat rejection unit in the lab which can provide constant water temperature

From theFigure 5-26 it can be seen that the heat rejection unit is a relative small unit

The user interface of Intel Power Thermal Utility for Intel server system
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Figure 5-27 User Interface of the Intel Power Thermal Util#tgftware

The Intel Power Thermal Utility software is a thermal performance testing software specific for
Intel system. Though it is a commercially confidential system and provided bfointte¢ Iceotope
company internal usage, some of the detail of the software may not be available in this work.

The reason to choose tlssftwareis simply because its convenience, due to its ability of stressing
the system with powerthermal load andecording the temperature and power consumption data
at the same timdn the matter of providing thermal load to the computer system ibipisgvides
similar capabilitiesas some other software or method such Linpak or StressLinux.

The setup of the test simple and straight forward, basically put on the insulation, set the cooling
temperature on the heat rejection unit and put the thermal load with the Intel Power Thermal Utility

software on the systemfter continuouslyrunning the computer system fb2 hours, the resulsi

Inlet water | Outlet [CPU1 [ CPU2 [ Memoryhigh | Memory low
TemperaturéC
44.6] 48.2] 92 | 84 | 67 | 63
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Table 5-11 Temperature test result from the ligttdoled system thermal test unit

The table 511 is the experimental result of the thermal test unit, compare to the CFD result from
table 510 it can be seen that the temperature reading from the experiment is smaller than the
simulation.This could be reasonable because that in realigydifficult to insulate the heat loss
perfectly

5.4 Evaluation and prediction of the aluminium heat sinkperformance

The purposeof this sectionis to predict theperformance of theew design before the experiment
test, in here there is 2 methodsatdieve this: mathematical calculation and CFD simulatiBat
in the end it still needs some physiegperimenor test to evaluate tlaecuracyof these predictions

Thesimulation andexperimentatiatais summarised in the followingvaluation table:

Prediction | Simulation Test

Temperature Configuration CTG model| CFD model Experiment
°C Laminar SST
Normal node CPU 1 copper 88.63 102.5 102.4 92

CPU 2 copper 83.44 86.2 85.1 84

Memory high 73.1 73.3 67

Memory high 63
Reduce cost nodg CPU1 copper 88.63 101.5

CPU 2 aluminium 101.5 97.1

Memory high 73.7

Memory high

Table 5-12 Temperature result gathered from all prediction / simulations and test data

From Table 5-12, the CTG model calculation and CFD simulation result shows an acceptable
accuracy(less than 10% differencepmpare to the experimental data. But a CFD model can give

a compleg¢ view of the whole system, while the mathematical model can only calculate some
important value such as the temperature and heat load. And furthermore the CTG model can only
calculate the heat transfer on vertical systems (along gravity direction),thechr@ment it cannot

solve the problem on horizontal system.

It is also important to compare the time consumption (labour cost) for all different stages of work

It is also important to compare the time consumption (labour cost) for all different stagak:o

Cost in time CTG model CFD Experiment
(per person, per test) | calculation
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Setup time 15 min 7-9 days (meshing) | 3-5 days
Test time 0 2-3 days 12 hours
Table 5-13 Time consumption of different engineering methods

5.5 Summary

In this chapter, theomparisonbetween CTG modgbredictions CFD analysis and laboratory
experiment has been carried dBbth CTG model and CFD analysis provides a reasonable close
result compare to the laboratory experiment, and inghiticularproblem the result from CTG

model seems even closer to thd rearld.

An interestingpoint to note isthat runningthe CFD simuhtion is actually more time consuming
(about double) than having a test syssetupand run the experimerBut this will only bepossible

if thetask is to improvement the system witkchangeablparts also an existed working system

is required So forsome simple engineering design, it might be faster to do calculation and then go
straight into experiment, and skip the simulation stage. In other hands, some design may be difficult

or too costly to work on experiment then CFD simulation is the onlyodethpreview the result
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6. Thermal test and @se study of the fully immersed liquid
cooledcomputer systens

In previouschapter, systematic thermal analyses and experiments have validated the thermal
performance of the fully immersed liquaboledcomputer system. But this is based on a single

computer node and investigates the thermal efficiency in an ideal condition.

In this chapter there will be a re#@ine experiment on somfabricated ofreal liquidcooled
computer systems. The purpose of tinermal test is to reveal the true potential of ligodled
computer system which refers back to the chapter 2 about the development and achievement of
computer cooling technology

Two types ofmeasurement matrix will be used in the experiments of Hapter. One of which is

the Power Usage Effectiveness (PUE), which is more related to the usage of energgémulata
and.The other one is ASHREA W5 standard, which more towards the thermal tolerance of the
system and the capabilibf reusingthe wast heat

6.1Case study of the fully immersed liquidcooled data centre system

compare to reardoor water cooled systm

The benefit of having a high power load electronic system ligaaded is not just to provide better
cooling, but also reduced energynsumption in the cooling system and better management of the
waste heat. Or in an easier way to understand it, a fully immerseddigolield data centre system
should have lower PUE (Power Usage Effectiveness) and able to work in a water inlet higher

temperate.
Recall the equation in chapter 2, the PUE calculatgudtion 2-1) should be:

5 vo 4 I GAA BIT AW
) %NOEDPO Rk O

Originally Iceotope claimed that the pPUE of their liigiobled data centre cabinet was below 1.1,

and with the possibility of running 46 inlet water as the cooling water it will fulfil the ASHRAE
W4/W5 standard. Notice: The concept of pPUE stand for total enétgiyn a boundary divided

by the IT equipment energy within that boundary (The GreenGrid, 284d)n this case the pPUE

only takes account the computer server cabinet power consumption as the total power in the PUE

equation.This should be consider asad thermal efficiency and good thermal management in alll
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data centre standard, and determining whether this can be achieved in a real running environment

is the major task in this chapter.

Overview of the fully immersed liquid-cooled computer system

Historically the University of Leeds acquired a small scale Iceotope fully immersed-tigoidd
computer cabinet as part of the laboratory equipment since 2012. Unlike the thermal test system
used in the Iceotope Company lab which was specific for therstathie system in the University

of Leeds was a commercial based system. This computer system served 2 purposes for the
university: an experimental test system for the university to study fully immersed-digolied
computer thermal behaviour, and alstr@&xomputation resource added to the university main data
centre. Note that part of the CFD simulation in this research was actually done using this Iceotope

system.

The experiments in this secti@re based on the Iceotopgompany providedully immersed
Liguid-cooled computer server system for data centre solution. It is the first liquid ecaltable
commercidly, which ains to providea high efficiency data centrsolution with lower PUE and
free cooling for data centre usemhis liquidcooled conputer system was a full cabinet with a
relatively small scale computer system inside with 11computer nodes and 4 power suppk2unit (2
PSU) |l ocated in the universityb6s mechanical
a relative small powdoad (about 3kW in total), it can use passive heat rejection unit without fans

rather than standard heat rejection unit with fans and chiller.

55Ds

MotherBoard
PSU X4 (N+N)

Server
Modules (X8)

A

Figure 6-1 Schematidrawing of the computer node with thensr pack
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The drawing above explains the basic layout of the computer system: for high power systems it will

take 2x2 power pack towards 8 high power computer nodes, but for low power system only 1x2

power pack will be needed

Figure 6-2 Photo of the full immersed liquidooled computer cabinet (left) with 11 nodes and
passive radiator (right) in the university lab

The photo abovéFigure 6-2) shows the basic system layout, and in the top shelf of the cabinet
there is a network switch and gpBase power distribution unit (PDU). The PDU of the system is
also possible to work as a power meter which provide some veryl iigefmation during the test.

The other characteristic of the system is the 2x redundancy twin-ttqoied power supply design,
each power package has 2 individual power supply unit (1.6kW each). In ordinary running
condition there will be one PSU uerdioad and another standby, but it will automatic swap power

if one has failure. This is quite different from the thermal test unit in the Iceotope Company which
use a single adjustable laboratory power supply unit for the job.

This liquid-cooled computesystem has-§ears running history up to the period of finishing this
thesis (from late 2012 to late 2015). It had a-fif@span IT upgrade of the system in 2014 (end of

2" year), this including upgrade to some of the computer nodes which signifizgaptigve the
computing capability. The active duty of this computer system would be ended in the late 2016,

which would fulfil a typical 4 years duty of a computer system.

There will be 2 parts of energy efficiency experiments in this chapter, they weesl caut at 2

separate times. The first experiment was the thermal efficiency tests focussing on PUE (Power
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Usage Effectiveness), it was carried out before the IT upgrade so the computation performance was
lower (in FLOPS) but the thermal load was almdentical. The second experiment was more of a
reliability test aim to achieve the ASHRAE W5 standard that requicestinuousrunning with

45°C inlet water temperature for more than 24 hours.

Thermal efficiency test base on pPUE (partial Power Usage tetctiveness) of the fully
immersed liquid-cooled computer system

The concept of the thermal efficiency experiment in this section is to construct a methodology
compare the pPUE (partial Power Usage Effectiveness) (The GreenGrid,k2ddigen dully
immersedliquid-cooledcomputer server systeandan aircooled based baeakoor watercooled

computer server system.

Notice: The concept of pPUE stand for total energy within a boundary divided by the IT equipment
energy within that boundary (The GreenGrid, 201n this section the boundary for pPUE included

the computer unit (CPU, motherboard, etc) all equipment that maintains the necessarily running of
the data centre computer system such as PSU, HRU and UPS; but excluded some general data

centre facility bilding level equipment such like lighting.

HRU stands for Heat Rejection Unit, UPS standdJiinterruptible power supply

Heaat Computer
Rajection Modes
T
[ g 1 1 [ g Jll—
Advanced / Water-Air hybrid Direct(fully immersed)Liquid Cooled
Data Centre Data Centre

Figure 6-3 Schematidrawing of backdoor watercooled system (left) and fully immerskquid-
cooledsystem (right)

TheFigure 6-3 shows the major different (thermal pab®tween dully immersediquid-cooled
computer server systeamdan aircooled based baedoor watercooled computer server system.

The University of Leeds has both types of computer server system. The Iceotope based liquid
cooled cabinet was mention previously in thie was a stanrdlone unit that runs in a laboratory

environment. The Airedale based back door wateled cabinets, in the other hands, mixed with
160



other aircooled systemasamider m | T upgrade to the (Figirerer sity
6-4).

Figure 6-4 Photo of the HPC servers in the University of Leeds' server room

But in reality this 2 types of systemrely have anything in common. In this case to study 2
computer system in the university, they are very different from the basic element of computer
component to the overall facility configuration. It is also a common case that some of the HPC
(High Perfamance Computing) data centre user does not have their computer system constructed
in the same time and same spec. In a real data centre it would not be surprising to see new system

and old system in the same place, or evenaited and watecooled sys#ms in the same room as

well.
Real system Back door waterooled systen] Fully immersed liquiecooled
system
Capacity (W) 84kW (28kW X3) 3KW
Computer system Mixture of Sun, Dell and Intel | SuperMicro
CPU/GPU Intel / AMD / nVIDIA / Others | Intel / AMD
Rack cooling method| Airedale backdoor water Rack cooling method
cooled
External heat exhaus| Airedale free cooling Passive air cooled

Table 6-1 Different between the actuahbk door watecooled systerandfully immersed liquid
cooled systenmstallation

To compare this put these 2 different systems into one comparison means it need to put them into
the same condition, same scale and same workload. It is also difficult to achieve physically because
not only their difference in configuration, but also tltfferent locations. This leads to the idea of
collecting the thermal test result from 2 different computer systems, and then scale up these results
to construct Hypotheticalsystems with 2 different cooling method, but have identical computer

and eleatonics components in order to have fair comparison.
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Here is the configuration table of hypothetitiqlid-cooled and aicooled system will based on

identical hardware systems:

Hypotheticalsystem | Back door watecooled system | Fully immersed liquiecooledsystem

Capacityrange 240kW 240kW

Computer system SuperMicro X9D seires SuperMicro X9D seires

CPU/ GPU Intel (E52670) Intel (E52670)

Rack cooling method | backdoor water cooled (Airedalg Fully liquid cooled (Iceotope)
OnRak 28Kw)

External heatejection | Airedale free cooling Airedale free cooling

Table 6-2 hypothetical akcooled system and liquicboled system configuration

In Table 6-2 thefully immersed liquidcooledsystemhas been scaled up to match the same size of
the back door watecooled systemandthey areassumed to use the same motheard/ CPU
solution (Supévlicro X9D with Intel XEON E52670) same power supphS(per Macro PWS
1K62P 1R and thesame heat rejection uniAifedale Ultima Compact FreeCgolWith such
assumptions the only physical difference in the 2 sides would only be the computer and magk cool
method, which eventually give the idea of how much energy efficiency can be improved by just
switched theBack door watecooled solutiorinto fully immersed liquiecooled solution in data

centre.

It also needs to mention here that the heat rejectidr(Airedale Ultima Compact FreeCowohit)
can work in 2 modes, either in the fre@oling mode which works purely as a fanned radiator, or a
water chiller which costs extra energy to provide a negative temperature difference for better

cooling.

The expeiments to build the scaled iypotheticaldata centrasystemhave individual tests of an
air-cooled computer node for the back door watmrled system, and a liqumboled computer

node for the fully immersed liquidooledsystem. They have to be exacthe same computer
system but in 2 different enclosure, and which eventually will but into 2 completely different data
centre model. There will be a detailed explanation of the sensor point and measurements later in

this chapter.

Thermal test of the liquid -cooled computer node in fully immersed liquidcooled

system.
This part of work airato gain the energy efficiency result from a runnially immersed liquid

cooledsystem.
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Firstly consider the computer components (IT) in the sysldrare are 1tomputer nodeg the
fully immersed liquidcooledrack, as it is an experimental system to test it haswshardware

across theystem The arrangement of computer hardwailkbe show inTable 6-3:

No./IP | CPU Total cores CPU frequency Total Memory
101 AMD Opteron 6272 | 2x 16 2.1GHz 48GB
102 Intel Xeon E52620 2X6 2.6GHz 16GB
103 AMD Opteron 6272 1x16 2.1GHz 16GB
104 Intel Xeon E52620 2X6 2.0GHz 32GB
105 Intel Xeon E52620 2X6 2.0GHz 32GB
106 AMD Opteron 6272 | 2x 16 2.1GHz 48GB
107 Intel Xeon E5-2670 2x8 2.0GHz 32GB
108 Intel Xeon E52620 2X6 2.0GHz 32GB
109 AMD Opteron 6272 | 1x 16 2.1GHz 24GB
110 AMD Opteron6272 1x16 2.1GHz 16GB
111 Intel Xeon E52620 2X6 2.0GHz 64GB

Table 6-3 Computer component (IT) of in the fully immersed liqgimbled computer rack, the
high-lighted computer node will be latter on involved in another test.

Secondly is the nefT components in the fully immersed liquooled computerystem The
power loadreading of these components will be important as well, since they are a part of the
supporting parts to run a data centre and will be taken place in the pPUE calculation.

Thebasicconfiguration of the irthe university labncludes:

Name model Quantity | Specification notes

Power Distribution| Avocent PM3000 1X 380V / 3 phase | Up to 22KW

unit to 220C 3KW total

Power Supply unit| Super Macro PWS 2X 220V / 1 phase | 1.6KW X2
1K62P 1R to 12V = 3.2KW

Computer module | Iceotope Module 11X 12v Vary

Centre heated GRUNDFOS ALPHA2 | 1X 2.6 nv/h

Pump L

Radiator pump Wilo Smart A25/4130 | 1X 3.5 nt/h

Table 6-4 Basic nonlT component of the fully immersed ligumboled computerystem

It can be seen from tHEable 6-4 it will need two pumps and two separated water circuits to run a
commercial based liguidooled computerystem This is the major difference from the thefma

test unit in the Iceotope company lab since which has only one water circuit. The reason of such is
because the internal cooling water that goes through all computer node needs to be treated and
chemically compatible with computer node water jacket,emiié external cooling water could be
supplied by the data centre facility that may not meet the requirement of compatibility. Obviously

a 2stage cooling water system will have lower thermal efficiency and higher temperature difference,

but it is a tradeoff between performance and reliability in the real commercial case.
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Figure 6-5 Schematicdrawing of the fully immersed liquidooled computer system layout. 2
pumps and 2 water loops can be seen frondtheing

The Figure 6-5 also indicates the location of the sensing point and the type of measurements
required for the pPUE calculation. Threetersand sensing points involved in the test will be:

Name | output | Type Number | Specification Model / other
PM1 | W Power meter| 1X Up to 3.2KW380V | Built in Avocent
/ 3 phase PM3000
PM2 |W Power meter| 2X 220V / 1.6KW
PM3 | W Power meter| 1X Model 2000MUUK
PM4 |W Power meter| 1X (L61AQ)
FM1 | m¥h Flow meter | 1X Up to 12L/min N/a
TM1 |°C ( & Thermal 2X Up to 8CC Center DT610B
meter Thermometer

Table 6-5 List of sensors and meters for the pPUE calculation

Form Table 6-5 it can be seethere are &ensor points Yeadings will be needed in tiPUE
calculation:The PM1 / PM2are already included in the Avocent PM3000, and the temperature
meter can measure Ioinlet and outlet temperature with 2 therroalples, so there are only 5
meters (2X PM2, 1X PM4 and 1X TM1) will be needed in the test.

With the temperature sensor (T)and flow meter (FM1), its possible t@alculate the power &l
carried by the watecircuit (PM5). Assume the water Specific Heat Capacity (SHC) is 4.1813
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J/kg°C, water density)() is 1000kg/m, andthe temperatureifferencebetween water inlet and

water outl¢ is form TML (outleti inlet):

x A OROAROMA v

8 J00p IYip

6-1

The PUE stands for: PUE = Total Facility Power / IT Load, where ibeassumd that:

Name

Part

terms

Total Facility Power

Complete system

PM1 +PM3 +PM4

IT Load

Computer components

PM2

pPUE

(PM1 + PM3 +PM4) /PM2

Table 6-6 pPUE calculation correlated with the sensing points

From the table above, the PUE of the system can be easily undeisfivodll the sensors and

meters in place, theystem thermal test started with running Linpak (windows based) in all

computer nodes to achieve 100% power load and continue for 12 hours.

Notice that the only computer node that was involved in the pPUE calculation was the node 107

which is highlighted n the Table 6-3 and alsoTable 6-7, but all the computer nodevill be

switched on and run under the same calculation load. The reason that all nodes need to be switched

on for measuring only 1 single node is because all computer nodes share the same water circuit,

also the water pump for the liguiboled cabinet is a fixedhte pump that specified optimal running

condition to match the fulbaded (11 nodes) system in this case. So having the reading under full

load should be closer to the real condition.

Here is the temperature result after 12 hours of continuous runabig 6-7.

No./IP | System CPU1 /CPU2 Temperatur¢ CPU- System CPUT CPU2
Temperature pT pT
101 53°C Medium N/a N/a
102 51°C 79°C/ 76C 25~27PC 2°C
103 N/a Medium N/a N/a
104 51°C 70°C /| 69C 19~18C 1°C
105 52°C 75°C | 69C 22~16C 6°C
106 50°C Low / Low N/a N/a
107 53°C 70°C /| 69C 18~16C 2°C
108 51°C 71°C | 71°C 20~18C 2°C
109 47°C Medium N/a N/a
110 46°C Medium N/a N/a
111 51°C 73*C [ 69C 20~17PC 3°C

Table 6-7 CPU temperature reading from the fully immersed liegodled cabinet after 12 hours
run.
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Note: The AMD CPUs do not give a detailed temperature reading via SuperMicro IPMI services,

insteacthey only state low, medium, high and overheated.

Thepowerreading fromthe PDU and pwer meters for pumpdable 6-8):

Part Term Min power Max power average
PDU PM2 (96.5%efficiency) 2128
W
PM1 2205.1W
Cabinet pump | PM3 75W 85w 78W
Radiator PM4 16W 16W 16W
total 95W

Table 6-8 Powerreading fronthe PUE and gwer meters for pumpsiotice that the PDU cagive
the power efficiency of each phase

Now that all the thermal tests for the fully immersed ligoidled system have been completed,

the sensors and meters reading enable the pPUE of the system to be calculated:

pPUE calculatiorfor the actual fully irmersed liquiecooled system in lab

PM1 PM2 PM3 PM4 pPUE
2205.1 W 2128 W 78W 16W 1.081
Total load (PM1 + PM3 + PM4) 2300.1 W

Table 6-9 PUE calculatiorfor the actual fully immersed liquidooled system in lab

FromTable 6-9 e it can be seen that the pPUE of the actual fully immersed Jopaild system
in the university lab was very good (slightly lower than 1.1). But this was a small scale system and
lacked may components such as UPS that would be required in a typical full scale cabinet.

Thermal test of air-cooled computer node for back door wateccooled computer

system

The back door waterooled computer system was an installation in the HPC departmemt of t
uni versity, and responds to the uni v-eonledityébés ac
system was a piece of experiment equipment in the lab that candsé fer any purpose, running

thermal tests on a major system like this will significaiifect the daily work in the university.

Soit will be important to ensuréhat these only take a small part of the back door veateted

computer system to establish the thermal test.

The core component of the back door watepled computer system is still an-aooled based
computer node, which should be identical to most of othecaaited system. So the thermal

performance of the back door wataroled solution will still be limited ypthe aircooled system.
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That also means it would not be necessary to take the completecavalied system to the lab for

experiment, but only needs a single computer node to finish the task.

Following the previous thermal tests for the liqaimbled systm, one of the computer nodes (node
107) has been taken from the licugidoled system and put into an-aooled system module for in

this part of the experiment. Unlike the liqeddoled system which has only one pump for all
computer nodes, the aipoled unit has individual powesupply and cooling fans so only 1 single

computer node can complete the test.

The aim of thisexperimentis measure the CPUs temperature, inlet air temperature and outlet air
temperature. Also it will need to validate the résal the outlet air heat flux will be calculated,
which can be obtained by measuring the air flate of the outlet as welllo achieve this a

cardboard nozzle was made and regulated the outlettxda symmetic shape (round shape), and

the diameter fothe exhaust pipe is 75mfRigure 6-6)

Figure 6-6 The stand alone computer node with a modify outlet sectionéaxperiment
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Figure 6-7 The computer noda¢de 107 in an aircooled configuration ready for experiment.

From the photos abov@igure 6-6 and Figure 6-7) it can seen how the amooled node was
configured, and irthis test a SuperMicroCSEL7THQ-R1K62MB rack noé was used, with the
same computer node (node 107) from the ligpadled system. It is also worth to mention that the
power supply unit used in this test was the same m&iglgr Macro PWSK62P 1R as liquid
cooled system, but theiraooled version and liquidooled version power supply were not

interchangeable.

The test software iglentical to the previous test for the ligiidoled system (Linpack / MS
Windows), and when the system is under 100% power load, the Abathier poweconsumption
read from SuperMicro IPMI is 305W.

The exhaust air outlet of the test system is a cylinder section, since the air flow in this section would
not be even, so the point velocity and temperatuddo@imeasured at different radial
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Figure 6-8 Outlet section of the aitooled experiment system.

TheFigure 6-8 shows the cylindrical shape of the outlet section with a diameter of 75mm.

After about2 hours of running, the temperature readibgcome stable, the detail wélocity and

temperature reandi from the outlet section are givenhigure 6-9 andFigure 6-10:
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Figure 6-9 Velocity data from the outlet section
Temperature
37.5
& 37 T 368 357
L 36.5 '
=]
=2 36 36.2
© 355
g 35 \ —o—Temperature
= \
< 345 % 343
34 T T 1
0 10 20 30
Radius mm

Figure 6-10 Temperature data from the outlet section

Notice: It can be seen frofigure 6-9 andFigure 6-10 that the velocity profile has about 15%
fluctuation comparéto a 2%rderpolynorial curve approximation, yet the object of such test is to

have the average flow velocity reading and the fluctuation would be acceptable.

Here in the temperature cascade of the&eailed computer node.
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Location Result

Inlet / Ambient 23.8°C
CPU 1 vialPMI 69°C
CPU2 via IPMI 70°C
System via IPMI 36°C
Average outlet velocity 4.45m/s
Average outlet temperature 36.34°C
Temperature delta (inlet to outlet) 12.54°C
Temperature delta (inlet to CPU) 47.7°C

Table 6-10 Test result of the aicooled computer node

From theTable 6-10, the temperaturdifferencefrom the inlet to the CPU chip is about be
47.7C, and the temperature delta from the inlet to the outlet is A2.&bnsider the air density in
1 atm and 2% would be aboutl.160kgAnand the mass flow raté ) of the outlet can be

calculated as:
L B 6-2
Where:
} is air density (1 atm, 28), 1. 160kg/r}
Aq is the surface area of the outlet, 0.00442and
U[is the averaged air velociof the outlet, 4.45n/s.
As a result, the mass flow rate:
d pPpoeonmrnTTcd v T® ¢ YEFO 6-3

Also the specific heat capacitgilQ of air in 1 atm, 28C would be 1003.5J/(k8), and the delta
temperature from the inlet to outke¥ is 12.3C, where the total heabwer thatreleased into the

air would be:
0 a 6 YvY 6-4
0 TR CYPPM®WO pRT ¢ YK7

From the result above, the heat energy released to the air from the system seems to match the energy
consumption from the SuperMicrmotherboardtherefore the delta temperature across the system

should becorrect.
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Hypothetical model of back door watercooled and fully immersed liquid-cooled
solution for data centre application

In this part of the study, Bypotheticalsystems will be constructed based on the experimental data
that obtained from the previous section. They are based on the same compptererdrand same

supporting equipment.

Theconfiguration of botthypotheticakystem will havel4 cabinets with 48 computer nodes on it.
Both systems will be 2x redundancshe Schematiadrawing of the akcooled based back door

watercooled data centiayout will be(Figure 6-11):
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ogo
@
OQQOO
it
\I?\;Jiltdinf /!

Indirect |
Liquid Cooled \I

Racks

4)

Air Flow

Cases

Back Door
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Server Level Pump

Figure 6-11 Schematiadrawing of the back door watepoled data centre (250 kW system)
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A schematiadrawing of the fully immersed liquidooled data centre is given Bigure 6-12:
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Figure 6-12 Schematiadrawing of the fully immersed liquidooled data centre (250 kW system)

FromFigure 6-11 andFigure 6-12 it can be seen that the major difference between the 2 systems

is the cooling methotbr the computer node, and the basic data centre layout is almost identical.
One thing should be mentioned as well, though both systems used the same external heat rejection
unit, the fully immersed liquigtooled system does not require the chiller fumaity to be

switched on, therefore the energy consumption on this part will be different.
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The full set of calculated results for the two hiyymtical systems will be:

Part Model Load number | Back door Full immerse
watercooled | liquid cooled
Serverlevel /IT load
Common Computer X9DTT / Intel Xeon 305W | 48x14 204.96kw 204.96kw
component E5-2670 X2 306 Gflops| =672| 205.6Tflops 205.6Tflops
Storage Intel SSD 330 0.85W 672 0.571kwW 0.571kwW
PSU loss SuperMicr®WS1K62 7% loss 168 15.67kW 14.43kW
Back door PSU Fan Nidec R4AOW12BGCA 15.8W 168 2.65kW
water cooled| System Fan | Nidec VB0OE12BS2 23.4W 672 15.72kW
IT component load 223.91kwW 206.27kW
Cabinet level
Common Tel-com D-Link 33.4W 28 0.935kw 0.935kw
component | Equipment | DGS121048
PDU Avocent PM3000 3.5% loss 28 7.84kW 7.84kW
Back door Rack fan Airedale 161W 14 2.254kwW
water cooled LogiCoolOnRak
LOR6042UC0280
Liquid Pump GrundFos Alpha 2L 45W 14 0.63kW
cooledonly
Rack component loag 11.03kW 8.78kW
Total load 234.94kW 215.05kW
Total Facility Power
Common UPS APC Symmetra PX 4% loss 2 9.40kW 8.60kW
component 250kW
Back door Ventilation | Airedale 880W 10 8.8kwW
water cooled AlpaCoolDF25A /
only CUS8.5
CRACs Airedale Ultima EER=0.03 2 77.54kW
Compact Chiller Chiller on
Liquid UCFC250D8/2 EER=19.3 2 11.14kW
cooled Chiller off
Facility component 95.73kW 19.74kwW
load
Total load 330.67kW 234.80kW
Power saving 95.88kwW
Mflops/W 621.86 875.79
Total cooling power 98.17kW 11.77kW
pPUE 1.477 1.138

Table 6-11 Energy stackup data of an aicooled data centre compares to a liguidled data
centre(Chi, 2013)
Notice: The energy data from above based on both system running under full load condition.

FromTable 6-11it can be seen that the fully immersed liga@bled solution can achieve a PUE
down to 1.138the back door waterooledsystem which could have a PUE about 1.48. Inffach

the IT level ad rack level thdully immersed liquidsolution does not gaigignificant energy

efficiencyimprovement by using pumps instead of fdm# in the building levewhere the back

door watercooledsystemis switched on the chiller will result in a much pewothermal efficiency

compared to a fully immersed liquaboledsystem.
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Becauseamost airconditioning chillers has an EER (Energy Efficiency Rate) of 3 in the full load
condition,this means any system with chillers switched on will have no lessPtb&l.33. In
reality The HPC data centir the University of Leedsequires 100kW of cooling power in summer

days when it is full loadyhich yields a partial PUE of 1.4.

It is also possible to compare the Performaneefratt (PPW)from these 2 hypotheticalystens
due to their identical computing hardware. From the table above thedd system rated to
621.86 MFLOPS/W whicls close to the 10th (TiankkA) in 2012 green 500 data centres, while
the liquidcooled system rated to 875.79 MFLOPS/W whichvabiine 4th (RIKEN AICS) in the

same ratingable

One of the reasotiat fully immersedliquid-cooled system can avoid using chilés that it can

transfer the heat energy from the computer heat source to the outside environment with lower
temperature dierence. In fact it can cool down a data centre even with relatively high inlet water
temperature so that chiller and refrigeration would not be needed. The temperature data can be seen

in the following table:

Back door watecooledsystem Fully immers®d lquid-cooled system

medium Temperature medium Temperature

in | out In | out
Ambient Air 25°C | Air 25°C
Chiller R407c/ water 25°C 20°C | Water 38°C 32°C
Building water | Water 20°C 22°C | Water 32°C 38°C
Ventilation Air [ water 24°C N/a
Rack Air 24°C|  36°C | Water 33C 39°C
Computer node| Air 36°C | Water 33C 39°C
HFE7300 53°C
CPU Air 70°C | HFE 7300 70°C

Max delta CPU to Chiller CPU to Ambient

temperature 50°C 415°C
Table 6-12 Temperature staeldp dateof an aircooled data centre compares to a ligeidled data

centre

FromTable 6-12 it can be seethat the bacidoor watercooled system requires the chiller to be
switched on to have the extrd@Stemperature delta in order to achieve sami€ TPU temperature
in this case. On the other hand the fully immersed ligoisled system would not require such

work because it requires smaller delta temperature to achieaine cooling effect

This research shows thae liquidcooled (Iceotope solution) system runs at PUE 1.138 compares
to aircooled system runs at PUE 1.477, about 33.8% maore efficient (based on PUE); also the liquid
cooled system has 875.79 MFLOPS/W pana to the aircooled system with 621.86 MFLOPS/W,
which is 40.8% ouperformance than the aiooled system in PPW. Finally the liguidoled
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system reduced 95.88kW of total power, saves 29% of the total power from-toelail system,

also saves 88%ooling power fronthe aircooled system.

6.2Thermal performance tess of the Iceotope immersed liquidcooled
HPC rack under ASHRAE W5 standard

This thermal performance test follows tASHRAE W4 (2-45°C) and W5 (>4%C) standard by
operatingfully immersedliquid-cooled HPC system (provided by Iceotope) in the University of
Leeds, Mechanical Engineering Departmdiiite American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAFyesent a thermal guide line back in 2011 (ASHRAE, 2011)
for a liquid /water cooled data centre applicatibimelevel of inlet water temperature indicates the
re-usability of the heat energy in the water system, and the top line of the standard is the ASHRAE
W5 standard, which requires the water inlet ovéC4td continue running for more than 24 hours.

At the time thdiquid-cooled system just finished the mife span upgrade so some of the computer
nodes were different from the previous test. Also the task of the system was shifted from pure
laboratory equment toa slave machine of the University of Leeds ArélPC systemAt this

point the liquidcooledwas takingacademic tasks from university students and research staff. The
scope of tasks that run in the system veaglom andarious in types, intensitandduration. This

means such system is no longer suitable for long term laboratory experiment, but it is also ideal to

measure its performance in the realrld condition rather thaim laboratory tests.

Overview of the server cabinet setup

Before steping into the test section there are few points that need to be mentioned. One is the
system upgrade IT specs: although most of the computer nodes remain unchanged, 3 AMD nodes
have been replaced with new Intel high performance computer nodes. This iresbdiser
reliability since the AMD systems has been unreliable in some cases, and better computation speed
since the newly installed nodes are significantly faster, but also consumes slightly more power due
to the new computer nodes. The following tali#t highlight the major changes in the IT spec
(Table 6-13):
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Node | CPU Cores per Total core Frequency Total
CPU memory
101 AMDOpteron 6272 | 16 2x16 2.1GHz 48GB
102 Intel Xeon E52670 | 8 2x8 2.6GHz 32GB
103 Intel Xeon E5-2680 | 8 2x8 2.8GHz 32GB
104 Intel Xeon E52620 | 6 2X6 2.0GHz 32GB
105 Intel Xeon E52620 | 6 2X6 2.0GHz 32GB
106 AMDOpteron 6272 | 16 2x16 2.1GHz 48GB
107 Intel Xeon E52620 | 6 2X6 2.0GHz 32GB
108 Intel Xeon E52620 | 6 2X6 2.0GHz 32GB
109* | Intel Xeon E5-2690 | 8 2x8 3.0GHz 32GB
110 Intel Xeon E5-2670 | 8 2x8 2.6GHz 32GB

Table 6-13 Iceotope rack IT / computer node configuration

Notice that the top spec node 109sgecifically appointed to the Institute of Thermofluids in
University of Leeds to run higimtensityCFD tasksAlso the computer node numbering (IP address)
was slight shifted, for example the new node 102 in factthesriginal node 107 in the previous

section of thermal test.

Note also that as a result of a riifgé span upgrade, a simple temperature contr¢8diCG-1000)

has been installed in the external water circiie STG1000 temperature controller is a siep
cutoff type controller it can switchoff the power supply of the external water pump when the
system reaclor exceedghe preset temperature and switch back on the pump when below such
temperatureln fact it is a 2 way controller that can work faating and cooling control, but in the
following test only cooling control will be usedlhis controller provides a level of thermal control

to the system, and gives it the functionality for the next step of the test. The specification of the

STC-1000 temprature controller is given in the followifigable 6-14:

STG-1000 Specification

Default lagtemperature 0.2°C
Default delaytime 5 min
Accuracy 0.1°C

Table 6-14 STCG1000 temperature controller specification

To avoid controller selbscillation a lagemperature and delay time could be set. Notice that the

default value of lagemperature and delay time was usedll tests:

The liquidcooled HPC system is undertaking academic jobs from staff and students which included
their research work. As a result the installation, activation and functioning of the temperature
controller should not be noticed by the useard aust not interrupt the ongoing works. So the

implementation of the controller was anexternal water loop pump, this would keep the system
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running for a short period when the installation has taken place. The sensor of the controller was
put to the iternal water loop / inlet section, which should be the water sectforebfieeding the

computer nodes. The diagram and photo of the controller are shown in the folfoguing 6-13:

Figure 6-13 Installation and functioning of SFOO00 temperature controller

Figure 6-14 liquid-cooledsystem layout diagramith the temperature controller higighted

Thereare?2 parts of the test: Firstly there is a leiegm test based on the reebrld / current state

of the system at the time. The primary ohijeebf the longterm changés toincrease the system
temperature without interfémng with the ongoing work of the system. Second pirta short term

test based on a benaimark test by changing / increasing the temperature with a given computing
load (StressLinux).

Long term thermal test
The long term test hadken place from 18/15to 135/15, a duration of 4 weeks / 28 days. The
controller temperature has been reset on every Wednasiiay)0 and keepthe system running
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