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Abstract

Improving the efficiencyof conventional akcooled solutions for Data Centers (DCs) is
still a major thermal managemermhallenge.lImprovements can beadein two ways,
throughbetter(1) architectual designand(2) operation. There are three conventional DC
cooling architecturega) roombased(b) row-based, an{c) rack-basedArchitecturegb)
and(c) allows a modular DC design, whete ITE is within an enclosureontaining a
cooling unit. Due to scalability andease ofimplementation, operational cost, and
complexity, these modular systems have gained popularity for many computing
applications. Howevethe yet poor insight into their thermal management lealisiied
strategieso scale the size of @C facility for applications gaining in importance, e.glge
and hyperscale.We improve the body of knowledge bycomparing three cooling
architecturebds power consumption.

Energy efficiencyduring DCoperation can be improved in two ways: (1) utilizing
energy efficient control systems, (2) optimizing the arrangemefitafFor bothcasesa
temperature prediction tool is required which can providetnes informationaboutthe
temperature distribution as a function of system parameterthafitE arrangement. To
construct such a prediction tool, weustdevelop a deegy understanding athe airflow,
pressure and temperature distribusi@nound the ITE and hotheseparameterghange
dynamically with IT load.As yet primitive tools have been developdout only for
architecture (alisted aboveThesetoolsare not trasferrable to other architectures due to

significant differences in thera-fluid transport.We examine theairflow and thermal
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transport within confined raskvith separated cold and hot chambers that employ cack
row-based cooling units, and then propose a paraffreetransient zonal model to obtain
thereakttime temperature distributions

Key words. Data centerdistributed coolingmethods row-based rackbased,

temperature prediction, power consumption, rack mountable cooing unit
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1 Introduction

Exponential growth in the use of information and communications technology (ICT) in our
daily lives has necessitated establishment of massive hardware infrastructure that support
them. This includedata centers (DCs), which house critical IT equipment (ITE). To house
the ITE, DCs must contain a plethora of supporting infrastructure, which may be broadly
classified into energy management and thermal management systems.

US DCs consumed about 70 billion kilowdtours of electricity in 2014, the most
recent year examined, representing [2]. percer
The energy density in DCs is at a minimum 10 times that of residential or office baildin
Since all the electrical energy consumed by the ITE is eventually dissipated into heat, the
thermal management system must remove this heat from the DC and release it into the
ambient air. While doing so, the ITE must be maintained within a desigrexdtiog
temperature range. Overshooting a maximum specified temperature negatively impacts the
operation and health of the ITE [2]. High temperatures, particularly variations in those
temperatures, reduce ITE life span [3]. In addition, hot spots catdd@i thermal shut
down [4]. Thus, cooling systems have a critical role in continuously maintaining the safe,
consistent, and reliable operation of DCE [5].

Nearly 40% of the energy consumed in a DC is used for cooling, which significantly
contributes towards operating costs [1]. Thus, an improvement in cooling efficiency would
have a major impact on the energy efficiency of DCs. Two main mefoo®C cooling

are air cooling and direct liquid cooling. Because of implementation difficulties, required
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infrastructure, and higher cost of direct liquid cooling, most of the current DCs employ air

cooling method.

1.1 Air Cooling
The majority of DCs employ air cooling systems to maintain desired operating conditions.
Air cooling is typically preferred becauséits proven high reliability, and lower initial
and maintenance costs as compared to other cooling methotisg Tleat removal process
occurs at different levels: (1) at the chip levedat sink removes the heat from the CPU
andtransfergt to the airflow passing over it, (2) at the device levi@ins provide steady
cold air flow to the heat sink, (3) at the room lev@mputer room air handler or
conditioner (CRAH or CRAC) providdhe cold air to the IT equipment, a@) finally at
thefacility level, chillers extract the heat to the outsidsually, an aikcooled DC contains
thousands of ITEs each having a cold air inlet and a hot air outlet, thereby making the DC
airflow distribution complicated. Designing and controlling these athgaffect the
cooling efficiency considerably. All acooling architectures are fundamentally described
by their [8]

- Heat removal method,

- Air distribution type, and

- Location of the cooling unit that directly suppliesdcair to the ITE (servers).
1.1.1 Heat removal method
There are 13 fundamental methods presented in Figliteywhich heat is removed from

servers antransferred tahe ambient
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1.1.2 Air distribution type

Airflow management in a DC is critical for maintaining high reliability and efficiency.
There are three basic approaches to distribute air in a DC: (a) Flositled flooded
supply and return air distribution system, the only conss&inthe supply ath return air

flow are the walls, ceiling, and floor of the room. This type of air distribution causes
significant mixing of the hot and cold air flows. (b) Targettirgeted supply and return

air distribution system uses a mechanism like ducts or peefibtile to direct the supply

and return airflow within a short distance (less than 10 feet) of the IT equipment intake and
exhaust. (c) Containedsing a contained supply and return air distribution system, the IT
equipment supply and return air flow é@mpletely enclosed to eliminate air mixing

between the supply and the return air streams.

Indoor heat exchange or  Transport QOutdoor heat exchange
transport fluid or transport

Chilled water ) nd. water  Cooling tower

Pumped | Chiller* | ciycol Dry cooler

refrigerant heat Chillediwatel - ‘RefrigeMCondenser

exchanger

Air-cooled

Refrigerant:
CRAC

Condenser

Glycol-cooled

CRAC Glycol

Water-cooled
CRAC

Condenser water

J
Dry cooler ]
Cooling tower ]

Air-cooled . -
self-contained Alr Air duct ]

Air duct Air

Data center
boundary

Roof-top unit ]

Figure1-1: Different heat removal methods that employ air cooling to transfer heat from
the DC to its ambient [8].
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1.1.3 Location of the cooling unit (Architecture)

There are three locations to place a cooling tivat supplies cool air directly to the IT
equipment, i.e.in the room, row, orack [8]: (a) roombased cooling, where cold air is
delivered directly to the room through arrangements such as raised floors and hot air return
plenums,(b) row-based cooling, where the cooling unit is located between IT racks or
mounted above them, thus delivering cold air to a row of rackg,cnalck-based cooling,

where the cooling unit is integrated entirely within a single IT [8k[9]. These lhree

architectures are demonstratedrigure 1-2.

Room-based

Figure 1-2: Three locations to place a cooling unit (architecture) that supplies cool air
directly to the IT equipment
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In order toprevent formation of hot regiongsually thesetpointof the coolingunit
is setlower thanthe IT requirements-igure 1-3 demonstratesin example ofworking

temperature for aair-cooledDC system from chiller to rack

Location Medium Temperature [°C]
Supply Return
Chiller Water 10-13 15-18
CRAH Water 10-13 15-19
CRAH Alr 15-25 30-40
Rack Air 17-27 35-40

Figure1-3: Working temperature for different components of air cooled DCs [10].

1.1.4 Recirculation and bypass

Two major air distribution problems identified in DCs are bypass and recirculatipn [10
[11], as illustrated in Figurg-4. If the cold air supjéd to the ITEis insufficient, the hot

air exhausted from servers is recirculated to the ITE inlets by the fans inside the servers,
increasing the overall inlet air temperature. Bypass occurs when part of the cold airflow
returns to the cooling unit without contribugiat all to server cooling [4[7], [12]. These

two problems reduce the cooling efficiency, which leads to localized high temperature
regions eablted. iMoni mi zing these two phenc
more effective cooling and therefore reduced energy consumption. Recirculation and
bypass are differently manifested in the three conventional DC cooling architectures.
Although reducing theair supply temperature or increasing airflow can solve these
problems, both methods require more energy. Usually, the amount of cooling air used in
DCs is 2.5 times the required amount [6]. Any solution for efficient cooling must therefore

consider thermatonditions and energy cost simultaneously. Servers are typically mounted
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into theracks such thatold air is providedin front of the rack and hot air is exhausted at

the back. This orientation is imposed on all racks in a row. Additional rows are added

that the backs of racks in two rows face e:
fronts of the racks in two rows face each
introduced in 1992 by Robert Sullivan at IBM, increased coddiifigiency by reducing

the recirculation and bypass [13].

1.2 Limitation of traditional (room -based) air cooling

As the power density of ITE increases, resulting in higher heat generation, disadvantages
of air-cooling manifest more significantly. Heat gengoa in a DC is never constant,
neither spatially nor temporally. With traditional coolicgnfiguration it is impossible to
selectively cool specific areas and components of the DC with air. $liffeeent
components have different high temperature rémlees, certain components are
undercooled and may become prone to damage caused by high temperatures even as other
components are overcooled leading to energy wasie [[14]. Second, lack of airflow
control results in hot and cold air mixing, which @atount for 30% loss in the efficiency

of the cooling system [11]. Third, cooling units operate yeand and do not fully utilize

cold external conditions during cold seasons and nights [16]. Fourth, since air has a low
thermal diffusivity, a lower airamperature is needed for the effective forced convection

heat transfefl5], requiring a higher energy expenditure in the refrigeration cycle.



Ph.D. Thesi$ HoseinMoazamigoodarzivicMasterUniversityi MechanicaEngineering

Recirculation - hot air that is re-used
a) without passing the cooling unit

Hot
corridor

Cold
corridor

Bypass - cold air that is not
b) used to cool equipment

Cold Hot
corridor corridor

| ]

Figure 1-4: : Two major air distribution problems identified in a DC: a) recirculation
through which airflow supply to the equipment is insufficient and part of the hot air is
recirculated by fans inside the equipment, and b) bypass air which requires a higheflow ra
or promotes cold air leakage to the hot zone without passing servers

1.3 Direct liquid and two-phase cooling
With direct liquid cooling, heat sources like microprocessors are maintained in direct

contact with cold plates that are themselves in contact with a circulating coolant. By using
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direct liquidcooling, two of the main thermal resistances between heatesand ambient,

i.e., heatsink-to-air and aifto-chilled water, are eliminated. The thermal resistance of
liquid cooing systems is lower than 20% of the thermal resistance fopaling systems.
Despiteits potential, the adoption of direct liquid cow is limited due to concerns about

(1) potential damage to electronics through water exposure, (2) complex plumbing
requirements that make it difficult to withdraw or place a server readily in and out of a rack,
(3) complete redesign of existing servardware to accommodate cold plates, which is an
impractical proposition, considering the billions of dollars of sumkvestment in existing
operational servers [2]. The need for an effective cooling solution for devices with higher
energy loads is onesason to implement twphase cooling systems in DCs. Boiling
increases the convection heat transfer coefficient and enables an increase in the heat flux.
Thus, direct twephase cooling can provide a higher heat flux with a lower mass flowrate
and pumping pwer as compared to singidase cooling [17]. Twphase cooling can also
provide a more uniform equipment temperature [2]. However, the adoption -qihtsge
cooling is also limited because the same problefrdirect liquid cooling applyto this

method a well.

1.4 Performance metrics

Performance metrics are used to (1) evaluate opportunities to improve the energy efficiency
of DCs and design approaches, and (2) compare DCs with each other. Because of
complexity of DCs, there is no singtemprehensive metric that captures all the relevant
aspects. The mossed metric foDC energy efficiency is the Powelsage Effectiveness

(PUE)defined by The Green Grid Associatidr8], [19]:
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In the two aforementionedmetrics, the IT equipment energy consumption is

summation of the energy consumption of all the computing equipment. The total facility

energy is the IT equipment energy consumption plus the energy consumption of everything

that supports thBC operatione.g., the energy consumption of the electric power delivery

and cooling system componen¥alue of 10 for PUEIndicates 100% efficiencyThe PUE
and DCIE are associated with tB€ infrastructure and do not reflect the productivity of

the IT equipment.
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2 Literature review

2.1 Improving thermal performance and cooling energy efficiency
Energy efficiency of a DC is one of the most important factors for evaluating its
performance. Since thirty percent of this energy consumi#tiattributed taooling,most
of the studiesfocused orincreasng the energy efficacy otooling cycle. Several fact@
are required to be optimized for reducing the cooling energy consumpbatrol system
of the cooling systems as one of these factors have been studied in the literature. Bash et
al. [20] tried to adjust the air flowrate and supplied cold air temperéty changing the
setpoint of cooling units. They developed a cascaded control concept that uses different
sensorsSalient findings show thdhe cooling power consumption can be reduced up to
fifty percent. Controlling the cooling units with variableduency drive (VFD) to improve
the cooling energy efficiency has been investigated in multiple studigs[?2]. New
control algorithms have been proposed to control the local temperature distribution by
deploying controllable vent tiles, resulting iniemprovement in racks inlet air temperature
[23]-[25].

Another way tamprovethe cooling energy efficiency is thermal aware workload
management. A concept distributingtheworkload between serveirs orderto maintain
a uniform inlet aitemperature distribution was propodeg Sharma et a[26]. In this
study two workload management approaches were investigatedrqd}tmased thermal
management toemovelocal hot spotsand(2) aregionatbasedhermal management for

reducinglarger hat regionswhich may bedue toa CRAC failure.Moore et al. 27]

10
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developedwo heuristicsbased thermal aware workload management algorigimaing
the possibility of reducing the cooling cost by using workload manageifreeryg.et al[28]
proposed a task scheduler to minimize the hot air recirculafio@incoming tasks are
distributedin a waythat the temperature at the sepiatet ismaintain& below a defined
threshold while the ©ld air supply temperature is maximizddifferent thermal aware
workload management algorithms that employ an abstract heat flow madelbeen
investigated to improve the cooling energy efficier®Y{[31]. Shrivastava et al3p] used
a genetic algorithm in combination with a neuratworkbased algorithm to optimize the
cooling performance of a group of servers.

Optimizing the physical parameters of A€ room is another areaf improving
the cooling energy efficiencylhe effect of parameters such gegs between the racks,
underfloor obstructions, plenum height and open area of perforated tiles on the cooling
efficiencywasinvestigated and guideline for each parametasprovidedby Patankar et
al.[4]. Nada et al.33] investigatedheeffect of cooling unit layout arrangement on thermal
performance of DCsSchmidt et al. 34] studied the effect of physical parameters
includingcooling unislocation in the room, rasldensity, racks layout, and gaps between
racks on the temperature aad distribution deficiencyThe dfect of climatic condition
andDC location on the power consumptiaras examined by Song et al. [3Bju et al.
[36] evaluatedthe effect of enclosed aisle on cooling efficiency and temperature
distribution in small scal®Cs and showed that enclosure improves the energy efficiency.
Cho et al. B7] presented analysis of the economic performance of seven cooling strategies

which arethe combinabns of widely used DC cooling systenigengar et al. 38|

11
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developeda power consumption calculator f@Cs and thernnvestigated the effect of
chiller setpoint and outdoor air temperature on the power consumption and cooling energy
efficiency. A comprehensive cost model fBIC ownership and operationas developed

by Patel et al. [39]This modelevaluatesnefficiencies in theDC infrastructureand shows
costimprovementpossibilitiesdue toimplementation ofsmartcooling techniquesnd
strategiesHuang et al.40] investigated the temperature distribution in 3 airflow patterns
for a typical DC by computational fluid dynamg (CFD) simulation. The cooling
performanceof theseairflow patternswascomparedusingindices like Index of Mixing

and Return Temperaturedex.

Despite the intuitive logic that predicts improved airflow distribution with-ramd
rackbased architectures over rodrased systenid1], the mechanism of the reduction in
cooling energy consumption has not been explaimbd. literature related toptimizing
the DC coolingpower consumptiothat discusses the influence of workload distribution,
ITE configurations, cooling unit layouts, aisle separation and containment, and physical
dimensions on cooling system efficaty generally limited to roonbased cooling
applications. These prior investigations do not identify how changing the cooling

architecture influences airflow features and the energy consumed by cooling systems.

2.2 Thermal modeling and temperature prediction ofDCs

DC temperature prediction tools are required for design, control, fault prediction, and
thermal aware workload management. Thermabes are necessaryo examineDC
designs anevaluatechanges to thBC beforeimplemenation Patel et al.42] discussed

theimportanceof this topicfor high power density computer roomsseriesof DC thermal

12
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simulations that used CF&re reviewed by Rambo and Jopt8]. The applications of the
reviewedmodelsvaryfrom air flowrateprediction ottheperforatedioor tiles toevaluating
the efficiency ofdifferentDC coolingstrategies and configuratiansalidation studies for
CFD simulations of DCs are not widely providedthe literaturedue tothe complexity of
the air flow and temperature distribution in DCs

A large pool of literature reports extensieFD simulations for specific
componentof DC cooling systemSchmidt et al. [4] predicted the air flow through
perforated floor tiles usingxperimentally validate@€FD modeling Further, itwasused
to study the effect of tile open area and raised floor heights on the airflow and temperature
distribution Gondipalli et al. [8] developed transient CFD simulations ustransient
boundary conditions te@apturethe fluctuations of rack inlet air temperatunghout
experimental validatiorShrivastava et al. B} compared experimental measurements and
numerical simulation resultsif a large DC. The reported meafrabsolute difference was
4°C with a standard deviation of38C. The higher deviations from the experimental data
were in the area with higher IT load density.

In CFD simulationreportedin the literature, usually the Ifacks are considered
simply & ablack box that adds heat to the system. The airflow efntarsthe front of the
server and then reappeatshe back of the server rack wahappropriate increase the
temperaturelt has beennvestigatedvhetherthe simplified modeling of the server racks
in the CFD causes a considerable deviation from measureanerg47]. The mentioned
method of modelindnas been comparedth a more detailed modelg methodto seeif

the temperature aradrflow in aDC isinfluenced because of tkenplified server modehg.

13
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It is reportedhat theras not a considerable deviationthe results obtained by the different
servermodelingmethods[47]. 'Q - model is wellknown in the literatures a suitable
turbulence moddior DCs |7]. It is demonstratethat buoyancy should nsideredn
theDC CFD simulations £8].

Rambo and Josh#f)], [50] developed temperature prediction toolng proper
orthogonal decomposin (POD). Samadiani et g51] predicted the DC temperature
distribution as a function of cooling unit air flowrate ustdajasetsobtainedrom a group
of temperaturesensos andvalidatedby experimental measuremenie averagerror
was Q7°C, with a limited number alatapoints.They also presented?DD-based reduced
order model $2] with enhanced fluxnatching proces€Reducedordermodels have also
beenemployedor transienDC temperature predictioror exampleGhosh and Joshb§]
proposeda reduced order modeling framewark transientDC temperatureprediction.

Such statistical technique employs energy balance equations in conjunction with heat flux
and/or surface temperature to generate a thermal model. This method has poor
extrapolative accuracy when prediction is beyond the input parameter state.

Hamann et al. [4 developed a model by combining measurements obt&ioed
a 3D mapping technology and rdmhe sensor data. They used this concept for
implementing an interactivenergy management solution.

Employing machine learning method especially artificial neural network (ANN) to
predict DC temperature and airflow distribution is well established in the literature. These
models need a dataset usually generdeigh CFD simulations or experiments to train

the mode[55]-[60]. Datadriven models are usually coupled wathlackor gray box zonal

14
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modelng to predict temperature and airflow rate in a DC. Many studies have used black
box machine learninbased moels for thermal prediction of DJ$5], [56], [61], [62].

Black box datadriven modeling has been employed because of its ragadityhe physical
aspects of the systeanetotally ignored in this method. Gray box datdven modeling is

a more intelligent method thagrtially captures the internal physic§63]. Li et al. [64]
developedh 2D gray box zonal model fredictthe temperaturdistribution attheservers

intake for a raisedfloor DC, wherethe required data for this model were obtained
experimentallyA rapid CFD and lumped capacitance hybrid model can predict server inlet
temperaturdluctuationsdue to transient events, such as server shutdown, chilled water
interruption, and failure of the computer room air hand|é&. However, the model
requires CFD simulations for each case to determine unknown parameters and index values.
As another exampl@ threedimensional pressurized zonal model for rebased cooling

with a raised floor can be employed to predict the temperature distrilpg@lotere the
characteristic dimension is typically limited 1 m, which is too large to accurately
predict temperatures at server inlets. Furthermore, the model requires information about
mass flowrates through computationally expess<CFD simulations. In both examples,
obtaining reatime temperature distributions is unfeasible.

With both POD, and all machine learning approaches, empirical parameters must
be trained using sample datasets that are obtained either from CFD simsulation
experiments. This poses two challendésst, the development of training datasets that are
statistically significant is nontrivial. Based on the numbers of input and output parameters,

the corresponding number of simulations can easily range Ba63-10° requiring

15



Ph.D. Thesi$ HoseinMoazamigoodarzivicMasterUniversityi MechanicaEngineering

computational time of the order of days for typical 3D DC simulations, as well as dedicated
access to supercomputing clusters. Performing so many specific experiments is also
generally impractical. The second limitatisrthat test data are similar to the training data.
Hence, when the physical configuration differs from one used to obtain training data, the

algorithms must extrapolate, which degrades performance and reliability.

2.3 Metrics and performance evaluation
Multiple performance metrics and guidelines have been proposed fd6DIC&herean
overview of themwas provided by Schmidt et al. §8]. They concluded there is a
considerable potential to save energy in DC cooling because most of the DCs require
cooling paver consumptiomip to fifty percent otheir ITE load. To daso, thermal datafo
DCs should be analyzed, correlated and understood.

The American Society ofleating, Refrigerating and Ai€onditioning Engineers
(ASHRAE) has published guidelines for DCs whete widely accepteid theDC industry
as a reference. The ASHRAE 2011 Thermal Guidelif6&® recommends that the
temperature at the intake of servensuldbe in the rangef 18°C to 2'PC. Dimensionless
parameters for thermal design and performance evaluation of large DCs are proposed by
Sharma et al.70]. To provide better understanding about convective heat transfer in DCs
they proposedwo main indices, i.e.Supply Heat Index (SHI) andReturn Heat Index
(RHI). Herrlin [71], [72] and VanGilder et al.7B3] proposed additional metrics foDC
thermal performancevaluaton at the rack levelA summary ofthermal metrics for data
centers reviewed b@apozzoli et al.74] is provided in Table2-1. More detailedsuch as

formula can be found irvf].
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Table2-1: Summary othermal metrics foDCs.

Index Information provided Input Measures Benchmark
SHI Recirculation extent within Airflow supply, inletand outlet Target 0
cold aisles temperatures Good <0.2
RHI Effectiveness utilization of colc  Airflow return, supply and outlet Target 1
airflow temperatures Good >0.8
] L ) . Ideal: 100
. Rack cooling condition in Rack intake air temperatures
n Ag o Good: >96
respect of cold threshold value distribution
Poor: <90
] o ) . Ideal: 100
W Rack cooling condition in Rack intake air temperatures
n As o Good: >96
respect ohot threshold values distribution
Poor: <90
Presence of recirculation anc  Local airflow inlet supply and
. Target: O
Index over heating outlet temperatures
NP Airflow infiltration into Airflow plenum, supply and returr
underfloor plenum temperatures
o ) Ideal: O
Bypass extent within data  Plenum airflow, return and outlet
BP Good: <0.05
center temperatures
Acceptable: 0.09.2
R Recirculation extent within Airflow supply, inlet and outlet Ideal: 0
cold aisles temperatures Good: <0.2
RTI Presence of recirculation or  Airflow return, supply and outlet Ideal: 100
bypass phenomena temperatures Good: 95105
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3 Problem statement and esearch objective

Row- and rackbased cooling architectures for DCs have been made available only recently,
especially for high density DCStudies comparing the benefits of Hdased wih room

based cooling architectures are scarce and only provide qualitative comparisons of the
reduction in average air temperature which is difficult to translate readily in terms of total
system energy consumption. Extensions of these results to enclaskthased
architectures, and comparison with recoamd rowbased architectures are not reported
widely in the literatureTherefore, the first objective of this research is comparing the
characteristic airflow and temperature distributions for the thoeem, row- and rack

based, cooling architectures using computational fluid dynamics (CFD) simulations that

inform thermodynamic models of cooling power consumption.

The dynamics of airflow in roorbased cooling architecture, which is widely
reported in tk literature, is inertia dominated. However, roand rackbased cooling
architectures with enclosure have pressimreen flow field. Thereby, it is essential to
characterize the transport dynamics for enclosed distributed cooling architeGtuees.
second objective of this research is to develop an understanding of airflow, pressure, and
temperature distribution within a confined DC environment that employs rack mountable
cooling units (RMCUSs).

Any effort to improve thermal performance of DCs, e.g., thermal aware workload
distribution, employing moddbased control methods, and fault detection requires a real

time temperature prediction tool. Developing temperature prediction tools for enclosed
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DCs with row and rackbased cooling architectures is another undiscovered area in
thermal management of DCs. The available temperature prediction methods have four
main limitations: (1) they are only applicable to traditional DCs, (2) they are data-driven
based requiring a large number of sample datasets obtained either from CFD simulations
or experiments, which increases the computational or experimental(8psthen the
physical configuration differs from the one used to obtain training data, thelafhg®must
extrapolate, which degrades performance and reliability, (4) they cannot capture all
effective parameters. Therefore, the third objective is to propose an original patfueeeter
transient zonal model to obtain reahe temperature distributiomsside a typical DC that

is confined within an enclosure cooled by raw rackbased cooling units with separated

cold and hot chambers
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4 Influence of Cooling Architecture on Data Center

Power Consumption

This chapter is reproduced frdimfluenceof Cooling Architecture on Data Center Power
Consumption, Hosein MoazamigoodarziPeiying Jennifer TsaiSouvik Pal, Suvaoijit
Ghosh and Ishwar K. PyrPublished in Energy, 201%he author of this thesis is the first

author and the maicontributor of this publication.

4.1 Abstract

Almost thirty percent of the power consumed by data centers (DCs) is attributable to the
cooling of I'T equipment (I TE). There are
considering alternatives to tradmal cooling methods, which experience inherent airflow
deficiencies due ttot air recirculation and cold air bypass. Minimizing these two air
distribution problems results in more effective cooling, but the two effects are manifest
differently in the tihee conventional DC cooling architectures, {(@.roombased(b) row-

based, andc) rackbased cooling. Despite the intuitive logic that predicts improved
cooling air distribution within row and rackbased architectures that include shorter
airflow pahlengths compared to roebased systems that have longer paths, the
mechanism through which improvements translate into energy savings is not well
understood. Therefore, we present methodologies that resolve the characteristic airflow and
temperature digbutions for three cooling architectures using computational fluid
dynamics. These results inform thermodynamics models of the power consumptions that

are required to cool these three architectures. The analysis reveals ttatdoackbased
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architectues reduce cooling power by much as 29% over a +#ioased architecture.
Adding an enclosure within rovand rackbased architectures to separate the hot and cold
airflows provides further 18% reduction in cooling power. This analysis facilitates better

DC design from a cooling power consumption perspective.

Key words: Data Center, Distributed cooling, power consumption, feaged,

Rackbased.

4.2 Introduction

The electrical power consumed by the IT equipment (ITE) in a data center (DC) is
converted into heat, which must be removEus heat removal is typically equivalent to
almost thirty percent of the power consumed by a[D|C[4]. Although liquids offer
significantly higher heat transfer capabilities, most DCs use air cooling due to the
simplicity of its application and handlifd]i [5]. An air-cooled DC can contain thousands

of ITE items, each with a cold air inlet and hot air outlet, thereby making airflow
distribution inside a DC complg&]. The design and control dfdse air paths significantly
influences the cooling efficacy.

Air cooling has two major distribution problems, hot air recirculation and cold air
bypasq7]i[9]. When cold air supply to the ITE is insufficient, that air exhausted from
servers is recirculated to ITE inlets by fans inside the servers, increasing the inlet air
temperatures. Bypass occurs when a portion of the cold airflow returns to the cooling unit
without contributing to server cooling. While minzing these air distribution issues leads
to more effective cooling, simultaneously reducing the energy consumed for cooling, the

two effects manifest differently in the three conventional DC cooling architectures, namely,
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(a) roombased cooling, where ablair is delivered directly to the room through
arrangements such as raised floors and hot air return plefloymew-based cooling,
where the cooling unit is located between IT racks or mounted above them so that cold air
is delivered to a row of rackgnd (c) rackbased cooling, where the cooling unit is
integrated entirely within a single IT raf, [10].
A DC cooling system must accomplish two tasks simultaneously, )egr(iove
heat from hot air issuing from the ITE and (2) distribute cold air to it. For+aom and
rackbased cooling architectures, the first task is identical since the cooling system capacity
must match the total power consumed by the ITE. The ddesk, distribution of cold air
to the ITE, is however performed differently for rogmow and rackbased cooling.
Airflow paths are shorter and more predictable for-ramd rackbased architectures than
for roombased systems since they are isolatechfroom constraints in the former case.
Despite the intuitive logic that predicts improved airflow distribution with-ramd
rackbased architectures over rodrased systeni§],[11], the mechanism of the reduction
in cooling energy consumption has not been explained. This analysis is required if DC
operators are to make informed decisions while selecting a particular DC designer. The
literature related to DC power consumptiamd cooling optimization that discusses the
influence of workload distribution, ITE configurations, cooling unit layouts, aisle
separation and containment, and physical dimensions on cooling system efficacy
generally limited to roonbased cooling apmations[12]i [25]. These prior investigations
do not identify how changing the cooling architecture influences airflow features and the

energy consumed by cooling systems.
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Studies comparing the benefits of Kpased solutions with rooimased cooling [6],
[11] are scarce and only provide qualitative comparisons of the reduction in average air
temperature at server inlet and of the return temperature index, both of which are difficult
to translate readily in terms of total system energy consumption. Exterdithese results
to enclosed rackased solutions, such as the inclusion of a rack mountable cooling unit
(RMCU) within each enclosed IT rack, and comparison with room andbesed
architectures are not reported widely in the literatihes lack of guidance is significant
considering the rapid emergence of single rack data centers for edge computing, where
rack mountable cooling solutions offer a more attractive deployment and maintenance
choice. Therefore, we compare the charactemstiow and temperature distributions for
the three, room row and rackbased, cooling architectures using computational fluid
dynamics (CFD) simulations that inform thermodynamics models of cooling power

consumption.

4.3 Methodology

We consider a 200 kWC room that employs air handler units (CRAHS), water to air heat
exchangers, fans, valves, and enclosures for which the heat rejection map is shown in
Figure4-1. Cold air flow through the servers transfers heat to the CRAHS, cold water flow
in the CRAHsextracts heat from the DC room and transfers it to acoailed chiller, while

the chiller releases the heat to the ambient. There are other possibilities for implementing
cooling, e.g., using a wateooled chiller and cooling tower instead of arcmoled chiller,

or placing the refrigeration cycle inside the DC room in the form of an air conditioner, but

these are not considered herein. While the selected configuration may not be the most
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energy efficient for all possible cases, our purpose is to amnihe cooling power
consumption by the three different cooling architectures. Such an overall analysis is
independent of the specific choice of cooling configurati@ertainly, some of the results
would change by considering other cooling strategiesuging CRACs instead of CRAHs

but considering all possible cooling strateggesot withinthe scope of a single study. For

this reason, we compare the architectumsed power consumption for chilled wabased

DCs which are commonly used around thedvd-urthermore, regardless of the cooling
strategy, whether CRAH d€RAC, two parameters with most influence on the cooling
efficiency are the same for different cooling strategies, i.e., (1) the required cold air
flowrate and (2) the difference betweelet cooling unit setpoint and maximum server
intake temperature. Even by considering just chilled water based DCs, we are comparing

the effect of DC cooling architectures on these two parameters which are not dependent on

the type of cooling system (CRAH GRAC).

Ambient

Figure4-1: Heat dissipation route from the heat source to the ambient.

For a selected configuration, the primary energy consuming components include (1)
server fans, (2) CRAHs blowers, (3) chilled water pumps and (4) the chiller. Iltem 1 is
similar for the three architectures while item 3 consumes at most 3% of total camliag p

[26] so that even for a 30% difference in water pumping power, the difference in total
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cooling power is Iss than 1%, which is negligible. Thus, we only compare items 2 and 4

above for room row-, and rackbased cooling.

To calculate the energy consumption of the CRAH blowers and the chiller, we must
determine (1) total heat rejection from ITEs (assumectad®d kW), (2) total CRAH air
flowrate and CRAH (3) setpoints, (4) return air temperatures and (5) chilled water
flowrates, (6) chilled water temperature entering these CRAHSs, and (7) the ambient air
temperature. To compare the three cooling architecturessonsider the two scenarios
presented in Tablé-1 with the restriction that all server intake air temperatures are lower

than 26.5°C.

Table4-1: The two scenarios use to compare cooling architecfvgis/30].

CRAH air
flowrates

Scenario] CRAH setpoints Maximum inlet air temperature of serve

1 Same for three | Different for three 26.50C
architectures (17°C|  architectures '

Different for three Same for three
2 . i 26.5°C
architectures architectures

Since the setpoint is specified for scenario 1, the CRAH air flowrates and their
return air temperatures are determined using CFD. For scenario 2, the CRAH air flowrate,
which is identical for the three architectures, the CRAH setpoints, and their return a
temperatures are also determined with CFD. For both scenarios, the chilled water flowrates
in the CRAHSs and their water inlet temperatures are calculated using tfie"Y Wethod
by specifying the type and size of the heat exchanger inside these CRAgH80m, row-,

and rackbased cooling architecture for the DC room case study are shown in &gure
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All configurations considered in this section are uncontained and there is no enclosure. The

effect of enclosure and containment is considered ifatbe section.

Roqm-based . Racks of servers In-row Racks of servers
perlmeter units Cooling ks

b)

Racks of servers

Figure4-2: Geometry of three architectures for the case study DC room: a)lrased, b)
row-based, and c) radkased. All configurations considered in this sectioruamntained
and there is no enclosure.

4.3.1 CFD simulations

The CFD simulations are performed using ANSYS Fluent with the temperatures and
turbulent flow field modeled through the energy equations and the real@2ablemodel,

which is the most commonly used turbulent model in data center modiglifig36]. A

grid independence analysis is performed to ensure the minimum node count required for
accuracy. Three meshes, coarse, medium, and fine, are investigated with node count of 1.6
million, 2.3 million, and 4.7 million, respectively. The fine mesh is selecte@lfahe
simulations based on the root mean square of the temperature differences for 43 monitoring

points to be less than 1°C [37]. Whereas the IT load is included in the simulation, the heat
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load of the building, being a small fraction of the IT loadeglected. The simulation for
roombased cooling includes three CRAHs in a DC room that has a raised floor design.
Cold air from the CRAHSs passes through the underfloor plenum, entering the room through
perforated tilesWe are aware of the additional memum source whemodeling
perforated tiles [38]. In order to capture it, additional designated zones on top of the tiles
with aheight usually equaling that of the ungack gap musbe defined The perforated

tiles are modeled as porous zones to acdourhe resistance without introducing regions

with a momentum sourc&/arm air exiting the servers returns to the CRAHs through the
hot air plenum placed above the room. The racks are arranged in four rows. Each row
consists of 10 racks with individuakat loads and airflows. The backs of two adjacent
rows, from where hot air leaves the servers, are placed facing each other, leading to two
hot aisles and three cold aisles. Each rack has an IT load of 5 kW distributed over 20 servers
and an airflow ratefd.394 j i, where each server consumes 0.0495i [39]. For row

based cooling, twelve CRAHs are employed in the DC room with three CRAHS per row.
The cold air release from the CRAHSs flows directly to the cold aisle through their front
panels and draw in hot air from the hot aisle through their back panelsadkdrased
cooling, each rack is equipped with a single CRAH, resulting in forty CRAHSs in the DC
room. The CRAHSs release cold air directly in front of servers through their front panels
and draw in hot air from the backs of the servers through their baeksp&or all three

cooling architectures, the IT load and airflow are similar for a server rack.

The racks arenodeledusing a recirculation boundary condition, which employs

the first law of thermodynamics to determine the rack exhaust temperaturednaaed
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specified heat load and flow ratecirculation boundary conditida applicable when a
specific amount of heat is removed by a volume that emulates a device whose airflow is
known a priori. This type of boundary condition is implemented in pairs, i.e., for every
recirculation inlet boundary of the domain, there is &catation outlet associated with it.

The exhaust hot air temperature, which depends on the heating load and flowrate inside the
domain as well as the temperature of the cold air supplpptained from the CFD
simulationsCooling units arenodeledas mas flow inlets and pressure outlets for the cold

air supply zones and return air zones, respectively. Fatéaelystateanalysis, cooling

air flow rates, rack flow rates, rack heat loads, and supply air temperatures are fixed.
Uniform airflows are appdid at the rack and cooling unit inlets and outlets to focus on the
macroscopic analysis of the different data center cooling architeclireslearance or

gap between the bottom of the rack and the floor may cause air leakages if not properly
sealed, andack manufacturers apply various measures to ensure that this leakage is
minimized [40]. Since the geometrical simplification omitting the unrdek gap region

has widely accepted [31], [32], [3f37], we have followed the same approach to perform
CFD smulations to conduct likéor-like comparisonsFor containments, twch gaps
between racks with depths equal to those of the racksasidered due to the noticeable
pressure differences between the hot and cold containments. These gaps are amodeled

porouszones (Figurd-8) using the powelaw model for the resistance,

Qn 0 Ws
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Where'Q ndenotes the pressure drop across the porous aohthe velocity
magnitude, andhe empirical coefficient€Co=11 and C;=1.15 are determinedrom our

experimental results.

To validate the accuracy of the CFD simulations, experiments are performed for
one specific configuration [41]. The validation case comprises five IT racks and-two in
row cooling units that are contained @iy enclosureThe positions of the CRAHs and IT
racks, IT load of each rack, CRAH air flowrate and their setpoints are presented in Figure
4-3. The deviation of CFD temperature predictions from experimental measurements is
defined by Y “Y . Hgure4-4 demonstrates for various locations in the front
and back chambers, for which the maximum values for the front and back chambers are
0.6°C and 1.7°C, respectively. This confirms the relevance and accuracy of the CFD

simulations. Thénigheri in the back chamber arises due to the obstructing cable bundles

there, which are not considered in the simulations.

‘ _ In-Row

z

In-Row Rack 1 Rack 2 Rack 3 Rack 4 Rack 5 AHU #2
AHU#L | 35kw) | (3.2kw) | (akw) | (33kw) | B3kw) | oo o
930 CFM

18°C

—
—_—

- 18°C
G—

X

Figure4-3: Configuration of the validation case (front view), includimgp CRAHs and
five IT racks, ITloadof each rack, aiflowrate of the CRAHs and their setpoints.
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Cold Aisle Hot Aisle

Rl R2 R3 R4 R5 °C

(]

Y (m)
Y (m)

1.5
0.5

05 1 5 25 3 05 1 a5 2 25 3
X (m) X (m)

Rl R2 R3 R4 R5
15 2

Figure4-4: The values otl at differentlocations in the front and back chambers.

4.3.2 Chilled water temperature and flowrate

After determining the air flowrate, supply air temperature, and return air temperature for
each CRAH from the simulations, the chilled water characteristics, e.g., water flowrate and
water inlet temperature can be calculated. CRAHs contain an air toheateexchanger

to extract the heat from the warm air. To calculate the required water flowrate and inlet
temperature, the sizes of the heat exchangers, types of heat exchangers, and characteristics
of heat exchanger fins must be known. Since optimizatidreat exchanger size and fins

for CRAHs would greatly increase the complexity of this study, we use fin characteristics
and the sizes of heat exchangers that are currently available in the market. The required
steady state water flowrate and inlet tempegare calculated using the O “Y Wethod.

Heat exchanger details, such as size, fin type and water flowrate, are presented4n Table
2. The water flowrate is specified based on available cooling units and the water inlet

temperature is calculatedtwithe- 0 "Y'Wethod [42], [43].
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Table4-2: Heat exchanger characterizatidd],[45].

Heat exchanger | Heat exchanger| Water flowrate

Architecture

type size @ ) (@ ji)
Finned tubewith
Room-based louvered fins ™ T p® T ¢& L 0.0032
Finned tubewith
Row-based louvered fins T T T T 8 T 0.0009
Rack-based Platefin with WU T T T G 0.0004

straight fins

4.3.3 Power consumption

The power consumed by the refrigeration system in the chiller is a function of the heat load
at its evaporator, the temperature of fluid entering the condenselesired set point
temperature of the water leaving the evaporator, and other operating and design parameters
including the loading of the chiller with respect to its rated capacity. While there are several
analytical models available in the literature laiacterize chiller operation, the Gor@lon

Ng model is selected for its simplicity and ease since readily available data can fit model

coefficients.The GordoinNg model has the forij26],

W OO OO Ow,where (4.1)

© Yjo, (42)

® Y Y'Y O, (4.3)

® P60 p O j"Y,and (4.4)
® p6O0 p  YY p (45)

The COP, or coefficient of performance, is the ratio of the evaporator heat load to
the electrical power consumption by the compresééhand”Y denote the fluid

temperatures in units of K entering the condenser and leaving the dvap@spectively,
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and the chiller heat load expressed in kW isData ford , COP,”Y, and"Y areobtained

from manufacturer test information for a s200 kW chili] for the chiller model,

W e Y®wE T8XAE. (4.6)
Equation 4.6) allows us taletermine the compressor power consumption once the

total cooling load, evaporator temperature and condenser temperature are known.

Based on commercially available CRAHs, fans are selected for the three
architectures, details for which are presented inl€T&t8. Manufacturer information is
available for fan curves and fan power consumption in the form of data sheets that provide
relations between power consumption, pressure drop, and air flowrate. The pressure drop
across the heat exchanger inside the CRAtdn be determined based on the fin
characteristics, air flowrate, heat exchanger size, and pressure drop correlations. Thereafter,

using the fan data sheets, the total power consumption of the fans can be calculated.

Table4-3: Fan characteristid4 7]i [49].

Number of
Maximum air
Architecture fans per Fan type Section aread( )
flowrate @ ji)
CRAH
Room-based 3 ECbackward curved | 1@ O U1 O TI 4.25
Row-based 5 ECbackward curved| T& L UTI® L L 0.57
Rack-based 3 DC, Axial T O TITP O TT 0.24
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4.4 Results and discussion

4.4.1 Airside parameters

The air flowrates required and the average return air temperatures for all cases are
calculated from the CFD simulations and presented in #a#leThe results presented in

this section ardor uncontained architectureBor scenario 1, changing the atelsture

from room to rackbased, the airflow required of the CRAHSs decreases by 50% because
the cold air path from the cooling unit to the ITE is shortened. The respective path lengths
are (A) ~10 m, (B) ~1 m and (C) ~0.1 m. For casé,Ahe air flowrateof the CRAHs

should be increased to remove hot spots and maintain the inlet temperatures for all servers
lower than 26.5°C. Distributed cooling architecturesl(8nd G1) require lower cold air

flowrates.

For the second scenarimoving from room to radk-based cooling allows the
CRAH setpoint to increase by& Sincedistributed cooling architectures require lower
cold air flowrates, maintaining the same air flowrate for all architectures results in an
oversupply of cold air for casesBand G2. This extra air flowrateproduces higher
pressures at server inlets than at their exhausts, eliminating recirculation. This increases
bypass and produces a more uniform temperature profile in front of servers, eliminating
undesirable hot spots, allowing highdR&H setpoints, thus reducing cooling cost. Figure
4-5 demonstrates the differences in the required air flowrates and setpoints for the three

cooling architectures.
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Table4-4: calculated air flowrates and tesrptures by CFD for three architectures under
two scenarios are presented.

CRAH air Maximum air Average return air
CRAH
Case | Scenario| Architecture flowrate temperature at temperature to the
setpoint (°C)
@ ji) serveros CRAHSs (°C)
A-1 1 Roombased 17 26.6 26.5 23.4
B-1 1 Row-based 17 18.8 26.5 26.3
C-1 1 Rackbased 17 134 26.5 29.8
A-2 2 Roombased 15 18.8 26.5 24.3
B-2 2 Row-based 17 18.8 26.5 26.3
C-2 2 Rackbased 20 18.8 26.5 29.4
a) b)

30 21

10
5 J
0 13

Room-based Row-based Rack-based Room-based Row-based Rack-based
Architecture Architecture

Air flowrate (mA3/s)
=
wv
-
w

AHU setpoint (°C)
=
~

[
w

Figure4-5. Comparison of the required air flowrate and setpoint to maintain the inlet air
temperature of all the servers lower than 26.5°C for the cases reported idl-Ralfb
Scenario 1 for same setpoints but different air flaega(b) Scenario 2 for same air
flowrates but different setpoints.

Recirculation and bypass either lower or raise théaiurate Bypass occurs when
a portion of the cold air exiting the cooling unit does not reach the servers. For instance, in
open space, i.e., with no containment, the cold airflow from the cooling unit can be assumed
to have the form of a j¢50]. If the jet does not expand significantly, it reaches the servers
without entrainment, but this is of course not the case in practice. The moré éreneent

the greater the bypass. The jet entrainment is a functioh®®f50]. For jet flow, an
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effective dimensionless number edting the amount of bypass i ” @0, where” and
‘ are the density and dynamic viscosity of air respectivelie jet velocity exiting the
cooling unit, andd the distance from the jet source. We realize that this is an

approximation since theotd airflow of the cooling unit can be considered as a jet only for

open spaces with no containment.

In addition to jet entrainment, the bypass is influenced by the ratio of the mass
flowrate through the cooling unit and that through the servets . The higher the
value of& , the higher the byga becausthere is more cold airflow that is not drawn
by the ITEs. However, as increases, the ITEs draw more airflow, lowering bypass. The

second dimensionless ratio influencing bypassaeefiored j &

The third ratio includes the influence of geometry. As air travels from the cooling
unit to the ITEs, the longer the distanigehe greater the possibility that the flow deviates
in the form of bypass from@esied pathThe crossectionareaof the server inlets the
target destination for the cold air stream. Thus, as server inlet cross section area are

enlarged, the lower the bypass. Accordingly, the geometric dimensionless tgfio is.

The fourth factor influencing bypass is the angleetweenthe normal vectors
orthogonal to the cooling unit exhaust and the server inlet. When the cooling unit and
servers are placed face to face in front of one angther; and bypass is minimized. The
dimensionless angle between these normal vectors is assumbdvéothe form
— | Q") ¢Q* “ hwhere®Qdenotes a positive integer. Hel@s a tool to control

the magnitude of changes-eivhen| changes. This ensures that the influence of changes
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in —does not surpass the influence of changes in ddwors discussed above. We
arbitrarily select a desirable value’@f 2. When the cooling unit and servers are placed
in front of each other, this dimensionless angle equals unity and lower values indicate

increasing misalignment between the cooling and servers.

In order to present a dimensionless number which can represent the influence of all

of these parameters tiypasswe combine the above four dimensionless factors, i.e.,

_ o
S

a 0
") A o}

4.7)

Lower values ofB, which is inversely proportional t§ Q ‘7 ab imply lower
bypass. If the cooling unit exhaust is placed in front of the server entrante, mand
| “, there is no bypass. Bypass increases by increasingd . Changing the
architecture from roomto rackbased cooling reduceB because) is considerably
shortened. Othatimensionless indices are available in the literature, e.g., return teat in
(RHI), rack cooling index (RCI), and recirculation index (RI), but all of these are based on
the effect of recirculation and bypass and not on the cause of these E14cS4].
Moreover, while these indices are based on the temperature distrifautinom the DC

room, which in fact results from recirculation and bypass, £d) (epresents the causes

of these phenomena.

Recirculation occurs when part of the hot air exiting the servers does not reach the
cooling unit. It depends ol , & , cross section area of the cooling unit irdet ,

distancebetweenthe cooling unit inlet and server exhausggangle betwen he normal
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vectors orthogonal to the cooling unit entrance and the servers exharedbcity ofthe

jet emerging from theserversgeand” and‘ . By applying the above methodology, the

dimensionless number characterizing recirculation,

N . L (48)

"ode @0 | @ Q"

Again, Ris inversely proportional tRe The lower the value d® the lower is the
recirculation, butR increases with decreasifig 7& , denoting the challenge for
reducing bypass and recirculation simultaneously. Changing from-rmmnackbased
cooling reducef becauséais short@ed.Values ofB andR for all six cases are reported
in Table4-5. To analyze the relative importance of R and B on energy consumption, we
examine their influence on the CRAH air flowrate and setpoint, the two primary

determinants of power consumption, as shown in Figtge

Table4-5: Bypass NumbeB and Recirculation NumbéR.

CRAH CRAH air B R

Case| Scenario| Architecture
setpoint (°C)| flowrate @ j i) ( pm (pm

A-1 1 Roombased 17 26.6 37 85
B-1 1 Row-based 17 18.8 25 45
C-1 1 Rackbased 17 13.4 5 18
A-2 2 Roombased 15 18.8 32 93
B-2 2 Row-based 17 18.8 25 45
C-2 2 Rackbased 20 18.8 6 11
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Figure4-6: Influence of Bypass Number B and Recirculation Number R on the required
CRAH air flowrate andsetpoint These two parameters are the primary determinants of
power consumption.

4.4.2 Chilled water

The temperature of the chilled water entering the CRAHS, required to calculate chiller
power consumption, is a function of the total heat transfer rate, raitutemperature,
supply air temperature or setpoint, air flowrate and water flowrate. Since these parameters
are known, the water inlet temperature is calculated using thé "Y"¥hethod. The

chilled water characteristics of the three cooling architestare presented in Talgl.

For scenario 1, even though all cases have the same setpoint, the distributed cooling
architectures implemented for cased4 Bnd C1 transfer heat with warmer chilled water,
leading to lower cooling costs. Because the nemdf CRAHSs required in distributed
architectures is larger, this results in a higher total chilled water flowrate, improving
cooling efficacy. Hence, the water inlet temperature can be increased, reducing chilling
energy costFor scenario 2, the waterl@h temperature is different due to two reasons.
First, the CRAHs have different setpoints which influence the required water inlet

temperature and, second, the total water flowrates and heat exchanger types for the three
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architectures are differerito increase the efficacy of a roebased architecture and reduce
cooling cost, one solution is to increase the required chilled water temperature by
increasing the total water flowrate. However, there is a limit owdier flowrate inside a

heat exchanger, pgicularly its piping loop.

Table4-6: chilled water characterization of three cooling architectures.

Water temperatur¢ CRAHs water
CRAHSs CRAHSs air
Case| Scenario| Architecture entering the flowrate
setpoint (°C)| flowrate @ ji)

CRAHSs (°C) (@ ji)
A-1 1 Roombased 17 26.6 7.4 0.0032
B-1 1 Row-based 17 18.8 9.8 0.0009
C-1 1 Rackbased 17 13.4 13.7 0.0004
A-2 2 Roombased 15 18.8 6.5 0.0032
B-2 2 Row-based 17 18.8 9.8 0.0009
C-2 2 Rackbased 20 18.8 16.5 0.0004

4.4.3 Power consumption

Based on Eq4(6) and Tabl&-3, the power consumption of the chiller and the fans for the
three cooling architectures are presented in FigufeFor scenario 1, casesBand G1
provide up to 29% reduction in power consumption over cade Ahe rackbased
architecture has the besficacy.For all cooling solutions, the largest contribution to the
power consumption is from the compressor in the chiller refrigeration ¢ymlescenario

1, moving from roomto rackbased cooling, chiller power consumption decreases because
the reqired water inlet temperature increasBise power consumption by fans for case A

1 is significantly higher than for other architectures because they must provide a higher
26.6a i air flowrate compared to cases-B and G1 for which the flowrates are

repectively 18.8 and 13d | i . Although case € has a lower air flowrate compared to
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case B1, a similar amount of power is consumed in both cases because fan efficiencies
measured as the volume flow per unit energy consumption decrease with a reduation i
size[55]1 [57]. For the same air flowrates, rabksed fans consume more power due to
their smaller sizeslFurthermore, the size limitation of rablased CRAHs leads to the
requirement for a deeper heat exchanger. The pressure drop across itgjeeathshigher,

resulting in a higher fan power consumption to draw in a specifidkbairate.

For scenario 2, casesBand G2 provide up to 12% reduction in the power
consumption as compared to cas€.AThe rowbased architecturieas the bestfficacy.
The differences in chiller power consumption for this second scenario are higher because
the setpoints of the CRAHs are different and required water inlet temperatures, i.e., 6.5,
9.8, and 16.5 °C, are markedly different for the three roomw and rackbased cooling

architectures. Besides, fan power consumption for ca8asChigher due to the use of

smaller fans.
a) b)
76.2
I
- 75 Chiller Fans 75 66.7 Chiller Fans
2 59.1 ~ 1 59.1 59.3
< 60 I 54.6 E 60 [ I
2 I g
¢E;_ 25 56.6 B 45
E 5 57.7 45.9
S 30 53.7 49.2 £ 30 53.7
] s
32 o
€ 15 19.6 g w
‘ 5.4 5.4 B 9 B
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Room-based Row-based Rack-based Room-based Row-based Rack-based
R=93x10"4 R=45x10"4 R=11x10"4 R=85x10"4 R=45x10"4 R=18x10"4
B=32x10"9 B=25x10"9 B=6x10"9 B=37x1079 B=25x10"9 B=5x1079

Architecture Architecture

Figure4-7: Comparison of power consumption for the three cooling architectures described
in Table4-6. (a) Scenario 1 for the same setpoints but different air flowrates. (b) Scenario
2 for the same air flowrates but different setpoints. The valuRapnfB for each case are
presented to demonstrate their relative influence on power consumption.
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4.4.4 Effect of containment

Containment isolates the hot air exhaust of the ITE from its cold air intake, providing an
additional benefit for reducing recirculation regardlessarchitecture. Therefore, a
distributed cooling architecture with containment is expected to be the most energy
efficient configuration. We examine the power consumption of enclosed romm and
rackbased cooling to understand the influence of enoésstlnat separate the hot and cold
airflows on power consumption. The geometries of the enclosed an@ rackbased
cooling architectures for a case study DC room are shown in Heiur&or the row and
rackbased architectures, we assume that the fmodtback chambers are separated by
placing dense commercially available brushes in gaps, which are modeled in Ansys Fluent
as a porous media. While there are various methods for separating the hot and cold airflows
forroombased architeoturae,slwe coealta@adthmBht 0 si

configuration for roorrbased architecturgS8]i [61].

The required air flowrates and setpoints for all architectures are presented in Figure
4-9. For Scenario 1, the required air flowrates for all three arthitcare lower. Here,
since the front and back chambers are separated, both recirculation and bypass are
minimized. For the requiredirflowrate,the rackbased solution uses the minimyt2.5
& j i) while the roombased solution requires the maximum amdabtd j i ). Adding
an enclosure reduces the requiredflanvrate by 46% for the roonibased, 24% for the
row-based and 8% for the ratlased cooling architecture compared to their values for
open achitecture. So, the maximum reduction in required air flowrate by adding

containment is observed for rodmased architectures.
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By using an enclosure for scenario 2, the CRAH setpoint for all three architectures
are improved. Adding enclosures that sefgathe chambers reduces recirculation and
bypass resulting in more uniform temperature profiles in the front chamber and diminishing
hotspot formation. Therefore, the difference between the setpoint temperature and the
maximum server intake temperature &ses so that then the CRAH setpoint can be at a
higher temperature. The rablased solution has the highest setp(@%t3 °C)while the
roombased solution has the lowest setp@2 °C).The CRAH setpoints for roomrow-
and rackbased architecturesan be maintained at an additional 7, 8 and 5°C higher,

respectively compared to their values for open architecture.

To compare the three architectures, regardless of their cooling unit characteristics,
such as fan size and heat exchanger type, we exgusnéhe flowrates and setpoints
shown in Figuré-9. In general, we can conclude that, based on airflow characteristics, the
rackbased architecture is best for eliminating bypass and recirculation. Comparing the
power consumption required by these thmeghitectures, we must consider their cooling

units characteristics, which are different for each type of CRAH.

In essence, an enclosure that separates chambers reduces power consumption
because of a lower required air flowrate and higher CRAH setpoim. gower
consumption for all cases that are considergdasentedn Figure4-10. The best solution
for Scenario 1 is rackased cooling with an enclosure, while for Scenario 2 it is the row

based architecture within an enclosure. However, thelvas&dooling architecture could
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have the best efficacy for energy consumption if more energy efficient smaller fans were

to become available.

Room-based

Racks of servers

Enclosure

In-row
cooling units

Enclosure

}) Enclosure

RMCU
Rack of servers

Figure4-8: Geometry of three architectures that include enclasimea case study DC
room: (@) roorrbased architecture, (b) relmased architecture, and (c) rdsi&sed
architecture.
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Figure4-9: Comparison of aiflowratesand setpoints for enclosed architectures with the
open architectures for two scenarios. (a) Scenario 1 for same setpoints but different air
flowrates (b) Scenario 2 for same air flowrates but different setpoints.
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Figure4-10. Comparison of power consumption for enclosed architectures with the open
architectures for two scenarios. (a) Scenario 1 for the same setpoints but different air
flowrates (b) Scenario 2 for the same air flowrates but differeniogetis

We note that the power consumption calculations for the r@ormd rowbased
architectures are general and valid for common roand rowbased solutions, but the
corresponding calculation for the rabksed architecture is valid only for rack mabie
cooling units. We have selected rack mountable cooling units for thebssed
architecture for the following reasons: (1) This is the only4zs$ed solution which can
fit within an isolated IT cabinet. Other possible rdi@sed configurations, su@s rear
door cooling, require air transfer to the room. Our motivation for the study is based on our
interest in modular data centers, which do not allow any air transfer to the room. (2) Since
our research is translational, our commercial collabora®NNOS) produces rack
mountable cooling units. To be immediately helpful to industry, our intention is to compare
the rack mountable solution with other cooling architectures. (3) The rack mountable
cooling unit is a new solution for modular data centérkile not yet common, it has the
potential for wider future use since it helps further overcomes the space limitations that

make modular data centers desirable.
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The dimensionless numbers presented in ghevious section B and R are
applicable for open environments, wherelile@ airflows dominate, but not for enclosed
environments. However, when there is containment, momentum is a lesser factor since
there is gressure driveflow through the resistances [62], [63]. A simpldienechanical
resistance circuit for DCs with containment is illustrated in Figutd. Obviously, this
simplified circuit cannot represent all flow patterns of an enclosed DC, but it does show
the basic flow for the three architectures with containmehe d@escription of each

resistance is provided in the figure caption.

If the air flows through the patfig © 'Y O Y O Y | there is no bypass and
recirculation, but if there is any airflow through there will be either bypass or
recirculation. If the aftow through'Y is from the cold chamber to the hot chamber, there
is bypassand f it is from the hot chamber to the cold chamber, there is recirculation. By
increasing the quality of separation between the chambers by incr&asthg amount of

bypassand recirculation are reduced.

Essentially, for an enclosed DC, theratto Y Y 'Y j'Y determines the
intensity of bypass and recirculation. The implication of Figlid is that the rackased
architecture has lowesty Y 'Y Y 'Y while the roombased architecture has

the highest.
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Jaquiey) pjod
Jaquey) 10H

Figure4-11: Simplified mechanical resistance circuit for DCs with containment. R1: The
mechanical resistance due to the separation between the cold and hot chambers. R2: The
mechanical resistance between the CRAH outlet and the ITE inlet. R3: The mechanical
resistane between the ITE outlet and the CRAH inlet. R4: The mechanical resistance
across the CRAH, mainly due to the heat exchanger. R5: The mechanical resistance across
the ITE. The two power supplies are the fans inside the CRAH and the ITE.

4.5 Conclusion

We compee the power consumption of three DC cooling architectures .- Rod rack
baseddistributed cooling architectures are more energy efficient as compared to the
conventional roonbased architecture. Adding enclosures within distributed cooling
architecturesreduces their cooling cost further. These energy savings occur due to

significant reductions in recirculation and bypass.

We find that, (1) for a constant temperature setpoint, distributed cooling
architectures require up to a 50% lower cold air flowr&® for constant airflow,

distributed cooling architectures increase the CRAH setpoint by as muélz a8bthe

53



Ph.D. Thesi$ HoseinMoazamigoodarzivicMasterUniversityi MechanicaEngineering

dimensionless numb& representing bypass decreases tosmeenth for the rackased
configuration as compared to rodmsed cooling, (4xhe dimensionless number
representing recirculation decreases to-winéh for rackbased cooling as compared to its
value for the roonbased configuration, (5) distributed cooling architectures enable an
increase in the water temperature entering th&ldsRby 6°C, (6) row and rackbased
architectures facilitates a 29% reduction in cooling power consumption, and (7) adding an
enclosure within the distributed cooling architecture results in an additional 18% energy

savings.

Beside improving energy effiarey, distributed cooling architectures, both row
and rackbased, have lower initial cost and are more easily maintained, with greater agility
and manageability. Considering all of the above aspects, employing enclosed distributed

cooling architectures ihe best choice from a DC energy consumption perspective.
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5 Performance of A RackMountable Cooling Unit in

an IT Server Enclosure

This chapter is reproduced fromPer f or mance of A Rack Mount a
| T Ser ver H&ercMoazamigoaelarzsouvik Pal, Douglas Down, Mohammad
Esmalifalak and Ishwar K. PyrPublishedn Thermal Science and Engineering Progress,

2019.The author of this thesis is the first author and the main contributor of this publication.

5.1 Abstract

Almost thirty percent of the power consumption in a data center (DC) is attributable to the
cooling of I T equipment (I TE). This offers
by considering alternatives to traditional cooling methods, such as perimetepor air-
conditioners, which suffer from inherent airflow deficiencies, @agf. airrecirculation and

cold air bypass. Due to these deficiencies, not enough cold air is supplied to the ITE,
leading to hot spots that reduce equipment life significantly. Rack mountable cooling units
(RMCUs), i.e. air-handleramounted within the same enslore containing the ITE, do not

face this problem due to their proximity to servers. However, a proper understanding of
airflow and temperature distribution inside an enclosure containing an RMCU has not yet
been developed, preventing its widespread adopiiVe investigate theemperature and
airflow for various ITE configurationso determine the efficacy of an RMQUuside an
enclosed rackExperiments reveal that the principal factor influencing the temperature
distribution is the leakage of warm airdkigh passive servers, a hitherto unreported facet,

which is dependent on the locations of these servers, IT load density and distribution, and
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cold chamber depth. This is also illustrated through a neural network model. The results
help us to devise a desi strategy to optimize ITE configurations with desirable

temperature distributions, and to inform server workload assignments.

Key words: Rack mountable cooling uniisIT enclosure- flowrate mismatch

ITE configurationd warm air leakagé temperatug distribution.

Nomenclature
DC Data center RMCU Rack mountable cooling unit
) 4% IT equipment RCI Rack cooling index
SHI Supply heat index RTI Return temperature index
RHI Return heat index 0 Pressure of the cold chamber
i Pressure difference induced by 5 Pressure of the hehamber
RMCU
5 Pressure difference induced by y Airflow resistance across the heat
servers exchanger
Y Airflow resistance against the Y Airflow resistance across the server
leakage flow

Airflow resistance against the

Y vertical airflow in the cold and hot ® Depths of the cold chamber
chambers
5 "YUYC Active S(_arvgr T_emperature
Distribution

5.2 Introduction

US data centers (DCs) consumed about 70 billion kiletatirs of electricity in 2014, the
mo s t recent year exami ned, representing

consumption [1]. At a minimum, the energy density for DCs is ten times that ofnéside
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or office buildings Since all of the electrical energy consumed by the ITE is eventually
dissipated into heat, the thermal management system must remove this heat from the DC
and release it into ambient air [2]. About 30% or more of the energum@usin DCs is
typically used to cool IT equipment (ITE) through cooling systems that maintain their safe,
consistent and reliable operation [3],[4]. The ITE must be maintained within a designed
operating temperature range {28°C). Overshooting a maximuspecified temperature
negatively impacts the operation and health of the ITE. High temperatures, particularly
variations in those temperatures, reduce ITE life span [5].

DCs generally operate with air cooling systems that experience two significant air
distribution problems, i.e., hot air recirculation and cold air bypass, which reduce the
cooling efficiency [6],[7]. If the cold air supply to the ITE is insufficient, tra hir
exhausted from servers is recirculated to the ITE inlets by the fans inside the servers,
increasing the overall inlet air temperature. Bypass occurs when part of the cold airflow
returns to the cooling unit without contributing at all to serveringdB],[9]. Hence, to
safeguard the ITE, the cooling airflow is typically set to two times the required amount,
leading to an increase in cooling energy consumfiop [11].

There are three conventional DC cooling architectidrgs [12], namely(a) room:
based cooling, where cold air is delivered diretitiyhe room through arrangements such
as raised floors and hot air return plenufb¥row-based cooling, where the cooling unit
delivers cold air to a row of racks, af@) rack-based cooling, where the cooling unit is
integrated entirely within a singl@ rack. The cold air path from the cooling unit to the

ITE shortens, where the respective path lengths are, (a) (~10 m), (b) (~1 m) and (c) (~0.1
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m). Confinement, which isolates the hot air exhaust of the ITE from its cold air intake,
reduces recirculain for all three approaches. Logically, therefore, a cooling unit placed in
an enclosed rack with separated hot and cold chambers should be the most promising
strategy for improving cooling effectiveness for the following reaséinst, while
traditionalcooling methods typically set the cooling airflow to two times that drawn by the
ITE, while in the proposed solution the cooling airflow can be equal to or even less than
the airflow drawn by the ITE, because recirculation and bypass are minimized. féence,
a specific IT load, placing the cooling unit within an enclosed rack with separated hot and
cold chambers lowers energy consumption. Sectivashorter cold air path from the
cooling unit to the ITE results in a smaller pressure drop, requiringriesgyeto pump the
air from the cooling unit to the ITHhird, sincethe cold air path from the cooling unit to
the ITE is shorter, any heat gain from the ambient to the cold air is minimized, improving
efficiency.Finally, sincethe warm air path from tH&E to the cooling unit is also shorter,
the heat loss to the ambient (or the ventilated spaces) is smaller, reducing the heat load
elsewhere in the facility. This also increases the capacity of the heat exchanger because the
cooling unit now receives waier air.

A recent solution in rackased cooling is theckmountablecooling unit (RMCU)
with dimensions similar to those of a server so that it can be conveniently mounted
anywhere inside a radk3]i [16]. All RMCUs integrated with an enclosed rack have four
main parts: the air handler inside the enclosure, the servers, the cold and hot chambers.
Mass and heat transfer between these partsotally different from conventional DC

environments. However, the RMCU has remained conceptual. Examples of practical
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implementations are unavailable in the literature, primarily due to a still poor understanding
of the air supply management and coolingaisystem that would integrate RMCUs and
ITE in a confined rack. Instead, the discussion of airflow and cooling in DCs has been
limited to roombased cooling architectures, mostly employing computational fluid
dynamics (CFD) simulations. Use of CFD to emae the thermal behavior of DCs is well
establishedwith examples includinghermal performance assessment of air management
and cooling systems [17], [18hvestigating airflow uniformity through perforated tiles in
raised floor DC$19], studying thenfluence of airflow leakage on temperature distribution
[20], and using CFD simulations as input datasets for artificial neural network training to
optimize airflow and temperature distribution in DCs [2There are, however, few
corresponding experimeit investigations. The few that exist are for idealized DC
environmentsge.g.,to ascertain whether heterogeneous temperature distribution can be
controlled by varying the cold air flow rates along servers [22], determine the influence of
aisle containmenbn bypass and power consumption [23], and investigating thermal
management solutions performance for different arrangements of cold aisle containment
[24].

The effect of airflow imbalance in a higlensity DC has been experimentally and
numerically inveigated[25]. Different metrics;such as the rack cooling index (RCI),
return temperature index (RTI), and supply heat index and return heat index (SHI/RHI) are
used to evaate cooling performancg8], [10], [18], [19], [26] Variousroombased
arrangements and configurations to reduce recirculation and improve thermal efficiency

have also been proposgt?], [27]i [29]. However, the understanding developed through
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these studies cannot be extended to-tmded cooling in an enclosed environment because
of the very different trangpt dynamics induced by the geometry and configuration of an
enclosed rackCurrently there are no studies on airflow and temperature distributions
inside an enclosed rack employing RMCU with separated hot and cold chambers.

The central theme of this inv@gation is, therefore, to develop an understanding of
airflow and cooling within a confined rack environment that employs RMCUs. This
comprehension is essential for the IT community to efficiently manage workload without
producing ITE hot spots. A popularoposition to reduce DC energy consumption is to
turn off idle servers that do not perform any useful task but still generate heat. Herein, we
hypothesize that those switched off, i.e., passive, servers will short circuit the thermal
isolation within anenclosure, defeating its primary purpose and significantly increasing
the probability of hospot formation. Experimental validations of this hypothesis are
presented.

Our main goals are (1) explaining airflow, pressure and temperature distributions
inside the enclosure, (2) exploring the consequences of passive servers on the temperature
distribution and prescribing configurations, (3) characterizing how the transport and
resulting temperature distribution at the intake and exhaust of the ITE are ieflugn(a)
positional variations of the ITE, (b) workload distribution, (c) IT load density, and (d) cold
aisle depth, and (4¥leveloping a steady state machine learning based temperature
prediction tool for this architecture by using the available expetmhdatasetsl he result
of this study is not limited to this specific case and is applicable to the operation of any

type of RMCU installed in any type of enclosed rack with separated hot and cold chambers.
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5.3 Experimental Methods

An RMCU with 5 KW coolingcapacity is designed and fabricated, and is schematically
shown in Figures-1. The size of the unit corresponds to gserver (5.25x17.5x30 I

IT servers have specific heights: p& v & plgiB hp and are categorized based on

the value of) . Thus, the height of @"Yserver is 5.25 irThe unit employs a heat removal
module in the form of a platn heat exchanger that transfers heat to a chilled water loop.
Cold water for the RMCU is supplied from a building chilled water system. An IT rack
containing 30 servers is prepared and installed within an enclosure with the RMCU
mounted at the bottom. The hot and cold chambers in the rack are separated. Air inside the
rack is confined, i.e., there is no air leakage from the rack to ambient or viee Terse
groups of Maxim Integrated DS18B20 digital temperature sensors (with 0.5°C accuracy)
are mounted in the rack, the first group is placed immediately in front of the servers at their
intakes ¢ ), the second along the middle of the depth of the cbhémber 4 ), and the

third along the middle of the lateral depth of the hot chamber. An Arduino Mega
ATmegal28ebased microcontroller is used to read temperatures. Each group of sensors is

distributed across the height.
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Figure5-1: Schematic of the experimental setup. 1: cold chamber, 2: hot chamber, 3: water
inlet and outlet pipes, 4: insulation between hot and cold chamber, 5: RMCU, 6: servers, 7:
location of first group of temgrature sensors, 8: location of second group of temperature
sensors, 9: cold air exiting RMCU, 10: cold air entering servers, 11: warm air exiting
servers, 12: warm air entering RMCU.

To measure the airflow through the RMCU and the servers, a Kanomax
TABmast er E 6710 FIl ow Ca pni’stacaurady is osdd. Awifferdntiad . 0 0 2
pressure sensor with an accuracy of 0.2 mm of water is deployed to detect the pressure
difference between the cold and hot chambers across the WelghiR ONE Pro thermal
camerarecords temperature contours for a specific area in the cold chamber. Servers are
powered by a single phase 208 V power source. Since the control system within the RMCU
is deactivated, its water and air flowrates are constant for all tests. Thenmpetrature of
cold water is 13°C. The RMCU air and water flowrates are 0.18466amd 0.00377 Rs

! respectively.
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The experimental procedure is as follows:

1. Flowrates in the RMCU and a sample server are measured in an unrestricted open
space using tFlow Capture Hood.

2. 20 servers (4.9 KW) and the RMCU are turned ON. Then, the pressure difference
at five different heights along the rack is measured.

3. Temperature sensors are mounted and connected to the Arduino.

4. Servers that are assigned to be activeaich experiment are similarly loaded and
the RMCU is activated.

5. After the rack system reaches a steady state, all temperatures are recorded.

6. One of the cases is repeated with the temperature sensors replaced by a thermal

camera to record the temperatuoatour for a specific area in the cold chamber.

5.4 Results and discussion

5.4.1 Airflow, pressure, and temperature distribution in an enclosure

A schematic of the airflow in an RMCU enclosure is shown in Figd2e In the cold
chamber, the cold air flows from the bottom of the rack towards its top. There are two
prime movers, the fans inside the RMCU and those in the servers. Server fans draw col
air from the cold chamber to the hot chamber, removing heat from the servers and
transporting it to the hot chamber. The RMCU draws hot air from the hot chamber, extracts

heat from it and then releases it to the cold chamber.

Warm air leakage from theoh chamber to the cold chamber is a function of the

pressure difference between the two chambers, which is induced by the rack geometry and
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a mismatch between the flowrates of the two prime movers. The prime mover inside the
RMCU increases the air pressigat its exhaust, i.e., to the cold chamber, while the prime
movers in the servers increase the presBuia their exhausts, i.e., to the hot chamber.
The actual pressures in the chambers are determined by a balance between these two
competing effectalong with the pressure drops along the flow directions in the respective
chambers, as indicated in Figls€. Thus, at any height in the enclosure, the pressure
difference,aP = Pn - P, determines the direction of leakage flow through the passive
serves. If the flowrate from the RMCU is greater than the total flowrate through the servers,
the resulting pressure differena® is negative, i.e., cold air leaks through the servers to
the hot chamber. However, this is of secondary concern, since, imas$kistibe entire cold
chamber is at the supply air temperature of the RMCU, ensuring desirable cooling.
Therefore, we only investigate the reverse scenario, when the total flowrate from servers
is greater than from the RMCU, i.ed is positive, which leaglto leakage of warm air into

the cold chamber.
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Figure5-2: Schematic of the airflow distribution inside an enclosure. In the cold chamber
(on the left), cold air exits the RMCU and is drawn in by theessr In the hot chamber
(on the right), hot air exits the servers and is drawn into the RMCU. There is leakage

airflow from the hot to the cold chamber.

Due to this warm air leakage, the measured mean temperatures in the cold chamber
for all experiments are between-22°C, which are higher than the °C7 supply air
temperature from the RMCU. The local cold chamber temperature gradually increases at
locations that are further removed from the RMCU. This temperature increase occurs due
to two reasons, (1) the leaked warm air gradually mixes with the cold air stream, and (2)
the air also gains ambient heat through the enclosure walls. The measured temperatures in
the hot chamber are between3®C. The exhausts of the servers and the RMCU are
regectively the hottest and coldest points in the two air chambers. All reported
temperatures are at steady state, since the relatively rapid initial transients in the RMCU

and enclosure are neglected. Temperature distributions at the server inlatsrgyitie
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middle of the lateral depth of the cold chamdner presented hereafter, but only the average

temperature of the hot chamber is reported since the temperature gradient there is negligible.

A simplified flow-resistance network for the airflow insideetlenclosure is
presented in Figur&-3. For simplicity of illustration, just four active servers and two
passive servers are considered in this diagram. The RMCU is considesalses aupply
(Y0 ) and the airflow resistance across the heat exchamgssimed to be in serie? ().

Similarly, active servers are represented as a single power sufply with an airflow
resistance 2 ), but their power supplies (essentially, their fans) increase the pressure in
the reverse directiofRassive serve are simply considered to be a resistg@cg. Since
separating the cold and hot chambers completely is unfeasible, there is usually airflow
leakage between the chambers. The resistance against this airflow is the leakage resistance
(2 ), which weassaime to be distributed along the rack. The third airflow resistance in the

enclosure lies along the height in the cold and hot chanBerk

71



Ph.D. Thesi$ HoseinMoazamigoodarzivicMasterUniversityi MechanicaEngineering

I9ATG DATSSEJ

~

=
w

TIBAISG AlssR

Ry
Figure 5-3: Simplified flow-resistance network inside the enclosure. Case 1: The total

airflow through the active servers is greater than the RMCU airflow. Case 2: The total
airflow through the active servers is lower than the RMCU airflow.

The airflows are functionsf2 ,2 ,2 ,2 ,Y0 andYO0 . Here,YO is an order of
magnitude larger tha¥0 , 2 2 2 . where these resistances are of the same order
of magnitude, bu?2 is much smaller than the other resistances because the characteristic
dimension of the frontlamber is an order of magnitude larger than the dimensions of the
heat exchanger and server air channels. At a critical vall¥® ofY0 ) there is a minimal
airflow due to leakage and backflow through the passive servers. F-dbshowstwo
possibleconditions forY0 that produce different airflows within the rack. Similarly, when
Y0 is constant, there is a critical value for the number of active serverth@t leads to

minimum leakage and backflow, as shown in Tébke
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Table5-1: Two possible conditions for pressure difference induced by RMCU.
The hot and cold

Condition chamber 6s Airflow condition

comparison
- - hot air recirculation thr h iv rvers and leak
50 Y0 0 0 ot air recirculatio ough passive servers and leakal

(Case 1, Figuré-3)
. . cold air bypass through passive servers and leakages (
2, Figure5-3)

Table5-2: Two possible conditions for the numbers of active servers.
The hot and cold

Condition chamber 6s Airflow condition
comparison
hot air recirculation through passive
T O ATADA OEGHBOAOQ 0 0 servers and leakages (Case 1, Fidure
3)

cold air bypass through passive serve

I Ol AIABA OERBAOAOQ 0 0 and leakages (Case 2, Fig&r8)

5.4.2 Effect of passive servers

Servers that are not powered cannot draw in air because their internal fans are not operating.
These passive servers behave like porous ducts. Ourlfgstvation is the effect of these
passive servers on the inlet temperatures of active servers and the average temperature of
the cold chamber. To understand the influence of passive servers on the temperature
distribution, two different configurations airevestigated. In the first, the rack is occupied

by a combination of active servers and blanking panels, the latter blocking airflow through
unoccupied slots and maintaining isolation between hot and cold zones (Configuration 1
in Figure5-4). In the secat case, the blanking panels are replaced by passive servers
(Configuration 2 in Figur®&-4). For both cases the IT load is 4.9 kW, which corresponds

to 20 active servers. The temperature distributions recorded by sensor groups 1 and 2 for
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the two configurdons are shown in Figui®4. The introduction of passive servers in the
second configuration produces significant temperature increases at the inlets of active
servers and in the cold chamber. The average temperatures of the hot chamber for

Configuratiors 1 and 2 are 37.6 and 39.6°C, respectively.

Passive servers behave as a porous medillomving warm air in the hot chamber
to pass through backwards into the cold chamber, producing recirculation of the hot air to
the cold side. Hence, replacing passeevers with blanking panels is recommended, but
this is not possible when servers must be turned on/off in real time in response to varying
IT load. The leakage, or recirculation, through the passive servers is induced by the
pressure difference betwetre cold and hot chambers, which is produced by the mismatch
between the flowrates of the RMCU and servers. The flowrates for a single server and the
RMCU are 0.01415 s and 0.18406 As?, respectively. Since 20 active servers are used
in this test, thee is a considerable mismatch between the airflow supplied by the RMCU
and the total airflow demand for all servers, inducing a pressure difference across the cold
and hot chambers, causing the leakage that leads to recirculation. This phenomenon has

beenhitherto unreported for the ITE contained in enclosed racks.
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Figure5-4: Temperature distributions at server inlets (a) and along the middle of the depth
of the cold chamber (b) for two server configurations. Configuration 1: combination of
active servers and blanking panels. Configuration 2: combination of active and passive
servers. The total IT load for both configurations is 4.9 kW and active servers are located
at the bottom.

Replacing passive servers with blanking panels increases the airflow resistance
within the passive server2 (iin Figure5-3), which results in lowehot air recirculation.
In this case, the pressure difference between the hot and cold chambers increases and the
mismatch between the RMCU and server flowrates decreRsssiculation through
passive servers does not depend on their location. This fsnced by repeating the
previous test, but by changing the locations of passive servers and blanking panels. Active
servers are moved to the middle of the rack. The temperature distributions recorded by
sensor groups 1 and 2 for the two configurationgesgsented in Figurg-5. The average
temperatures of the hot chamber for Configurations 1 and 2 are 38 and 38.8°C, respectively.
Figures5-4 and5-5 show that passive servers have essentially the same effect, i.e., they
increase the inlet temperature ofigidoring servers and the average cold chamber

temperature, irrespective of their location.
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Figure5-5: Temperature distributions at server inlets (a) and along the middle of the depth
of the cold chamber (b) for two server configurations. Configuration 1: combination of
active servers and blanking panels. Configuration 2: combination of active and passive
servers. The total IT load for both configurations is 4.9 kW and active servers are located
at the middle of the rack.

With traditional cooling methods, the cold airflow required to remove 1 kW heat
load from the ITE is between 0.056638023 ms[30], [31]. Our experiments show that
use of an RMCU in an enclosed rack, lowers the required airflow to 0.03&36resulting

in a reduction in energy consumption.

5.4.3 Airflow characterization through single passive server

The above experiments establish thespnee of warm air recirculation through passive
servers driven by a pressure difference across the cold and hot chambers. Thesd®erage
between the hot and cold chambers in Configuration 1 of FigesndS-5 is measured

to be 9 Pa. To explore this further, experiments are performed to relate the airflow through
a passive server and the pressure drop, results for which are presented i5-6igBesed

on this relation and the pressure difference acrosshéumbers, the leakage flow through

a passive server is evaluated to be 0.003%2nConsequentlyD0.04147 ms? of warm

76



Ph.D. Thesi$ HoseinMoazamigoodarzivicMasterUniversityi MechanicaEngineering

air flows from the hot to the cold chamber, mixing with the cold air stream and forming

hot spots, as observed in Figb4.
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Figure 5-6: Relation describing the airflow through a passive server and pressure drop
across it.

Configuration 2 of Figur&-5-a reveals a rapid temperature change at the server
inlets, the magnitude of whighcreases moving upward along the rack height. In contrast,
the temperature distribution presented for the front chamber in Fghteis monotonic,
showing relatively small changes. The rapid local temperature increase at the inlets of
passive servers is attributed to the leakage of warm air through them, forming a localized
hot region. Nevertheless, cold air supplied by the RMClbgaass this hot zone to reach
those active servers that are placed above passive servers, while entraining air from the
warmer zone, as shown in Figuig. Here, since the warm leakage airfldw00377 mis
Y is insufficient to impede the cold air flowthe temperatures at the inlets of the
neighboring active servers increase. Further validation is obtained by mounting an FLIR
ONE Pro thermal camera inside the cold chamber to record temperatures at the inlets of

passive servers, which are presented iufe@§-7. These temperature contours confirm
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that warm air leakage through passive servers influences the inlet temperatures of
neighboring activeservers buis not sufficiently dominant to increase the temperature

along the middle of the deptfi the coldchamber

Active Server

Passive Servers

Passive Server

Passive Server

Warm o
entrained zone

il

Passive Servers

Figure5-7: Schematic of the influence of passive servers on the airflow and temperature
distribution (on the right) antemperature contour in the cold chamber obtained with a
thermal cameraof the left). The contours correspond to Configuration 1 in Figiire

5.4.4 Effect of IT load density

Next, we investigate the impact of IT load density on the temperature distribution and
airflow inside an enclosed rack that contains an integrated RM@Gtée configurations

with different IT load densities are investigated, where the total IT load for all
configurations is 3.4 kW but the number of active servers valiks. temperature
distributions recorded by sensor groups 1 and 2 for three diff&rdoad densities are
presented in Figur&-8. The number of active servers in Configurations 1, 2, and 3 are 9,
12, and 14, respectively, with average hot chamber temperatures of 31.9°C, 31.9°C, and

34.5°C, respectively.
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Figure5-8: Temperature distributions at server inlets (a) and along the middle of the depth
of the cold chamber (b) for three IT load densities. Configuration 1: highest IT load density
with 9 active servers. Configuration 2: intermedidtéoad density with 12 active servers.
Configuration 3: lowest IT load density with 14 active servers. The total IT load for all
three configurations is 3.4 kW.

Figure 5-8 indicatethat the highest IT load density, when the same IT load is
distributed arong the lowest number of active servers leading to smaller overall air intake
by these servers, results in a more uniform temperature distribution G-&pleThis
reduction in server intake airflow produces a smaller airflow mismatch and thus a smaller
pressure drop across the chambers. For Configuration 1, the total server airflow of 0.12742
m3stis lower than the RMCU airflow of 0.18406%st. Hence, there is no recirculation
from the hot to cold chamber because the cold chamber is at a higher pressure. As the
number of active servers increases, lowering the IT load density, recirculation occurs and
increases with decreasing load density.dse@ce, the higher the IT load density the more
uniform the temperature distribution. Configuration 3 of Figh#& reveals that a single
passive server does not influence its neighboring active servers since the warm airflow

through a single passive servs insufficiently large to influence other active servers.
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However, a group of passive servers can influence the inlet temperatures for a neighboring

block of active servers.

Based on Figur&-8, for a constant IT load, minimizing the number of active
savers (or maximizing the number of passive servers) results in a more desirable
temperature distribution, for which the number of active servers should be minimized. In
order to minimize the power consumption, the number of active servers must again be
minimized because turning on passive servers results in (1) increasing total IT power
consumption, (2) increasing total system heat load which results in higher chiller power
consumption, and (3) increasing the required cold air flowrate which increasessan p
consumption. TablB-3 provides a comparison tfo scenarios. For Scenario 1, all servers
are turned on. For Scenario 2, all idle servers are turned off. The power consumption to
maintain the maximum intake temperature lower than 27°C for both sz®sareported
in the table. For each scenario, the fan speed is first adjusted to keep the steady state
temperature in front of the servers lower than 27°C. Then, the RMCU fan power
consumption and that for the chiller are measured at steady state 5i&alsleows that
turning on passive servers not only does not save energy, but also results in more power
consumption because typically idle IT servers (1) consume sixty percent of their maximum

power consumption and (2) draw the same air flowrate as aetivers.
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Table5-3: Effect on the power consumption of turning on passive servers. In both scenarios
the intake temperature of all the servers is maintained to be lower than 27°C. For Scenario
1, all servers are turned on. For Scenario 2, all idle servers are turned off.

Scenario 1 2
Number of active servers 14 10
Number of passive servers 0 4
Number of idle servers 4 0
IT power consumption (kW) 3.51 2.52
Fan power consumption (W) 540 420
Chiller power consumption (W) 875 625
Total energy consumption (W) 4925 3565

5.4.5 Effect of cold chamber depth

Because fluid flow resistance in the cold air stream is a function of the cold chamber depth,
this depth also influences the temperature and airflow in an enclosed rack with an
integrated RMCU. Hence, two different cold chamber depths are investigattetimithe

their influence on the temperature distribution. Both cases have identical IT loads and IT
load distributions, and equal numbers of active servers. As shown in Bi§utlke depths

of the cold chamber, denotedd@sare 19 cm and 13 cm for Cask and 2, respectively,

and he average temperatures of the corresponding hot chambers are 37.4 and 36.5°C,

respectively.
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Figure5-9: Temperature distributions at server inlets (a) and along the middle of the depth
of the cold chamber (b) for two cold chamber depths. Case 1: cold chamber depth of 19
cm. Case 2: cold chamber depth of 13 cm. The total IT load for both cases is 4.9 kW and
active servers are located at the middle of the rack.

For® p wm, the average temperatures at the server inlets and theheohther
are lower due to the smaller fluid flow resistance faced by the cold air stream exiting the
RMCU. Figure5-9 show that darger cold chamber depth that lowers fluid flow resistance
increases the cold air supply available to the top of the rack, redbeitaral temperature
there In contrast, the smaller cold chamber depth offers higher resistance to the passage of
the cod air, accumulating cold air at the bottom of the rack and thereby reducing the cold
air supply to the top of the rack. Hence, as the depth of air passage is decreased during rack
design, servers should be preferentially placed near the RMCU. As theodi¢ip¢hcold
chamber increases, passive servers have a diminishing influence on neighboring servers,
resulting in more uniform temperature distributiohgreasing the cold chamber depth

reduceghe resistance against the airflow in the cold and hot chanfbein Figure5-3),
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which results in a more uniform pressure along the rack height. Here, the cold air flowrate

to the top server increases, and flowrates through the active server are more uniform.

5.4.6 Effect of IT load distribution

Since passive servers are a key determinant of the temperature distribution in the cold
chamber, optimizing their location is important. We investigate scenarios for four IT load
distributions, as shown in Figurésl0 and5-11, maintaining a total load @9 kW with

20 active serverd.he average temperatures of the hot chambers for Configurations 1, 2, 3

and 4 are 38.4, 37.8, 37.7 and 37.0°C, respectively.
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Figure5-10: Temperature distributions along the middle of the depth of the cold chamber
for four configurations. Configuration 1: IT load placed at the bottom. Configuration 2: IT
load placed in the middle. Configuration 3: IT load placed at the top. Configuratidn 4:
load distributed across the rack. The total IT load for all configurations is 4.9 kW.

Figures5-10and5-11 reveal that, unlike the first two configurations, the distributed
IT load for Configuration 4 and when the IT load is placed at the top ofatle r

(Configuration 3) both produce lower temperatures along the middle of the lateral depth of
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the cold chamber. When the IT load is distributed, the average temperdtwessand

the cold chamber temperature does not exceed 36°C. This is because the leakage airflow is
now shared among all the distributed passive servers, resulting in spatially smaller warm
zones (cf. Figur®-7) that do not significantly influence their immaté neighbors. When

the IT load is concentrated at the top of the rack in Configuration 3, a smaller number of
active servers is influenced by the recirculation through the passive servers placed at the
bottom of the rack. The smaller recirculation, isenalleradP, can be attributed to a higher
pressure at the RMCU exhaust. The best strategy to reduce recirculation is to place passive
servers near the RMCU. Considering the cold chamber and server inlet temperatures, the
worst configuration is when the [dad accumulates at the bottom of the rack because, in
this case, passive servers are further removed from the RMCU and subjected tedhigher
resulting in higher backwards leakage that produces recirculation of the hot exhaust into
the cold chamber. Acooulating the IT load in the middle is also undesirable because this
creates two hot zones in the cold chamber, leading to a higher average temperature in that

chamber.
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Figure 5-11: Temperature distributits at server inlets for four server configurations.
Configuration 1: IT load placed at the bottom. Configuration 2: IT load placed in the middle.
Configuration 3: IT load placed at the top. Configuration 4: IT load distributed across the
rack. The total ITioad for all configurations is 4.9 kW.

5.4.7 Quantitative Comparison of the Various Configurations

To this point, we have considered different ITE configurations and the resulting
temperature distribution# guantitative comparison of these configurations can be made
by introducing a metric that scores the temperature distribution. The primary cooling
requirement in a DC is to provide air to servers that is colder than a specific temperature.

Additionally, a smaller temperature gradient along the height of the rack is desirable.
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Therefore, our proposed metric, the Active Server Temperature Distribution, is based on
the average temperature at the inlets of active serYeendthe standard deviation of

active server inlet temperaturgs

o Y'Yoy , 8

The primary parameters that influené&TD are the rack geometry and ITE
configuration, e.g., number of active and passive servers, load density, cold chamber depth,
presence of blankinganels and location of passive servers in the rack. The effects of
different parameters oASTDare presented in Figufe12. Distributing active servers
along the rack lower8STD a higher IT load density lowers it, replacing passive servers
with blanking panels significantly improves the value of this metric, and larger cold

chamber depths reduce it.
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Figure5-12: Effect of different parameters on ASTB) IT load distribution. b) IT load
density. c)Passive servers and blanking panels. d) Cold chamber depth.
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5.5 Conclusion

We investigate the temperature distribution and airflow inside an enclosed rack that is
internally integrated with an RMCU. Experiments reveal effects due to passive servers, IT
load censity, IT load distribution and cold chamber depth that guide server configurations
and rack geometry. A new metrieSTD is developed to assess RMCU performance. We
find: (1) The amount of required cold airflow per unit IT load in the enclosed rack
integrated with an RMCU is up to fifty percent lower than required cold airflow for
traditional cooling systemg2) Regardless of RMCU location, there is a temperature
gradient in the cold chamber of an enclosed rack. (3) The pressure diff&réddea
betwea the cold and hot chambers is a function of the server and RMCU flowrates. (4)
Passive servers behave as porous ducts placed between the hot and cold chambers, allowing
backward leakage @0.00377 ms* of warm air from the hot chamber to the cold chambe

(5) Replacing passive servers with blanking panels provides a more uniform temperature
distribution. (6) A higher IT load density is desirable, since it reduces the mismatch
between the server and RMCU flowrates, leading to a more uniform temperature
distribution. (7) A larger cold chamber depth results in lower fluid flow resistance for the
cold airflow, leading to a more uniform temperature distribution in the cold chamber. (8)
Distributing the IT load along the rack or accumulating it further fronRME€U produces

a more favorable temperature distribution and reduces recirculation. (®SIHebased

on the average temperature at the inlets of active servertharsdandard deviation of
active server inlet temperaturiesa new and useful metric teaduate RMCU performance

in an enclosed rack
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This investigation proves the potential of placingrRMCU in an enclosed rack as
a highly efficient cooling architecture, which requires almost 50% lower airflow as
compared to traditional methods. Howevenrtaximize the benefit, the system design and
the server workload assignments must consider several factors that influence the leakage
of warm air through the passive servers. This phenomenon has not been previously reported
or investigated. In that contexwe provide essential guidelines to optimize the ITE
configuration based on a fundamental understanding of the airflow and temperature

distribution inside an enclosure.
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6 RealTime Temperature Prediction in IT Server

Enclosures Integratedwith RMCU

This chapter is reproduced froi R e ©inhe Temperature Prediction in IT Server
E n c | o sHoseia MaazamigoodarziSouvik Pal,Suvojit Ghosh and Ishwar K, Puri,
Published in Iternational Journal of Heat and Mass Transfer, 20T8e author of this

thesis is the first author and the main contributor of this publication.

6.1 Abstract

Current data center (DC) cooling architectures are inefficient due to (1) inherent airflow
efficiencies and (2) their inability to spatiotemporally control cooling airflow and DC
temperatures on demand. Rdmksed cooling is a promising recent alternasiree it
provides more effective airflow distribution and is more amenable to rapidimeal
control. A control scheme should be able to predict spatiotemporal temperature changes as
the system configuration and parameters change, but a suitable metbbgesavailable.
Existing approachesuch as proper orthogonal decompositiormachine learning are
unsuitable because they require an inordinately large numteepobri simulations or
experiments to generate a training dataset provide an alteative reattime temperature
prediction tool which requires rep priori training for DC server enclosures into which a
rack mountable cooling unit (RMCU) has been integrated. This new model is validated
with experimental measurements and its applicabiBtydemonstrated by separately
evaluating the influence of varying IT server configuration, RMCU flowrate, step changes

in system conditions, and interactions between multiple RMCUSs. The resulting tool will
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facilitate advanced control techniques and optingiesign for any DC raeiased cooling

architecture.

Key words: Rack mountable cooling units Temperature prediction Zonal

method- Flowrate mismatch Energy balance

6.2 Introduction

A third of the energy provided to a conventional data center (DC% @30T equipment
(ITE) [1]7[3]. Typically, traditional DCs use air cooling systems because of theivedfati
reliability, and lower capital and maintenance c§4}s[5]. Cooling units for delivering
cold air are placed either along the server room perimeterraniralong racks. These
architectures contain two significant air distribution inefficiencies, i.e., hot air recirculation
and old air bypas$6]i [8]. Therefore,a protect the ITE, typically the provided cooling

airflow equals two times the required amo|8ijt

To reduce redundant airflow, a rabksed cooling architecturbat is integrated
entirely within a single, IT rack is an alternative means for supplying cold air in close
proximity to server$10], [11]. A rackmountablecooling unit (RMCU) with dimensions
similar to those of a server can be mounted conveniently inside a standdiiafdd],
considerably shortening airflow paths, lowering fan power and facilitating better airflow
distribution[7], [11]. The shorter airflow path enables more rapid regulation ofrapoi
response to dynamically changing ITE demand. The faster cooling control eliminates large
temperature fluctuations when there are rapid changes in IT load, significantly mitigating

equipment failurg¢4]. However, this is possible only when control actions occur within a
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durationt, <t, where the latter denotes the timescale over which significant DC thermal

events occur. For realistic ratlased DC cooling{ ~1 s [15]i [17]. Reattime control in

a rack mountable cooling architecture regsia rapid scheme to predict temperature. This

is not yet possible since candidate methods, such as (1) proper orthogonal decomposition
(POD), (2) machine learning, and (3) heuristic models, have limitations that prevent

practical implementation.

Models ased on POD and machine learning predict changes in DC temperature
distribution faster than fullield simulationg18]i [21]. Machine learning methods to train
model parameters are classified as black box or grey box. Black box approaches relate
outputs, e.g., temperatures, to inputs through equations that ignore the flow [@28fsics
[26]. In contrast, a grey box method considers some aspects of the physics while ignoring
others. With both POD, and all machine learning approaches, empirical pagamaggr
be trained using sample datasets that are obtained either from CFD simulations or
experiments.

This poses two challengebirst, the development of training datasets that are
statistically significant is nontrivial. Based on the numbers of inpdibaitput parameters,
the corresponding number of simulations can easily range Ba-10° requiring
computational time of the order of days for typical 3D DC simulations, as well as dedicated
access to supercomputing clusters. Performing so many speggieriments is also
generally impractical. The second limitatiohis that test data are similar to the training
data. Hence, when the physical configuration differs from one used to obtain training data,

the algorithms must extrapolate, which degrgo$ormance and reliability.
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In contrast, buristic approaches express the physical behavior of the system
through strategic simplifications of rigorous physical laws to predict air temperatures at
discrete locations, such as server inlets and o(i#é}s[31]. However, simplification still
requires empirical parameters. For instarceapid CFD and lumped capacitance hybrid
model can predict server inllgmperature changes due to transient events, such as server
shutdown, chilled water interruption, and failure of the computer room air haf2®rs
However, the model requires CFD simulations for each case to determine unknown
parameters and index values. As another exarapleeedimensional pressurized zonal
model for rem-based cooling with a raised floor can be employed to predict the
temperature distributiof28]. Here the characteristic dimension is typically limitedid
m, which is too large to accurately predict temperatures at server inlets. Furthermore, the
model requires information about mass flowrates through computationally expensive CFD
simulations. In both examples, obtaining reale temperature distributions unfeasible.

Instead, we propose an original paramétee transient zonal model to obtain real
time temperature distributions inside a typical DC IT rack that is contained within an
enclosure cooled by an RMCU with separated cold and hot chambersidttel is based
on mass and energy conservation relations for each zone within the en@esause of
its geometry, the flow field can be resolved using fluid mechanics principles, avoiding the
need for CFD simulations, experiments or training of eicgdiparameters.

Our objectives are to (1) describe the application of the zonal transient model for a
specific configuration, (2) validate the model with experimental results, (3) investigate the

effect of RMCU operational parameters on the temperatstgbdition, (4) analyze the
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influence of IT load distribution on thermal performance, and (5) compare thermal

performance when a single RMCU is usedsuswo RMCUSs placed within the enclosure.

6.3 Methodology

6.3.1 System configuration

The zonal model is antermediate method between full CFD simulations and moltie

lumped models to calculate temperatures. This method considers mass and energy transport
in a space that is partitioned into a coarse number of zones to which conservation relations
are appliedPhysical quantities, such as temperature, are assumed uniform within a zone,
eliminating spatial dependence. Hence, the partial differential equations for mass,
momentum and energy conservation are reduced to a system of ordinary differential
equations, ignificantly reducing solution time compared to CFD simulations. Various
zonal models have been developed for HYAC and building energy manag28jej&2]i

[36].

The geometry and zones fob& IT rack within an enclosure that is cooled by an
RMCU are shown in Figuré-1. Assuming no heat and mass transfer between the enclosure
and the ambient, four control volumes are identified, i.e., (1) the cold chamber in front of
each server, (2) the hot chamber at the back of each server, (3) each server itself, and (4)
the RMCU.The RMCU is a heat removal module in the form of a plate fin heat exchanger

that transfers heat to a chilled water loop supplied from an external chilled water system.
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Figure6-1: Schematic of the I'€nclosure integrated with a single rack and an RMCU with
separated cold and hot chambers. The zones (control volumes) in the front and back

chambers are shown.

If the entering and exiting air flowrates for the zones are known, the energy balance
for each mne can be solved. While a CFD simulation is required to determine the flowrates
within a conventional DC room, for the architecturd-agure6-1 these airflows are readily
determined from mass conservation relations alBiggire 6-2 depicts a schemataf the
airflows within the enclosure, where there are two prime movers, the fans inside the RMCU
and in the servers. Server fans draw in cold air from the cold chamber, remove heat from
the servers and transport the warmer air to the hot chamber. The RM@S warm air
from the hot chamber, extracts heat from it and releases cooled air into the cold chamber.
A leakage airflow between the hot and cold chambers occurs due to the pressure difference
between these two chambes® = Py - Pc induced by the racgeometry and mismatch

between the flowrates of the RMCU and the servers.
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Figure6-2: Schematic of the airflow distribution inside an enclosure. In the cold chamber
(on the left), cold air exits the RMCU and is drawn into the servers. In the hot chamber (on

the right), hot air exits the servers and is drawn into the RMCU. There is |eakiioe
from the hot to the cold chamber.

6.3.2 Flow-resistance network representation

Considering the example of four active servers and two passive servers (i.e., servers that
are not powered), the simplified airfler@sistance network inside the enclosure is
presented in Figur@-3. The RMCU is represented asdadtage sourc&0 , and the airflow
resistanceY across the heat exchanger is assumed to occur in series, where voltage is
analogous to pressure while current is equivalent to airflow. Similariyeagervers are
represented as a single voltage souYde with an airflow resistancéy . Passive servers

are simply considered as another resistaie. The resistance against leakage
airflow 'Y is assumed to be distributed along the rack. The airflow resistance along the

height of the cold and hot chambers is denote¥ ablere, Y0 is an order of magnitude
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larger tharY0 , and whileY 'Y 'Y, all three resistances are of the same order of
magnitude.’Y is an order of magnitude smaller than these resistances because the
characteristic dimension of the front chamber is an order of magnitude larger than the

dimensions of the heat exchanger and the server air channels.

If the flowrate from tle RMCU is lower than the total flowrate through the servers,
the resulting pressure differened is positive, i.e., hot air leaks through the passive
servers to the cold chamber, e.g., Case 1 in Figuddf the flowrate from the RMCU is
greater than thtotal flowrate through the servers, the resulting pressure diffesghise
negative, i.e., now cold air leaks through the passive servers to the hot chamber as shown

through Case 2 in Figui3.
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Figure 6-3: Simplified flow-resistance network inside the enclosure. Case 1: The total
airflow through the active servers is greater than the RMCU airflow. Case 2: The total
airflow through the active servers is lower than the RMCHtloair

6.3.3 Calculating airflows

The airflowl through the RMCU is determined by the control system, implying that the
RMCU flowrate is solely a function of fan speed, which is justified by measuring the air
flowrate through the RMCU for different pressure eifinces as follows using the
experimental setup shown beloBy using an extra fan, we produce pressure differences
(YO 0 0) that simulate those between the hot and cold chambers. The fan speed

inside the RMCU is held constant during measurements. \WHelg@ressure difference
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Figure 6-4: Experimental setufpor measuring the air flowrate through the RMCU for
different pressure differences.

Since the zones in the cold chamber do not occupy the entire chamber, as shown in
Figure6-2, we assume a cold airflow j directly from the RMCU into each zone. The
cold airflow that exits the RMCU is divided into a portion that enters the cold chamber
zone in front of the first server 0 and aremaindep + 0 , that enters other
cold chamber zones, as shown in Figbi2 This statement is justified byeasuring the
temperature profile in the cold chamber. An FLIR ONE Pro thermal camera is mounted
inside the cold chamber to record temperatures at server inlets, as shown in6fHgure
below. These temperature contours confirm that while warm air leaksgthnoassive
servers and influences the inlet temperatures of neighboring active servers, it is not
sufficient to increase the temperature along the middle of the dégtle cold chamber

Hence, part of the cold air stream from the RMCU remains unaffectedeaches the
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servers placed at the top of the rack. The measured temperature contours confirm that the

control volume specified for the cold chamber should not occupy that entire chamber.

Active Server

Passive Servers

Active Server

i

Passive Server

Passive Server

il

Warm

entrained zone s 7 -
i H Passive Servers

Figure6-5: Schematic of the airflow distribution (on the right) @achperature contour in
the cold chamber obtained with a thermal camera (on the left).

The airflow through each active server; is a function of the fan speehd
pressure difference between the cold and hot chandders,P, - Pc. However, ifadP is
lower than 10 Pahe airflow is essentially a function of the fan speed alone. Hence, it is
reasonable to assume that the airflow through each active sswals the measured
airflow in open spaceélhis is corroborated through measurements for an active server (cf.
Figure6-4 for an RMCU).The server fan speed is a function of the inlet air temperature,
which in this case is the cold chamber zone temperatjrd=or example, the airflow

through HP ProLiant DL360 G5 server is,
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TBIpTpPU QaY;, ¢ udd (6.1

CREIL rmprpuYy cu mmprc Q@ W Y o vl

Passive serverbehave like porous ducts. Hence, their response tpréssure
difference between the cold and hot chambers must be ktwwalculate the flowrates
through themRelationships for specific fan models are availaltes is also corroborated

by measurindlowrate and pressure drop for which results are presented in Biure

50
40
30
20

10_

Pressure drop (Pa)

0

|
0.002 0.004 0.006 0.008 0.01

-10
Airflow (m’s™)

Figure6-6: Relation describing the airflow through a passive server and the pressure drop.

Since the pressure difference between the cold and hot chambers is a function of
the mismatch between the airflows of the RMCU and all active setliese flowrates can
be mapped t0 by a positive constantwhich is a function of the enclosure geometry

and the degree of isolation between the hot and cold charklmsrse,
Yo i O0p O (6.2)

This parameter must be calculated once by measMfing , andB 0 .In

Figure6-7, each cold chamber zone interacts with five airflows, namely, (1) air exchange

between the zone of interest and the zone belowdthat (2) air exchange between the
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zone of interest and the zone above that (3) air exchange with the corresponding server
0 7, (4) leakage airflovd 7, and (5) cold air emerging from the RMQ@Uy. Assuming a
linear reduction i) ; when the distance between the zone and the RMCU increases, the
mass balance for each front zone is,
Vi U f VR LR UE (6.3)
where,
0 f ¢ gte pO p o ™jE0 p * QEN choB R (64)
and¢ an integer representing the number of zolékile a reduction in cold air
from the RMCU { ) may not be linear in this context, selecting a linear relation does not

cause a large error and, in any event, feedint relationship can be inserted without

difficulty. To determine the leakage airflow, the mass balance for the entire cold chamber,
Buy B Ofp U B O g (6.5)
Since the total leakage airflow is distributed equally among all zones,

BOp, €& 0y (66)

Vi UR U R Uk (6.7)

104



Ph.D. Thesi$ HoseinMoazamigoodarzivicMasterUniversityi MechanicaEngineering

{ i+l i+l

Qri | A (05 '=' Qs

Ql‘l Ql.i

Figure6-7: Airflows in the cold and hot chambers zones.

The inputs required for the model include server types, server states (On or Off and
their utilization), type and size of the heat exchanger inside the unit, air and wateteffowra
of the RMCU, and initial temperatures. Since these inputs are readily identified or
measured, they do not influence the reliability of the mdded.algorithm used to calculate

all airflows follows. (1) Determine 0  from the total number of active servers (Eq.

(6.1)) and obtai) as the model input, (2) determine the flowrate mismatch and the
pressure difference between the chambers &8))( (3) determine the flowrates of the
passive servers using the fan systemve andY0, (4) determine the leakage flowrate for
each zone (Eq6(5)) and 6.6)), (5) determine theold air stream flow emerging from the
RMCU (Eq. 64)), (6) determing  and use a8 5 followed by calculating j for

each zone in sequence, whérg 0  , and (7) determing  and use a®

=

then calculat® f for each zone in sequence, ie.; 0

6.3.4 Formulation of energy balance equations

The energy balance equatifmm an active server is
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"

Nle

’Q’Y' ’Q,Y' ¥ ox o o et

TQ) Tg N OTR VI (5 Yi L8 (6'8)
Here, Yy denotes the server exhaust temperati¥g,the temperature of the

corresponding cold chamber zorie, air density,®f, the specific heat of aitp the

thermal mass of the server, which is available from the liter48fe and0 the total

power consumption of the corresponding serker airflow within the RMCU,

IR A G 1 oy Yo Y VI (6.9)
WhHW H(‘) a‘) WRL T h h
and for water flow within the RMCU,
. ay, Qs . . Yo .
G e Y - Y OY Y% Y R (6.10)

Qo Qo
where,”Y denotes the air temperature at the RMCU exhaYishe air temperature

at the RMCU inletY; and”Y; the water inlet and outlet temperatunés, the water

flowrate, @y, the specific heat of watet, the density of watefYtheoverall heat transfer

coefficient inside the RMCU (a function df and0 ), 6 the contact area on each fluid

side, ando andw the air and water volumes inside the heat exchanger. The vaNié of

for an air to weer heat exchanger, which has a strong dependence on the air flowrate but

is a weak function of the water flowrate, can be expressed in tertie &@MCU air

flowrate For each cold chamber zone, the energy balance is

For each hot chamber zone, the corresponding energy balance is

” (':)ﬁ(br __fh , (612)
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wheref denotes a correction factor for the thermal masses of the cold and hot chambers
zones, theenergy exchange for the cold chamber zones, atite energy exchange for
the hot chamber zones. Tal@id presents expressions for each term in Equati®ag)(

and 6.12)in terms ofthe temperature of the corresponding hot chamber“2Gne

Table6-1:Expressions for the terms in Equatidsl and6.12

Equation6.11 Equation6.12
] T " (I)hf) a Yh 0 T K (I)hf) i Yh
] T ' (Ta)ﬁlTJ aYq 0 e " &)ﬁ 0 i Y
0 ™ " ®r0 7Y 0 R " R0 7 Yh
] RoOTI ' (Ta)ﬁlTJ aYq 0 RooT " (:)th i Ya
(for passive servers) (for passive servers)
YO T " Jth) a Yq YO T " (I)ﬁ 0 a Yq
YO m " QR0 Y YO m " QR0 Y
(for active servers) (for active servers)
" (:)F]G a Yh "0 7" Ya
yf) T " (I)ﬁf) R Yh yf) T " (:)ﬁf) ﬁ"Yﬁ
YO n " (TJHLTJ A Ya YO T (:)ﬁ 0 A Yh
" (:)ﬁf) h Y
The dimensionless temperature and time are,
Y Y . -
— ——Nh @ t =8 ® (6.13)

<
<
o
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where”Y and 0 denote constant values for temperature and.tikhence,

dimensionless forms of the energy equations for the server are,

O—+ O ¢ R0 RO ) ) cou _
and for the RMCU,
@ o ¢o Yy . (6.15)
ot ot T on o -
Q5 Q= cbo co Yo
of of & " " "ae  — v 8 (616

For each cold chamber zone, thimensionless form is,

0 00 00 Do Dgo Do (6.17)
ot o o " o "W M ar

and for the hot chamber zones,

Q— 0 ﬁ(‘)_' 656_' 0 ;0 ) 0 50 (6.18)
Qt  or " o " or M or

The algorithm to determine the temperature of each zone at a particular time follows.
(1) Include the initial temperatures as inputs, (2) inclideand0 as inputs as prescribed
by a cortrol system, (3) follow steps 1 and 2 to determine all flowrates, (4) solve Equations
(6.14) to 6.18) for all zones to determine all temperatures at a successive time, and (5)

repeat the process and advance it in tim¥hy

6.4 Results and discussion
6.4.1 Model validation
To validate the model, for the same initial values, the temperature profile fobiaarg

case is measured experimentally and compered with model predictions. Bi§ure
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demonstrates this comparison at four times, i.e., after (a) after 5, (b) 20, (c) 40 and (d) 60
minutes. The total IT load of the rack is 4 kW, the air and water flegraf the RMCU

are 0.18 rifs and 0.0005 #s, respectively. The IT load configuration is also shown in the
figure. The maximum difference between the temperature predictions and experimental
results is smaller than 4% and at steady state is lower thant#iéh, shows that the model
represents transient and steady state effects reasonably. The model also mirrors
recirculation through passive servers, accurately predicting the temperature gradient along

the height of the rack.

a) b)
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Figure 6-8: Comparison of model predictions of temperature profiles with experimental
results for the demonstrated IT load configuration. a) t=5 min. b) t=20 min. c¢) t=40 min. d)
t=60 min.The maximum difference between tieenperature predictions and experimental
results is smaller than 4%.

6.4.2 Influence of passive server location
Since passive servers can have a significant influence on the temperature distribution in the

cold chamber, their locations in the rack should befalyeconsidered. Figuré-9 shows
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the effect of a passive server on the temperature distribution in thefréok.flowrate

mismatch B Oy U is negative, i.eY0 is positive, the location of a passive

server is noas significant because the flow through the server occurs from the cold to the
hot chamber, i.e., the server simply draws in cold air from the cold chamber (case 2 in
Figure6-3). However, a positive mismatch, i.e., a nega¥iie drives leakage of hotrai
back through these servers to the cold chamber, thereby influencing the temperature (case
1 in Figure6-3).
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Figure6-9: Effect of the placement of a passive server on the temperature distribution: a)
At the bottom. b) Along the middle. c) At the top. d) Distributed along the fHud.
maximum temperatures in the cold chamber are 27, 31, 38, and 38°C, respectively, when
thepassive servers are located at the bottom, middle and top of the rack, and when they are
distributed along the rack.

Figure6-9 shows that the temperature increase in front of passive servers, whether

they are placed in a cluster or single, is consistetit previous experiments. Moving
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upward from the RMCU to the top of the rack, the pressure in the cold chamber decreases
(Figure 6-3) inducing higher leakage through passive servers, as reflected in &igure

With similar water and air flowrates intoflRMCU Q.2 and 0.0005 #s), the maximum

temperatures in the cold chamber are 27, 31, 38, and 38°C, respectively, when the passive

servers are located at the bottom, middle and top of the rack, and when they are distributed
along the rack. Thus, passivergers should be placed in proximity of the RMCU to

minimize hot air recirculation.

6.4.3 Effect of water and air flowrates of the RMCU on temperature profile

Next, we consider the effect of water and air flowrates into the RMCU on the cold chamber
temperature distr i b 69. Figure6-1f0demonstatesethattadl@o i n
change in water flowrate does not have a discernible effect on that temperaRIRMCU
employs an air to water plafen heat exchanger which includes three thermal resistances,
(1) through the metallic body of the heat exchanger (5%), (2) metal body to water (15%),
and (3) metal body to air (809%38]. This is supported by Figu@10, where a 10%
reduction in the airflow rate (Figuré-10(a)) produces an appreciable increase in
temperature compared to a similar proportional change in the water flow rate (@igure
10(b)). The reduced RMCU airflow also leads to higher flowmsigmatch, i.e., loweY0,

which increases leakage through passervers, further increasing the temperature.
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Figure6-10: Influence of RCMU water and air flowrates on the temperature distribution.
a) Temperature profile for three air flowrates. b) Temperaturalgrufr three water
flowrates. A 10% reduction in the airflow rate produces an appreciable increase in
temperature compared to a similar percent change in the water flow rate.

6.4.4 Transient behavior

The proposed model can be utilized to analyze typical “Whigilure scenarios, for
example, how long it takes for the cold chamber temperature to increase after a chiller fails.
We demonstrate this capability by characterizing the transient response of the system to
step changes in various parameterg,,IT load, RCMU water inlet temperature and air
flowrate, in Figure6-11, where the temperature reported is for the middle of the cold
chamber. A 1.1 kW increment in IT load results in a 3°C temperature increase at the middle

of the cold chamber.

There can be a sudden change in the water inlet temperature of the RMCU due to a
failure in the building chilled water system or outdoor water chiller. A 4 °C change in the
water inlet temperature produces a greater than 4°C increase in the air tempasature
shown in Figuré-11(b). The total thermal mass of the system contains four contributions,

i.e., from the servers, RMCU, cold chamber and hot chamber (Fégiied). The thermal
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mass and consequently the response time of the servers is considegarlyhlan for any

of the other contributions. Therefore, changes in the IT load produce a more gradual
increase in cold chamber temperature because an increase in IT load, i.e., higher heat
dissipation from the CPU, is first perceived by the server biéidy(e6-11.d), then by the

air flowing through it. A change in the RMCU water inlet temperature is associated with a
faster response because first, the change is perceived by the RMCU and then by other parts
of the system, resulting in a significant @mperature change. There is a similar response

to changes in the RMCU air flowrate. A 20% decrease in RMCU air flowrate increases the
temperature at the middle of the cold chamber by 3%Cfurther investigate transient
effects, the servers that constittie bulk of the thermal mass of the system are considered

separately. By assuming constant temperature at server inlets, E@uiioaduces to,

Ao R _ (6.19)

0 R 0 (6.20)

The thermal time constant at a server exhisugtin A ;1 ;O j 8, which is a function
of the server thermal mass and air flowrate through the server. The thermal mass depends
upon server material and weight, arrangement of components inside the server, and the
heat sink attached to the processor. By changing any &k tparameters, server
manufacturers can change the response time of servers to rapid changes in the DC
environment. Since the air flowrate through the server is a function of fan speed, using

more powerful fans results in shorter response times.
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Figure 6-11: Transient response of temperature at the middle of the cold chamber to
changes in input parameters. a) Step change in ITE load. b) Step change in RMCU water
inlet temperature. c) Step change in RMQGtflawrate. d) Thermal mass representation.
Changes in the IT load produce a more gradual increase in cold chamber temperature, but
changes irRMCU water inlet temperature and RMCU air flowrate results in a sudden
change in the cold chamber temperature.

6.4.5 Comparing the performance of a single RMCU with two RMCUs

The above cases consider a single RMCU within the enclosure that is located at the bottom
of the rack. We now instead consider two RMCUs, with one unit placed at the bottom of
the rack and the othat the top. An RMCU would rarely be installed in the middle of the
rack since that would remove valuable 4seel space for IT equipment in the enclosure.
Figure6-12 compares the performance of a rack with two RMCUs and a single RMCU.
While the IT loadand configuration, geometry and other parameters for both cases are

similar, the air and water flowrates into the two RMCUs are half the corresponding

114



Ph.D. Thesi$ HoseinMoazamigoodarzivicMasterUniversityi MechanicaEngineering

flowrates for a single RMCU. Implementing two RMCUs provides a lower cold chamber
temperature since, (8ven though two units together have the same intake airflow the cold
airflow is better distributed, resulting in more uniform pressure and temperature profiles,
and (2) decreasing the air flowrate into an RMCU lowers its outlet air temperature.
Dependingon the IT load configuration, the use of two RMCUs can reduce the maximum

temperature of the cold chamber byl2°C.
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Figure6-12: Comparison of performance while using one RMCU versus two RMCUs with
different passive server placemeras Accumulated at the bottom. b) Accumulated at the
middle. ¢) Accumulated at the top. d) Distributed along the @degending on the IT load
configuration, use of two RMCUs can reduce the maximum temperature of the cold
chamber by 112°C.
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6.4.6 Computational time

Temperature predictions are intended for failure prognosis and to inform control decisions.
Hence, the time required to calculate the predietperature profile accurately is a major
considerationOur model determines the temperature distribution much more rapidly than
a CFDsimulation. A 3D CFD test case for a similar system provides results after about an
hour [18], [24], [39], while the model takes less than 30 s depending on the projected
duration for the predictio.o design a DC room, several test cases must be considered to
optimize the system. If a hundred such cases are required, it wieilld tiays to complete

the CFD simulations but only about 8 minutes for the model. This makes our method more
suitable for reatime control.Two previous investigations report that their models require
experimental data over about 15 hours to train theidiptions to lie within reasonable
error [40], [22]. Another model must evolve a random imiki population for 30,000
generations to obtain accurate results that take 28 hours in a computer equipped with a
Quadcore Intel i7 CPU @ 3.4 GHz and 8 GB of RA28]. A fourth model requires 30

different CFD simulations for training to predict the temperature in front of 30 s¢24érs

Figure6-13 illustrates the influence on the computational time of the duration over
which predictions must be made and the number of zones that are considietteese
computations are performedth an Intel (R) Core (TMj)7 6700 HQ CPU @ 2.6 GHz and
16 GB of RAM. Since the model solves the energy balance for each zone at each time step,
the computational time increases linearly when the number of zones and the prediction
time increase. The tieninterval for all cases is 0.001 s. Increasing this time interval to 0.01

s decreases the computational time by a téttk. computational or experimental effort
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required to generate training data for machine learning is significantly higher using
previowsly formulated methods than it is with our approach. Prediction models based on
machine learning fail if an operating condition is far removed from the circumstances
embedded in a training data set. For instance, temperature predictions for server
configurations different from those relevant to the training data set can be entirely
inaccurate. This limitation is inherent to machine learning, where only a few parameters
can be varied over a restricted range. Our model overcomes the limitation since all major
parameters, such as the air and water flowrates through the cooling unit, IT load, and

passive server locations, can be changed.
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Figure6-13. Dependence of the computational time requiredetermine the temperature
profile by the model. a) Dependence on prediction time. b) Dependence on number of
zones.

6.5 Conclusion
A model is presented to predict the temperature distribution within an IT server enclosure
that is integrated with an RMCU. THew field for this architecture can be predicted using

fluid mechanics principles. Consequently, in contrast to other control schenaegrion
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training process is required. The model is validated by comparison with experiments,

where the maximum diffence between predictions and measurements is 4%.

The influence of parameters such as the IT load configuration, RMCU flowrates,
step changes in system inputs, and utilization of two RMCUs rather than just one are
investigated through the model. Our fings follow. (1) The optimal location for passive
servers is adjacent to the RMCU. (2) A ten percent change in the RMCU water flowrate
has a minor influence, less than 1%, on the cold chamber temperature but a ten percent
reduction in the air flowrate redslin a 14% increase in the cold chamber temperature. (3)
Using two RMCUs with 50% of the cooling capacity of a single RMCU results in a lower
cold chamber temperature compared to use of a single RMCU running at 100% capacity.
(4) The response of the systéo common DC changes such as an increase in the IT load
occurs over about 30 minutes due to the high thermal mass of the system. The model will
facilitate realtime control algorithms developed for IT enclosures with RMCU

architectures.
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7 Modeling Temperature Distribution and Power
Consumption in IT Server Enclosures with Row

Based Cooling Architectures

This chapter is reproduced frofiTemperature and Power Consumption in IT Server
Enclosures with RoBa s ed Cool i ng Ho8eincMuzamgaotawzirRehd o
Gupta,Souvik PalPeiying Jennifer TsaiSuvojit Ghosh and Ishwar K. Puri, Under review

in Applied EnergyThe author of this thesis is the first author and the main contributor of

this publication.

7.1 Abstract

Traditional data center (DC) cooling methods cannot yet control cooling airflows and
temperatures on demand, creating an intrinsic inefficiency. A recent solution plaees row
based cooling unit adjacent to servers and places the entire assembly withgfoaaren
which improves airflow distribution and provides rapid +@@e control. This is in
particular attractive for micr®@Cs where traditional rootbased cooling is less energy and
cost efficient. Currently, spatiotemporal predictions of temperatueesequired to predict

and control DC performance as the system configuration and other parameters are varied.
Current methods, such as proper orthogonal decomposition (R@Dhjne learning (ML)

and heuristic models are inapplicable in practice bedaeyaequire a prohibitively large
number ofa priori simulations or experiments to generate training datasets. We provide an

alternative a computationally inexpensive trainfree model for enclosemticro-DCs that
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are integrated with inow cooling unitsthat requires n@a priori training. The model
determines the air flowrate within each zone based on a mechanical resistance circuit
analysis. These flowrates are then introduced into a zonal energy balance to predict the
temperature of each zone. The modevalidated with experimental measurements and
coupled with a power consumption calculation. Its applicability is demonstrated by
evaluating the influence of various system factors, such as IT server configurations, cooling
unit air and water flowratesnd the numbers of cooling units, on the temperature
distributions and total cooling power consumption. Used as a tool, the method can improve
micro-DC control and help optimize the design of any DC-tmased cooling system.

Key words: In-row cooling unit- Temperature prediction Zonal methodi

Mechanical resistandeEnergy balance.

7.2 Nomenclature

A Surface area of heat exchangef)(m \Y Volume (n¥)
c Specific heat ty (KJ KK X Thermal mass of serve
ecific heat capaci ;
p p pacity (kJ K
P Pressure (Pa) 7 Pressure difference (Pe
. ) g Correction factor for
v Power consumption of fans (Watt) U
thermal mass
- ) Norn-dimensional
U Power consumption of server (Watt) d
temperature
Air flowrate through the cooling units @ . . . .
Qc ) U Non-dimensional time
Qs Air flowrate through each server {at) ] Density (kg nr)
Water flowrate through the cooling unit
Qw S Server
(m’s?)
Qch Chiller heat load (kW) f Front chamber
R Mechanical Resistance (Pa’s) b Back chamber
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Tt Temperature of the front chambers (K) H Horizontal
Ts Temperature of server exhaust (K) \% Vertical
) ) ) ) Index of zone irx-
Te Cooling unit exhaust air temperature (K i o
direction
) ) . ) Index of zone iry-
Th Cooling unit return air temperature (K) i o
direction
Tiw  Inlet water temperature of cooling unit (K br Brush(separator)
Tow  Outlet water temperature of cooling unit (I a air
Tei Fluid temperature entering condenser (k w water
Teo Fluid temperature leaving evaporator (K ref reference
U Overall heat transfer coefficient 0 Initial

7.3 Introduction

Increasing electricity costs have necessitated strategies to reduce the power consumed by
data centers (DCs), a third of which is used to cool its IT equipment (MJE}2].
Traditional DCs typically employ air cooling, rather than direct liquid cooling, because of
reliability, and lower capital and maintenance c§3}s[4]. The cold air required for the

ITE is provided by cooling units thare usually placed along the server room perimeter,

an architecture that is inefficient because of two significant air distribution inefficiencies,
hot air recirculation and cold air bypd58$i [7], which increase the cold airflow to the ITE

up to two times over the required amo[8jt

To address this inefficiency, an enclosed Hmaged cooling architecture that
supplies cold air in close proximity to ITE is an alterna{®pg [10]. This architecture
decreases the energy required for cooling as well as the initial cost, and improves agility,
system availability, seiceability and manageability. Cooling energy is reduced since

airflow paths are shortened, which in turn require less fan power and also facilitate better
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airflow distribution[11]. Cooling architectures with shorter airflow paths are able to more
rapidly regulate cooling in response to dynamic changes in the ITE load or cooling unit
perturbations and thus prevent the large temperature fluctuations that can produce

equipment failurg12].

For purpose of redime control, failure prediction, and design optimization, a rapid
scheme to predict temperatures in an enclosedbased DC isequired. To reduce the
magnitudes of harmful temperature fluctuations, control actions should occur over a
smaller duration than the timescale of a characteristic DC thermal event, which for
enclosed rowbased DC cooling is of the order of secofti3]i[15]. While different
methods to predicts temperatures within DC environments have been developed, such as
proper orthogonal decomposition (POD), machine learning (ML), and, more recently,

heuristic models, their limitations preclude implementation inatpmral DCs.

Compared to a full field granular physibased model, ML and POD based data
driven models are attractive due to their quicker runtimes when coupled with control
algorithms [16][19]. These datdriven models are able to correlate temperature field
inside a DC with operational parameters, but completely neglect the physics of the flow
[20]i [24]. There are other gray box models that capture some features of the flow, but these
also have drawbacks. First, these models are auxiliatycan require an impractically
large number 107-10%) of datasets for training and accuracy. The sources for these
datasets can be either réiahe DC experiments, which are impractical edihensional

full-field CFD simulations that are computationaélypensive. Besides, to predict and
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control scenarios that lie outside the cluster of a training dataset, the models must

extrapolate, which often leads to large errors in temperature predictions.

Other method employ leuristic approaches that use empiripallameters to
simplify the governing physical laws and then predict temperatures at the specific locations,
such as server inlefg5]i [28]. For instancea threedimensional zonal model for roem
based cooling with a raised floor employs a characteristic dimension of 1m to predict
temperature distributions within zones in front of server r§2&E It is intuitive the such
a large zone should lead to a loss of granularity and therefore diminish the predictive
accuracy. Besides, the model requires information about mass flowrates, which must be
obtained from computationally expensive CFD simulatighgapid CFD and lumped
capacitance hybrid model can predict temperature fluctuations in front of servers as a
function of transient events, such as server shutdown and cooling f&ié]rébut this
method also requires CFD simulations for each case to determine parameters and index
values.Thus, obtaining reaime temperaturdistributions and integrating them with the
IT infrastructure control system is unfeasible with these heuristic methods.

Because it can predict temperatuveigh a higher resolution and accuracy than
lumped models zonal modeling is widely usefor HVAC and building energy
managemenR5], [29]i [33]. This method partitions a space into coarse zones assumed to
have uiform physical characteristics, e.g., temperature, pressure and velocity, to which
mass and energy conservation relations are applied. The method reduces the solution time
considerably by replacing the partial differential equations for mass, momentum and

energy conservation with a system of ordinary differential equations.
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We provide a new parametiee zonal transient model that is based on an analysis
of mechanical resistances. The model predictstiaa@ temperature distributions within
ITE enclosuresAs a representative case study to demonstrate its applicability, an enclosed
micro-DC containing separated cold and hot chambers, which is cooled by one or-smore in
row cooling units, is considered. The model conserves energy in each zone within the
enclesure and determines its temperature. The air flowrates required to maintain energy
conservation within the enclosed geometry for the prestiven flow are determined
through an auxiliary mechanical resistance network and by applying mass conservation fo
each zone. This approach avoids the necessity of performing CFD simulations, experiments,
or the training of empirical parameters through ML. The novelty of the work, therefore, is
the development of a computationally inexpensive mechanical resistatwerkne
approach that resolves the flow field, unlike the conventional ML or CFD based approaches
available in the literature. We integrate the mechanical resistasssl flow modeling
with the energy balance equations to rapidly predict the temperattriéudien inside
enclosed DCs for different operating conditions. The model can be employed for, (a)
thermalaware workload management, (b) development of a neelictive controller
for the cooling units, (c) design optimization purposes, (d) investmgathat if scenarios
in DCs, and (e) fault prediction purposes.

Our objectives are to (1) demonstrate the applicability of mechanical resistance
based zonal modeling fenclosednicro-DCs that aréentegrated with irrow cooling units
that have separatdwbt and front chamberg2) validate the model using experiments, (3)

investigate the effect of passive server placement on the evolution of local hot spots, (4)
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investigate the influence of4w cooling unit operational parameters on the temperature
distribution, (5) investigate the effect of IT load distribution across the racks and servers
on chiller coefficient of performance (COP), and (6) compare thermal performance of the
row-based cooling architecture when one or elaein-row cooling units arplaced within

the enclosure.

7.4 Methodology

7.4.1 System configuration

The geometry of an enclosed mi& cooled by irrow cooling unitds shown in Figure

7-1, where the fans inside the cooling units are two prime airflow movers besides the fans
in the servers. The cooling units draw warm air from a back chamber, extract heat from it
and release cold air into a front chamber. The servers breathe in colonaithi front
chamber and release warm air to the back chamber. The flowrate mismatch between the
servers and the cooling units and the separation between the chambers creates a pressure
differencead = P, 1 Pr between the chambers. This difference prodleakage between

the chambers in the direction of the pressure differential, either from the front to the back
chamber &P < 0) or vice versaa > 0). By solving the energy balance for each zone
considering the mass transfer between the two, the condisigotemperature can be
determined. As mentioned, we use a mechanical resistance network to determine the

flowrates within the enclosure instead of performing CFD simulations.
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G Rack of servers

In-row cooling unit

Warm airflow
entering the

Cold airflow e
cooling unit

exiting the
cooling unit

Brush
(Separator)

Enclosure
Front chamber

Figure 7-1: Schematic of the IT enclosure integrated with five IT racks and twown
cooling units (CUs) with separated cold and back chambers. In the front chamber, cold air
exits the CUs and is drawn into the servers. In the baakber, hot air exits the servers

and is drawn into the CUs. There is leakage airflow through the brushes that separate the

two chambers, either from the hot to the front chamber or vice versa depending upon the
pressure differences.

The zones inside thenelosure are presented in Figut€. Neglecting heat and
mass transfer between the enclosure and its ambient, six control volumes are considered,
i.e., (1) the zones in front of each server, (2) the zones at the back of each server, (3) the
zones in fronbf the cooling units, (4) the zones at the back of the cooling units, (5) each
server itself, and (6) the cooling unithe cooling unit contains a heat exchanger that
transfers heat from the warmed air to a chilled water loop that is supplied by arakexter

system consisting of a chiller and circulation pump.
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Zones in front

of coQIi

Zones at the
back of servers

Zones at the back
of cooling unit

Zones in front
of servers

Figure7-2: Zones considered inside the enclosure.

7.4.2 Flow-resistance network representation and flowrate calculation

Enclosed DCs contain a pressure driven airflow for which mechanical resistances can be
described to determine the flowrates. The mechanical resistance network for the system is
depicted in Figur@-3, wherevoltage is analogous to pressure and currentfiow. The

in-row cooling units are thus represented a®arce of current, or the air flowratés.

Each active server is a single current source because it draws in specific air flow#ate
passive server, i.e., one that is not powered, iSstaeseY that is a porous separator that
allows air to travel between the back and front chambers. Essentially, a passive server
behaves as a porous duct through which the flowrate respondspresiseire difference
between the front and back chanbf84]. Separators (or brushes) create resistaces

that prevent air leakage between the front and back chambers. The resistances to airflows
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along the vertical heights of the front and back chambers are denoiegl asd’Y
respectively,and those along the horizontal widths of the front and back chambers are

likewise'Y ; and’Y i .

The flow0 is an order of magnitude larger than Although'Y Y, these two
resistances are of the same order of magnitudeYRUuiY ; AY ; hAT K are all an
order of magnitude smaller in comparison because the characteristic dimensions of the
corresponding chambers are an order of magnitude l#rgerthose of the holes in the

brushes and server channels through which air flows.

If the flowrate from the cooling units is smaller than the total flowrate through the
servers, the resulting pressure differemgtis positive, i.e., hot air leaks throughe
passive servers and brushes into the front chamber. On the other hand, if the flowrate from
the cooling units is larger than the total flowrate through the sew®rs, negative, i.e.,

cold air now leaks from the front into the back chamber.
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Figure 7-3: Generalized flow resistance network inside the IT server enclosure with five
racks (each having 20 servers) and twoow cooling units. The red and blue arrows show
the warm air return and cold air supply path from the cooling unitréieating sequens

of servers and mechanical resistances are shown with red dotted line.

The air flowrate through the cooling units is determined by the fan control system
so that the flow through the-mow cooling unit is solely a function of its fan speed.
However, tle flowrate of the air drawn by each active server is a function of the server fan
speed and the pressure difference between the front and the back of that server. The
pressure difference between the chambers is typically of the order of 10 Pa [34],swvhich i
not significant enough to influence the flowrate. Consequeatiyow through a server is
essentially a function of its fan speed alone. We can therefore assume that the airflow

through each active server equals the measured airflow in open spaeeth8indet air
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temperature is the only factor influencing server fan speed, the air flowrate through an
active server is a function of the temperature of the zone in front it. For sake of example,
the airflow through an HP ProLiant DL360 G5 server ig,[34

O fp & ji (7.0

™ PTPUL QTYr ¢ vdd
MPTPUY; QU TBITIPT (G Q' vdI "Yp o LA

In Figure7-4, the zone in front of each server interacts with six airflows, i.e., the
air exchange is between a zone of interest and the zones that (1) lie belowit, i.e.,
and (2) lieabove ith o ,andonits (3)lefth o  and (4) rightd o, (5) within the
corresponding server i, and (6) the leakage airflow from the front to the back chamber

0 ;7. A mass balance conducted for the zones in front of active servers reveals,

0 s Ogp J'Ys 0 wi Ogp J'Ys Op # Ofp J'Ys (72)

Or & Ofp J'Yhk Ofi Ofp J7Y 0fp T
whered characterizes the relationship between the pressure drop and the flowrate,

0 denotes pressur&nd Care the horizontal and vertical indices of the zones, respectively,

and"Qrepresentshe zones in front of the servers.

With the mass balance fdre zones in front of passive servers,

O wi Ofp i'Ys 0 i Ogr iV (7.3)
Ok h Orr J'Ys O h Orr J'Ys Opp Omp §7Y
Ofp Omr 'Y m,

Considering the mass balance for the zones at the back of active servers,
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0 i Ogp iV 0 i Ogp iV (74)
Ok ® Orr J'Yi Ok # Orr J'Yi Ofp Ohp §7Y
Gﬁﬁ T,

Whererepresents the zones at the back of the sefVeesmass balance for the

zones at the back of passive servers reveals,

0 fi UOgs iYi 0 s Urs 'Yk (75)
Op & Ofk J'Yh Or & Ofk J'Yh Ofr  Omr 'Y
Ofp Ohp §7Y T

The mass balance for the zones in front of the cooling unit leads to,

B 0 fr Ogpj'Ys 0, (7.6)
whered denotes the cooling unit volumetric air flowrate. Similarly, the mass

balance for the zones at the back of the cooling unit is,

B 0 s Ompj'Ys 0,

(7.7)

-

Back chamber

————

Pi_1jf

Figure7-4: Airflows in the zones in front (right) and at the back (left) of servers.
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To solve Eq. 7.1)-(7.7) and calculate the corresponding air flowrates for all zones
we require the values @f and the resistances. The resistangieshe front and back
chambers are determined through experiments on an enclosed modular DC that contains
two in-row cooling units with separated chambers, as shown in Frgluré&o measure the
total pressure difference, a differential pressure sense. The volumetric flowrate is
calculated by measuring the average air velocity and the-seatisn area. The average
velocity is calculated by measuring the air velocity at five different points within each
sectional area using a Test®5 anemometerThe pressure drop with respect to the

volumetric flowrate for the front and back chambers is reported in Figbre

The mechanical resistances of the passive servers and brushes are also determined
experimentally by measuring the pressure drops anditiwrates through them. The
air flowrate is measured bytanomax TABmasterE 6710 Flow
0.00235m’s* accuracyand a differential pressure sensor is used to measure the pressure
drop. The variation of pressure drop with respect to volumetric flowrate for the passive
servers and brushes is presented in FigeeBased on Figureg5and6a & 1 f or al
resistages so that these resistances can be reasonably extracted from both figures. We note
that a different value, e.qt, T@® denoting a parabolic relation between pressure drop
and air flowrate can also be applied [35]. Applying equati@rig-(7.7) for all servers and
their corresponding zones results in a system of linear equations that provide the pressure

for each zone.
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Figure7-6: Pressure drops.volumetric air flowrate for (a) passive servers and (b) brushes.

7.4.3 Formulation of energy balance equations
Once the pressure of a zone andil@ehanical resistances across it are known, the entering
and exiting air flowrates through it can be calculated and the energy balances obtained

thereupon. The energy balance for an active server is,

(O TN O ¥ .
Wr U FR ViR

Qo Qo

5o (7.8)

< Yk

where™Y; denotes the server exhaust temperatifg, the temperature of the

zone in front of the servet, air density®f, the specific heat of aity the thermal mass
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of the server that is available in the literat[8@], ando ;; the total power consumption of

the corresponding servdfor the airside of the irow cooling unit,

Ca e O OY YL s (79)
wWp W 00 0o Wpr L C h h

and for the waterside within thanit,

(08 o A Yo., o o «v & (7.10

CR

EEATEA
where”Y denotes the air temperature at the exhaust ohthew cooling unit™Y
the temperature of air entering the cooling UM, and™Y;; the water inlet and outlet
temperatures) the water flowrate, the specific heat of watet, the density of
water, Ythe overall heat transfer coefficient inside timerow cooling unit which is a
function of0 and0 , © the contact area on each fluid side, andndw the air and
water volumes inside the heat exchanger. Since the valléO&dr air to water heat
exchanger is a weak function of the water flowrtitat degnds primarily on the air

flowrate, it is a function ob .

For the zones in front and back of servers, the energy balance is,

T %A
Wl =5

=0¢

(7.11)

where| is a correction factor for the thermal masses of the zones which is
experimentally determined) the volume of the chamber, andhe energy exchange for

the zones. Tablé-1 contains expressions for each term in Equafidiij.
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Table7-1: Expressions for the terms in Equatitdl.

Zones in front of the servers Zones at the back of the servers
% % . 5 5 e o 4 4 PR 4 4 e o
U fn Upp T F U R VAR JYR YRR | U fr Upp T ®Wr U fr Urp JYR Y Rn
% 4 o 4 4 e o 4 4 PP 5 5 e o
U fn Upp T ®Wr U rh URe I YR YR O fr UVpp T ®Wi U mr Ure YR "R
O fr Orp |7 @5 0 wr Opn JYR Y R | 0 s Ofn T @p U wr Opp JYR Y g
% I . 4 4 e - A A PP 5 5 e o
U fn Upp T ®Wr U rh URe I YR YR O fr UVpp T ®Wi U mr Ure YR "R
5 5 i 5 5 ) I 5 5 icd 5 5 e I
Ur & Urnk s Wf Vi n UVRa JYs Y 5rn | Ur 5 Urn s ®Wr VR 7 UVra J YR %
5 5 P 5 5 A 2 4 A P 5 o e ~ N/ .
Ufh F Upp T ®ir Ui 7 Urp YR "Yi Ufh  Upp T Wi Ui URs YR "R
Orh 5 Ukn s i Vs r Uar JYR Y kR Ur 5 Unn L wp Va r Orr JYR "%
A A P A " Al o A A P A I A o
Ufh F Upp T ®i Ui 7 Uap YR "Yi Ufh  Upp T Wi Vi URs IYR "YiR
~ - ” I g e i V. "\ ~ ~ ” v g ’,,-w" P2V
Uri  Uhh n Wi Vg Vol Yoi “Yhn Urr  Ugp i Wi Uggo Vam Yoi “Yhn
~ ~ " I g e 1 V. "\ ~ ~ " v g ’,,-w" P2V
Uri  Uhh n Wi Vg Vol Yoi “Yhn Urr  Ugp i Wi Ugio Ve Yoi “Yhn
(passive server) (passive server)
Y = PR g CON N/ [ Y PR 0 e 'Y N
ViR URh m Wi Vg Vol Vi " Ui Urh i Wi Ugio Vaml Vi Y
Y ~ n g CON L [ Y w T Y e 'Y N
ViR URh m Wi Vg Vol Vi " Ui Urh i Wi Ugio Vaml Vi Y
(Active server) (Active server)
BTV BTV

The dimensionless forms of temperature and time are,

(7.12)

¢
e
—+

o | o-
3¢
€

where”Y ando denote reference values for temperature and time Yatite

initial temperatureHence, the dimensionless forms of the energy equations for the server

are

Q=i QO .
atr h (7.13)
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and for the irrow cooling units,

0 0— o G0 Y0 3

ot of & T Toe T o wh (7.14)
Q4 O b o GO YO
of of & 7 " "ee  — v 8 (719

For zones in the front and back of the serverglitinensionless form of the relation

Q— o} .
of ol Y Y h (7.16)

The procedure to determine the temperature of each zone at a particular time
follows. (1) Specify the initial temperatures, (2) presctiband0 , (3) determine the
flowrates by applying equation3.{)-(7.7) for all zones and solve trsystem of lirar
equations(4) solve equations(13)-(7.16) for all zones to determine the temperatures at

a particular time, and (5) repeat the process by advancing/it.by

7.4.4 Power consumption calculation

The temperature distribution alone is insufficient torabterize the influence of different
system parameters. Hence, the power consumption of the cooling components must also
be determined. For the present configuration, the primary energy consuming components
include (1) inrow cooling unit blowers, (2) chdd water pumps. and (3) the chiller. The
chilled water pumps consume at most 3% of total cooling p{8@&rsuch that for a 30%
increase in water pumping power, which is in any case unlikely to occur, the total cooling
power change is a negligible 1%. Hence, only components (1) and (3) are considered. To

determine the energy consumption ofaw cooling unitblowers and the chiller, the total
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heat rejection from ITEs, total cooling unit air flowrate, chilled water temperature entering

the inrow cooling unit, and the ambient air temperature must be known.

The power consumed by the refrigeration system irchiléer is a function of the
heat load of its evaporator, the temperature of the fluid entering condenser, the desired
setpoint temperature of the water leaving the evaporator, and other operating and design
parameters, including the loading of the chillgth respect to its rated capacity. While
there are several analytical models available in the literature that characterize chiller
operation, the GorddmNg model is selected for its simplicity and ease since readily

available data can fit model coeffiots. The model has the fol@7],

O HO O 0o, where (7.17)

® Yjo , (7.18)

® Y Y'Y O (7.19)

) P60 p O j"Y,and (7.20)
® p600 p Y'Y p, (7.21)

where COP denotes the coefficient of performance defined as the ratio of the
evaporator heat load to the electrical power consumed by the compredsord”Y the
fluid temperatures entering the condenser and leaving the evaporator, respectilely,
the chiller heat loadData ford , COP,’Y, and’Y areobtained from the manufacturer

of a 50 kW chillel{38] that, when fitted to Equatio7 (L7), provide the relation,

O TBICo PF® TV Q. (7.22)
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Since the condenser temperature is assumed constant, we use 9 data points at a
constant condenser temperature for regression for which the residual sum of squares is
p& p 1 . Equation 7.22) provides the chiller power consumption once the total cooling

load, evaporator temperature, and condenser temperature are known.

The power consumption of the fans inside theoww cooling unit is calculated for
the Rittal TopTherrL.CP-RackCW [39]. Based on its data sheet and its fan [40], the

relation between the dilowrate provided and the power consumption is,

0 TYNMOTMHo emap (7.23)

whered denotes the total power consumption of the fans inside each cooling unit.

7.5 Results and discussion

7.5.1 Model validation

To validate the model, the temperature profiles for an arbitrary IT load distribution are
experimentally measured for three different auglunit air flowrates and compared with
model predictions. The experiments are performed on an enclosed modular DC with
separated chambers. The DC has five racks and tmmaircooling units located at the

ends.

Figure7-7 demonstrates this comparisom foree cooling unit air flowrates, i.e.,
(@) high0 B0 ), (b)medium{ *x B0 ),and (c)lowd BO ). The total IT load
of the racks is 20kW. Each rack contains 5 temperature sensors, i.e., 25 sensors are mounted
at different locations in the dnt chamber . The difference between the predicted and

measured temperatures at each location is reported in the figure.
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Figure 7-7.a shows that the maximum difference between the model and the
experiment is lower than 1°C. The probability of hot spot formation is low due to cold air
oversupply which results in more a uniform temperature distribution in the front chamber.
In Figure7-7.b, the difference between the model and experiment for 20 locations is lower
than 1°C, for 4 locations smaller than 1.6°C, and for a single location is more than 2°C. In
Figure7-7.c, for 20 locations the deviation of the predictions from measurements is again
lower than 1°C, for 3 locations it is smaller than 1.6°C, and for two locations more than
2°C. For the two last cases, more hot spots appear in the cooler front chambss bexau
cold air flowrate is lower. Overall though, Figurer shows that the model predicts the
temperature distribution reasonably well.

c= TfexP _ Tfmodel (OC)

a b c
01 | 02 | 03 | 01 | 01 05 | 08 [ 06 [ 07 [ 02 09 [ 01 [ 02 [ 14 [ 03
o1 | 01 | 02 | o1 | 04 03 | 00 | 08 | 02 | 02 04 | 05 | 02 | 04 | 01
04 | 00 | 02 | 02 | 02 05 | 04 | 09 | 01 | 02 08 | 02 | 09 | 02 | 00
02 | 01 | 03 | 01 | o1 07 | 00 | 08 | 11 | 05 10 | 09 | 02 | 06 | 09
01 | 02 | 03 [ -03 [ -0a 13 | -1e EE o2 | 14 14 rEEry @

0> 0 0~ ) 0. Q<) 0

Figure7-7: Difference- between the temperature predicted byrtloelel and the measured
temperature at 25 different locations in the front chamber. (a) High cooling unit air flowrate,
i.e.,0  BYD .(b) Medium cooling unit air flowrate, i.ed,x B0 . (c) Low cooling unit

air flowrate, i.e.p B0 . The. total IT load of the racks is 20 kW. Green, yellow, and
red colors specify thatis lower than 2 , 1.63 , and 33 respectively.

7.5.2 Influence of passive server location
Passive servers that are not utilized in DCs are usually switched off. In asezh@C
with separated hot and front chambers, passive servers act as porous ducts connecting the

two chambers. This behavior enables flow and energy transport across the chambers and
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significantly influences the temperature of the front chamber. We imgastwhen (a) a
passive server plays an important role in altering the front chamber temperature, and (b)
the influence of its location inside the enclosure. Figu8edemonstrates the influence of
cooling unit air flowrate on the temperature distribatio the front chamber when there

are passive servers fthre micreDC configuration of Figur&-1. Each rack is assumed to
contain five passive servers. For all the scenarios, we consider the same water flowrate and

water inlet temperature.

Based on Figte 7-8, when the cooling unit air flowrate is high,lor B0 , a
passive server does not have any effect on the temperature distrilivitien.the cooling
unit air flowrated B0 , the hot air recirculation through the passive server increases.
As slhown in Figure7-3, passive servers are mechanical resistances and the direction of the
airflow through them is a function of pressure difference across the servers. If the air
flowrate of the cooling units is greater than that drawn by the servals, oB 0 , the
pressure of the front chamber is higher than that of the back chamber, resulting in air flow
through the passive servers from the front to the back chamber, a phenomena known as
cold air bypass.flthe air flowrate of the cooling units is lowdran that drawn by the
servers, i.e.l B 0 , the pressure in the front chamber is lower than in the back chamber,
resulting in air flow through the passive server from the back to the front chamber, termed

as hot air recirculation.

The location of a @ssive server, specifically its distance from the cooling unit,
influences the airflow distribution and consequently the temperature distribution, since the

mechanical resistance circuit depends on the location of the passive server.7Fgure
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presergthe influence of passive server location on the maximum and average temperatures
in the front chamber. For all cases, the air and water flowrates, and water inlet temperature

of the cooling unit are the same. Each case considers 20 passive w#thiara rack of

interest.

(a) (b) (c)
(Qc > Z Qs) (Qc~ Z Qs) (Qc < Z Qs)

[

36°C

32°C

28°C

Height (m)

24°C

20°C

o —

I I I
0 1.5 1.5 3 1.5 3
Width (m) Width (m) Width (m)

Figure 7-8: Influence of cooling unit air flowrate on the temperature distribution of the
front chamber in the presence of passive servers.

(g}

Rack 1: passive servers
Rack 2: passive servers
Rack 3: passive servers

Average temperature of | Maximum temperature of the
the front chamber (°C) front chamber (°C)

20.8 25.2
b 21.7 293
c 235 375

Figure7-9: Influence of passive server location on the maximum and average temperature
in the front chamber.
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Figure 7-9 shows that placing passive servers near the cooling units reduces the
magnitude of hot air recirculation throutitese servers. The recirculation through passive

servers is a function of the pressure difference (0 ) across them. Moving from the
cooling unit toward the middle of the rack, decreases anal increases, increasing (
0 ) which in turn hcreases the hot air recirculation through passive sefilars, passive

servers should be placed in proximity to theraw cooling unit to minimize hot air

recirculation.

7.5.3 Effect of water inlet temperature, water flowrate, and air flowrates of the
cooling unit
We now investigate the influence of the (1) water inlet temperature, (2) water flowrate, and
(3) air flowrate of the cooling unit on the temperature distribution in the front chamber and
the cooling power consumption for an arbitrary load distiilou Figure7-10 depicts the
influence of a 10% change in each of these three parameters. FibQre shows that a
1.25 °C reduction in water inlet temperature results in 1.3 °C rise in the average temperature
of the front chamber, whereas the coolpmyver changes by only 170 W, an overall 2.5%
increase. Figurer-10.2 reveals that a 10% change in the water flowrate does not
significantly influence the temperature distribution, but a 10% change in the air flowrate
(Figure7-10.3) alters the average ftarhamber temperature by 3.1 °C. Although changing
the water flowrate does not alter the cooling power consumption since water flow is
regulated by controlling the valves, increasing the air flowrate by 10% results in a 430 Watt

increment, or a 7% changa,cooling power consumption.
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Figure7-10: Influence of water inlet temperature (1), water flowrate (2), and air flowrate
(3) of the irrow cooling unit on temperature distribution and poae@rsumption.

147



Ph.D. Thesi$ HoseinMoazamigoodarzivicMasterUniversityi MechanicaEngineering

The cooling unit employs an air to water finned tube heat exchanger for which,

Y 0j"Y Y (7.25)
where'Y denotes the total thermal resistance of the heat exchakgeand

Y the average temperatures of the air and water inside the heat exchanger respectively,
and0 the heat transfer rate. Increasing water flowrate results in a minor wedirti

Y , While increasing air flowrate considerably redudés because the total
thermal resistance of the heat exchanger includes three thermal resistances, i.e., (1) through
the metallic body of the heat exchanger (which is 5% etotal), (2) metal body to water
(15%), and (3) metal body to air (80¢4)L]. This is supported by Figui10 where a 10%
reduction in the air flowrate produces an appreciable increase in temperature compared to

a propational change in the water flowrate.

The water inlet temperature does not influeiYce, implying a linear relation (see
Equation7.25) betweeriY and”Y , which is supported by Figurel10.1. For all cases

demonstrated in Figurg10, the heat load at steady state is constant.

7.5.4 Effect of IT load on coefficient of performance (COP)

The cooling system efficiency is measured by calculating the COP as the ratio of total heat
load (the IT l@ad in this case) to the cooling power consumption. We investigate the effect
of IT load on the COP for our specific DC architecture. FigthEl describes the
relationship between the IT load and COP. Figuid.a shows that increasing the IT load

by chaming the utilization improves the cooling efficiency because (1) the total air

flowrate drawn by the servers remains constant, and (2) the temperature of heat source, i.e.,
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CPU temperature, increases, resulting in a larger temperature difference beteveen th
hottest (CPU) and coldest (chilled water) points of the system, in turn improving the heat
transfer efficiency. Figuré-11.b shows that increasing the IT load by changing the number
of servers reduces the cooling efficiency because the total air flodnawn by the servers
increases, resulting in higher fan power consumption in the cooling unit. Therefore, to
increase cooling energy efficiency, the IT load should be increased by increasing utilization

but not the number of active servers.

(a) (b)
Utilization (%) Number of servers
o] 20 40 60 80 100 80 90 100 110
3.85
3.60
3.70
3.45
a o
g 355 S 330
3440 3‘15
3.25 3.00
18.0 21.0 24.0 27.0 30.0 19.0 21.0 23.0 25.0 27.0
IT load (kW) IT load (kw)

Figure7-11: Effect of IT load on COP. (a) The number of servers is constant, and the IT
load is increased by increasing the utilization of each server. (b) The utilization of each
server remains constant, but tfieload is increased by increasing the number of active
servers.

7.5.5 Comparing a single inrrow cooling unit with two in-row cooling units

The above cases consider tweraw cooling units within the enclosure that are located at
the left and right ends of threws. Table7-2 compares cooling of an enclosed row with

two in-row cooling units and a single unit, keeping the IT load distribution, geometry and
other parameters for both cases the same. The air flowrates into the cooling units are

adjusted to maintaia maximum temperature no greater than 27°C in the front chamber.
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Installing two cooling units results in a lower average temperature in the front chamber as
well as lower power consumption. Further away from the cooling unit, the pressure in the
front chantoer is reduced while the pressure in the back chamber increases FR)ure

i.,e., © ©0)and the intensity of hot air recirculation through the passive server increase.
For a single cooling unit, the rack farthest from the cooling unit is now ftiee Tihe
temperature distribution is more uniform with two cooling units, leading to a lower
required cold air flowrate and lower fan power consumption. The reason for lower power
consumption for scenario (b) in Table2 is that the relation between alovirate and
power consumption is parabolic. Distributing the total required air flowrate to a larger

number of fans considerably reduces the total power consumption.

Table7-2: Comparison of theooling performance for an enclosed row with a single in
row cooling unit and one with two4row cooling units.

27 27

21.4 18.2
1.49 (1.49+0) 1.35 (0.675+0.675)

42 2.1

53 53

9.5 7.4

24 24
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7.5.6 Comparison with other temperature prediction tools

Temperature prediction tools inform the controllers and facilitate fgshagnosis. Hence,

the computational time required to accurately predict the temperature distribution is an
important consideration. Compared to CFD, the model described here is able to more
quickly determine temperatureBhe model provides results in lekan 60swhile a CFD
simulation for a similar geometry takes ho[irg], [21], [34]. For instanceif a DC design
requires that a hundred cases be investigated, the model can provide results in less than 100
minutes whereas it would take arml 4 days to perform the corresponding CFD
simulations. This timeaving advantage of the model makes it suitable fortireal
control. ML-based temperature prediction tools, which use experimental data, usually
requireabout 15 hours of training for gecific geometry and IT load distributiga2],

[43]. Some Ml-based tools which use CFD simulations as their source require even a
longer duration. For example, a model reported in the literature that requires CFD
simulationstakes 28 hours to run on a computer equipped with a Quadcore Intel i7 CPU
@ 3.4 GHzand 8 GB of RAM20]. Another model requires 30 different CFD simulations

for training to predict the temperature in front of 30 ser{t$ We usean Intel (R) Core

(TM) i7 6700 HQ CPU @ 2.6 GHz with 16 GB of RABince the model solves the energy
balance foeach zone at each time step, the computational time increases linearly when the
numbers of zones and the prediction times increase. The time interval to advance the
simulation for all cases is 0.001 seconds. Increasing this interval to 0.01 secondedecreas
the computational time by a tenth. TaBl8 compares the method with other temperature

prediction methods reported in the literature.
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Table7-3: Comparison of the method with other availakl@aperature prediction methods.

Machine Learning-based | Present work

Required time to simulate one specif
scenario
Required time to train, calibrate, or
setup the model
Resolution
Training, calibrating or simulating
should be redone because of changi
the IT load configuration
Training, calibrating or simulating
should be redone because of changi
the geometry
Capturing majophysical aspects
Capturing minor physical aspects
Possibility of inaccuracy because ol
difference in training and testing datj
Number of required cases for trainin
or calibrating

Minutes Minutes

Hour

Depends on the model No

NA

NA

7.6 Conclusion
We provide an efficient model to characterize the real time temperature distribution within
an IT server enclosure that contains an integratedvincooling unit. The flow field is
predicted based on mechanical resistances and coupled with zonal enkamge ba
equations, a process that is computationally less expensive than typical methods. In
contrast to control schemes such as POD, ML, and other heuristic models, the model
requires noa priori training. Upon experimental validation, model predictionsthef
temperatures deviate at most by 2.8 °C from experimental measurements. The model is
also combined with calculations of cooling power consumption to determine the influence
of different IT infrastructure parameters on energy consumption for cooling.

The influence of the (1) locations of passive servers, (2) cooling unit water inlet

temperature, and water and air flowrates, (3) imposed IT load distribution, and (4)
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utilization of two cooling units rather than a single unit are investigated. Salientgindin

include:

1. Passive servers should be located in racks placed closer to the cooling unit to maintain
a colder temperature in the front chamber.

2. A 10% change in water flowrate increases temperatures in the front chamber by lower
than 2%. A 10%ncrease in the water temperature increases the average temperature
in the front chamber by 7% and decreases the cooling power consumption by 2.5%.

3. Increasing the airflow rate by 10% increases the cooling power consumption by 7%
and decreases the mean temgpure in the front chamber by 13%.

4. In order to increase the cooling energy efficiency, the IT load should be increased by
increasing the utilization of each server rather than increasing the number of servers.

5. Using two inrow cooling units to lower th@ortion of the total cooling capacity
provided by each unit decreases the front chamber temperature on average by 15% and
provides up to 22% reduction in cooling power consumption as compared to using a
single inrow unit that carries the entire coolingpacity.

The model facilitates redime spatiotemporal control for enclosed IT infrastructures

equipped with irrow cooling units.
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8 Conclusions andfuture directions

8.1 Conclusions

We compard the power consumption of three DC cooling architectuBastributed
cooling architecturesi.e., ow- and rackbased are more energy efficient as compared to
the conventional roorbased architecture. Adding enclosures within distributed cooling
architectires reduces their cooling cost further. These energy savings occur due to
significant reductions in recirculation and bypaBsside improving energy efficiency,
distributed cooling architectures, both raand rackbased, have lower initial cost and are
more easily maintained, with greater agility and manageability. Considering all of the
above aspects, employing enclosed distributed cooling architectures is the bestochoice

DC cooling

We alsoinvestigaté the temperaturand airflowdistribution nside an enclosed
rack that is internally integrated with an RMCU. Experiments reveal effects due to passive
servers, IT load density, IT load distribution and cold chamber depth that guide server
configurations and rack geometry. A new metASTD is developed to assess RMCU
performanceThis investigation proves the potential of placingRMCU in an enclosed
rack as a highly efficient cooling architecture, which requires almost 50% lower airflow as
compared to traditional methods.

Based on th&nowledye obtainedin the previous section,raodel is presented to
predict the temperature distribution within an IT server enclosure that is integrated with an

RMCU. The flow field for this architecture can be predicted using fluid mechanics
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principles. Conseantly, in contrast to other control schemesarpiori training process

is required. The model is validated by comparison with experiments, where the maximum
difference between predictions and measurements i3 H&dnfluence of parameters such

as the IT load configuration, RMCU flowrates, step changes in system inputs, and
utilization of two RMCUs rather than just one are investigated through the niduael.
model will facilitate reatime control algorithms developed for IT enclosures with RMCU

ardchitectures.

Row-based cooling architectureith enclosureis well stablishedin the DC
industry. Therefore, & providel an efficient model to characterize the real time
temperature distribution within an IT server enclosure that contains an integrated in
cooling unit. The flow field is predicted based on mechanical resistances and coupled with
zonal energy balance equations, a process that is computationally less expensive than
typical methods. In contrast to control schemes such as POD, ML, andhetiréstic
models, the model requires m@opriori training. Upon experimental validation, model
predictions of the temperatures deviate at most by 2.8 °C from experimental measurements.
The model is also combined with calculations of cooling power consoimiatidetermine
the influence of different IT infrastructure parameters on energy consumption for cooling.

Insummary, after proving the benefit of distributed cooling for DCs, the knowledge
about temperaturandairflow distribution inside the enclosed DCs with raekd row
based cooling architecturewere developed. Employing this knowledge, redime

temperatire prediction tools for these two architecturesedeveloped.
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8.2 Future directions
The results and findings in this work indicate that distributed cooling system for DCs
possesses considerable potential for future development. Therefore, the followingsave

for future research are recommended based on the results of this research:

1 Comparing three cooling architectufes DCsin terms of exergy destruction and
potentialof waste heat recovery

1 Investigaing the possible waste heat recovery technologies which are compatible
with DCs with rack and rowbased cooling architectures.

1 Employing the proposed models in chapters 6 and 7 for thermal aware workload
management in modular DCs.

1 Developing model predativeontrollers (MPCYor DCs with rack and rowbased

cooling architectures using the models presented in chapters 6 and 7
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9 Appendix |

9.1 The relation between CPU utilization, server power consumption

and cooling power consumption

The total power consumption of a computing server is reported as a linear function of the

CPUoutilization in the literaturé¢l]i [4]:

~ ~ o~

0 H &Y (9.1)

Where,a andb are costants, andJ and0 denote the CPU utilizatioand
server power consumption respectiveBased on this modethe effect of inlet air
temperature on the server power consumption is neglected while the power consumption
of the fans inside the server is a function of the inlet air temperature. Ham et shd®jed
that 15°Cincrementin inlet air temperaturencreass the total power consumption of a

serverup to3%. Thereforeit is reasonable to ignore the effect of inlet air temperature.

To validate Egation 91, we measured the total power consumption of a server
(Dell PowerEdge R710) as a function of utilization and inlet air temperature which is
presented in Figur@1. Based orthis figure 12°Cincrementin inlet air temperatureauses
less than 5% change in the total power consumption. A more accurate madeldower

consumption of @erveris:

0 » O Y (9.2)
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Where,c is a constantand”Y denotes the inlet air temperatuces an order of

magnitude smaller thaamandb.

365 | e Tin=20 °C
- -~ Tin=24 °C
— = -Tin=28 °C
——Tin=32 °C

335

305

275

245

Power consumption (W)

215

0 20 40 60 80 100
CPU utilization (%)

Figure9-1: Measured power consumption of a computing server (Dell PowerEdge R710)
as a function ofitilization and inlet air temperature.

Increasing CPUltilization (consequently servers power consumpti@sultsin an
increment of heat load. Therefore, the cooling power consumption will be affected directly
because (1) the heat load on the chilleaised, and (Zhe air temperature inside the DC
room raisesresultingin higher required air flowrate and fans power consumption to keep
temperatures in front of the server less than a threskadre 9-2 shows the effect of
utilization on the (a) dler and air handler power consumption (left), and dlgrage
temperaturef thefront chamber, antheratio of the cooling power consumption to the IT
load (right). Thedemonstratediataare for an enclosed DC integrated with tworimw
cooling units whictareobtained from the model presented in chapter 7 cfiterionis to
keepthetemperature in front of the servers less than 27°C. The utilization of the servers is

increased uniformly.
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Figure9-2: The effect of utilization on the (a) chiller and air handler power consumption
(left), and (b) front chamber temperature, and ratio of the cooling power consumption to
the IT load (right). Normi&Zzed power consumption is the ratio of the power consumption
to its maximunvalue

9.2 Relation between the network analysis and the physics of the

dimensionless analysis
The proposed dimensionless numbers in chapter 4 capture the pipgsenaleters that
influence air distribution deficiency. Here, we expound these dimensionless numbers using

mechanical resistance network analy$ise twodimensionless numbers are

6 ‘ d 0 “ CTQ“ 9 3
” (}’.”.‘) ('x 6 | CTQ“ ( . )

v a e * Q" 9
" cade G 0 | @ ¢Q" (9.4

Where,6 and’Y characterize bypass and recirculation respectiVeind are the
density and dynamic viscosity of air respectivebdenotes the air velocity exiting the
cooling unit,cethe air velocity exiting the serveisthe distance from the cooling unit
exhaust to the servers inl&gthe distancebetweenthe cooling unit inlet and servers
exhaust@ the air flowrate of the cooling unif, the air flowrate of the seevs, 0

cross sectiomreaof the servesinlet, andd  cross section area of the cooling unit inlet
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| isthe angle betweetlhe normal vectors orthogonal to the cooling unit exhaust and the
server inlet, a¢he angle beteen he normal vectors orthogonal to the cooling unit entrance

and the servers exhaust, a6 positive integer

Figure9-3 demonstrates a simplified mechanical resistance network for an enclosed

DC including one single rack and a RMCU.
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Figure9-3: Simplified flow-resistance network inside the enclosure. Case 1: Recirculation.
Case 2: Bypass. The RMCU is considered gwer supply 0 ) and the airflow
resistance across the heat exchanger is assumed to be in erjesSimilarly, active
sewers are represented as a single power supyly Y with an airflow resistance? ),

but their power supplies (essentially, their fans) increase the pressure in the reverse
direction. Passive servers are simply considered to be a resigtancelThe esistance
against the airflow between the hot and cold chambé i3. The third airflow resistance

in the enclosure lies along the height in the cold and hot chaifibejs
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In Figure9-3, higherY0 Y0 results in higher possibility of bypasshile higher
Y0 ¥Y¥0 leadsto higher possibility of recirculatiorY0 Y0 can be translated to &
and based ofquation 91, higherd 74 leads to a higher chance of bypass. Similar
explanation applies t¥0 7Y0 andd 7¥& in Equation R.0j 6 in Equation 9,
influences2 for the front chamber directly. Longer the distance between the cooling unit
exhaust and the serversatlhigher the value a2 , while largerthe section area of the
target (servers inlet), lower the value2of. Thereforethe higher valueof 0 j 0 results
in higher2 for the front chambdeadingto higher amount of bypass. Employing a similar
reasoning the higher value of)agf6  results inhigher2 for the back chamber and
higher possibility of recirculatiorthevalue off israngngfromO t o ~ . Lpwer va
means more misalignmebeétween the cooling unit exhaust and the serversregetting
in higher2 for the front chamber and higher possibility of bypass. Similadwer value

of| aeesults in highe2 for the back chamber and higher possibility of recirculation.

So, three othefour dimensionless ratios presentedRiandB are expoundedy
employingmechanical resistance network analy§tee network presented here is for rack

based architecture, bthismethodologycan be applied for other cooling architectures.

9.3 Effect of IT load on COP

The cooling system efficiency is measured by calculating the COP as the ratio of total heat
load (the IT load in this case) to the cooling power consumption. iwergvestigate the

effect of IT load on the COP for the DC architecture presented in chapter 7. To increase
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the IT load there are two options: (hgreasing the workload (CPU utilization) of each
server while the number of active servers remains the same, and (2) increasing the number

of active servers while the workload (CPU utilization) of the servers remains constant.

Figure 9-4 shows the effecof IT load on the power consumption, COP, and
temperature when the IT loadadjustedy controllingservers workload (CPU utilization).
The criterion is to keepthe temperature in front odach servebelow 27°C.The cooling
energyefficiency isimprovedby increasing th€PU utilization, because (1) the total air
flowrate drawn by the servers remains constant, and (2) the temperature of heat source, i.e.,
CPU temperature, increases, resulting in a larger temperature difference between the
hottest(CPU) and coldest (chilled water) points of the system, in turn improving the heat

transfer efficiency.
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Figure9-4. Effect of CPU utilization on the cooling power consumption (lef@mnperature
difference across the servers and COP (right). The temperature in front of the servers is
kept lees than 27°C. Normalized power consumption is the ratio of the power consumption
to its maximunvalue

=
o

Figure 9-5 shows the effect of IT load ome& power consumption, COP, and
temperature when the IT loadadjustedy controlling the number of serverBhecriterion

is to keephetemperature in front afach serveless than 27°0ncreasing the IT load by
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introducing furtheractive servergo the systenreduces the coolingnergy efficiency
because the total air flowrate drawn by the servers increases, resulting in higher fan power
consumption in the cooling unit. Therefore jngorovethe cooling energy efficiency, the

IT load should be increased byreasing the CPUtilization rather thanncreasingthe

number of active servers.
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Figure 9-5: Effect of number of active servers on theoling power consumption (left),
temperature difference across the servers and COP (right). The temperature in front of the
servers is kept lees than 27°C. Normalized power consumption is the ratio of the power
consumption to its maximunalue

9.4 Implications

The first part of tis study, which compagstraditional roombasedcooling architectures
with row- and rackbasedcan be used as a guideltogous DC designersoward modular
DCs with distributed cooling. The industrial funder of this reseéd@INNOS Mission
Critical Inc) and other companiesho design fabricate and install modular DG with

row- and rackbased coolingrchitecturesrefer to the paper published based on the results

of chapter 4 t@rove the benefits of the distributed cooling fordC

The temperature prediction models in chapters 6 and 7 are being used as a tool for

(1) thermal aware workload management, (2) mddskd control algorithms, (3) cooling
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fault prediction, and (43ooling systendesignin modular DCs with rackand rowbased

cooling architectureddere are some implications of thesults ofchapter5, 6 and 7:

1 fJoint Data Center Cooling andVorkload ManagementA ThermalAware
Approaclo ,SeyedMorteza MirhoseiniNejatHosein Moazamigoodarzi Ghada
Badawy, and Douglas G. DowrPublished inJournal of Future Generation
Computer Systems.

1 AEnergyefficient databased zonal control of temperaturer fdata centers ,
Masoud KheradmandiHosein Moazamigoodarzi and Douglas G. Down,
Acceptedn TheTenth internationagireenand sustainable computirgpnference

1 CINNOS Mission Critical Incis developing @esign tool taeterminghe required
number of iArow cooling units and their optimum locationsing the temperature
prediction tool developed in chapter 7.

1T AData driven fault tol erant tMasoudma | m
Kheradmandiand Douglas G. Down, Submitted linternational Conference on
Computing, Networking and Communications (ICNC 2020)

1 fATemperature distribution estimation via datedven model and adaptive Kalman
filter in modular data centets Kai Jiang, Shizhu Shiosein Moazamigoodarzj
Chuan Hu, Souvik Pal and Fengjun Yan, under reviewroceedings of the
Institution of Mechanical Engineers, Part I. Journal of Systems and Control
Engineering.

1 A R a-lbaked Data Center Temperature Regulation Using flaitzen Model and

Predictive Contrd | eShiphu Shi, Kai Jiang, Masoud Kheradmandpsein
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Moazamigoodarzi Souvik Pal and Fengjun Yakinder review inJournal of

Process Control

9.5 General applicability and limitations of the presented modeling

method and indices

9.5.1 Temperature prediction tools
The temperature prediction tools developed in chapters 6 and 7 are applicalile to
enclosed D& with either rack mountableor in-row cooling unis, but the following

information about the systeimrequired:

- The air and water flowratd the cooling unit

- Overall heat transfer coefficient of the heat exchanger inside the cooling unit
- IT load and air flowrate of the servers

- Mechanical resistance (lost coefficient)tbé separatole.g, brushes) servers,

front and back chambers

Therefoe, after obtaining the abovementionedinformation, the proposed
temperature predictore applicablesa design or evaluation tool for any enclosed DC

with rackmountableor in-row cooling unit.

9.5.2 Indices
In chapter 4recirculation R) andbypass B) numbesare proposed toapture the physical
parameters affecting the air distribution deficieridyere are manglimensionless indices

in the literature, e.g., return heat index (RHI), rack cooling index (RCI), and recirculation
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index (RI), butall of thesecapturethe temperature distribution which tise result of
recirculation and bypassvhile R and B represent the causes of these phenonigka.
other DC thermal performance indicd®,and B are applicable tall DCs with any
configuration and cooling architecturlthough dl existingindices includingR andB,

are applicabléor DC thermal performancevaluationthey cannot be used as a design.tool

9.6 The role of the standard deviation inactive server temperature
distribution (ASTD)

To quantitatively evaluatdhe influence of different parameters on the temperature
distribution,ASTD metricwas introduced in chapter The primary coolingequirement

in a DC is to provide air to servers that is colder than a specific tempef&teraverage

of temperature in front of serveran be considereds the simplest representative of
temperature distributiorAdditionally, a smaller temperatureagtient along the height of

the rack is desirabl®ecausehe high temperature gradient indicatest airrecirculation
Therefore, the proposed metric should capture theiformity of the temperature
distribution The simplest metric to demonstrate theeleof nonuniformity is standard
deviation.Our proposed metric is based on the average temperature at the inlets of active

servers’Y andthe standard deviation of active server inlet temperafures

o0 Y'Yoy ., (9.5)
Defining the metric depends on therpose of evaluatiofior exampleif the target
is to keep the servers safe and functiptied maximumtemperaturas a propemetric

Here ASTD is definedo minimize the temperature gradiedng the height of theack
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which isan indicatiorof hot air recirculationPerfoming further statistical analysis the
probability density distribution demperatureis not applicable hersjncethedata points

are not independerdsthe temperatuseof different points are correlateéd each other.

9.7 Clarifications for Chapters 4 and 5

9.7.1 Schematic ofphysical parameters in Equation 4.7

_ o
S

a 0
W & 5 (4.7)

where” and‘ are the density and dynamic viscosity of air respectivethe jet
velocity exiting the cooling unit, and the distance from the jet sourfeom the cooling
unit to the ITE} @ anda are themass flowrate through thgervers and cooling
units.0 is thecrosssectionareaof the server inletand isthe angle betweehe normal

vectors orthogonal to the cooling unit exhaust and the server inlet.

*

A‘
ais the angle
between these
two vectors

Figure9-6: Schematic of physicalgpameters in Equation 4.7.
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9.7.2 Schematic of the plate used to capture the temperature conto(Figure 5.7)
Here, the position of the aluminum plate that is used to capture the temperature contour by

FLIR ONE Pro thermal camema chapter 5s demonstrated (Figure 5.7).

3

o

(-

The aluminum plate (1 mm thickness) mounted inside the rack to capture the temperature contour in Figure 5.7.

Figure9-7: Schematic of the plate usemldapture the temperature contour.

9.8 More information about the CFD simulations in Chapter 4
9.8.1 Temperature contour and velocity vector
In this sectionthe temperature contour and velocity vector theo specific case of

enclosedack and rowbased coolingrchitectures are presented.
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Figure9-8: Temperature contour of the front chamber, for-twmaged cooling architecture.
The cooling unit setpoini.&C. Cooling unisair flowrate: 13754 j i . EachracklIT load:
5kW.,

Figure9-9: Velocity vectorof the front chambeffor row-based cooling architecture. The
cooling unit setpoint: €. Cooling units air flowrate: 1.37% ji. Each rack IT load:
5kW.

Figure9-10:Velocity contourof the front chambefor row-based cooling architecture. The
cooling unit setpoint: 1€. Cooling units air flowrate: 1.37% | i. Each rack IT load:
5kW.
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