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“Data centerFromWikipedia

A Adata centeris afacility used to hous
computer systemand associated
components, such as
telecommunicationsind storage - Ay
systems It generally includes g ——
redundant or backupower supplies ‘ Haa
redundant data communications =
connections, environmental controls
(e.g. air conditioning, fire suppressio..,
and various security devices. ]

A Alarge data center is an industrial
scale operation using as much
electricity as a smalbwn.
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General Backgroun
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Figure 2. Regional distribution of electricity use for data centers in 2005.
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“Average annual percentage growth rates in data center electricity use by major world region, 2000-2005.

Table 1. Installed base and server power per unit in 2000 and 2005 by major world regions.
Installed base Unils Volume Mid-range High-end Totallavg
2000

us Thousands 4927 663 23 5613

Western Europe Thousands 3332 447 15 3794

Japan Thousands 1140 250 15 1 405

Asia Pacific (ex. Japan) Thousands 1416 132 4 1552

Rest of World Thousands 1425 317 g 1750

Total Thousands 12 240 1808 66 14114
2005

us Thousands 9897 387 22 10306

Western Europe Thousands 6985 356 15 1355

Japan Thousands 2361 185 12 2558

Asia Pacific (ex. Japan) Thousands 3553 137 4 3694

Rest of World Thousands 3182 199 T 3368

Total Thousands 25959 1204 59 27282
Average power used per server  Unils Volume  Mid-range High-end Totallavg
2000

Us Watts/server 186 424 3534 236

Western Europe Watls/server 181 422 4517 227

Japan Watts/server 181 422 4517 271

Asia Pacific (ex. Japan) Watts/server 181 422 4517 212

Rest of World Watts/server 181 422 4517 246

Total Waltls/server 183 423 4874 236
2005

Us Watts/server 219 625 7651 250

Western Europe Walls/server 4 508 B3T8 258

Japan Watts/server 224 508 B3T78 289

Asia Pacific {ex. Japan) Watts /server 224 598 BI7E 247

Rest of World Watts/server 224 598 8378 263

Total Watts/server 222 607 8106 257

Note: (1) Installed base for US and World taken from Koomey (2(0007h). Non-US installed base
by region was nol available from [D{C. so it was approximated using IDC shipments data by
region and multipliers characterizing the relationship between installed base and shipments for all
non-US regions in the agpregate (Koomey 2(M7a). This approach assumes that installed base for
each non-US region grows in the same manner as does the sum of those regions. (2) Average
power used per server for US and World taken from Koomey (2007b). Non-US average power
per server calculated for non-US regions using the differences between US and World installed
base and direct electricity consumption from Koomey (2007b).

Environmental Research Letters. vol. 3, no. 034008.
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&7, General Background®

Buildingand Environment, Volum&2, December 2014, Pages £%2%9

(a) (b) (c)
Propordon of US electricity used for the internet {a), induding embodied and operatonal impacts (b}, and projeced over next one to two decades (c).
Typical breakdown of datacenter energy consumptior et Users it World
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A Power equipment

I power distribution units (PDUs), uninterruptible power supply
systems (UP$jsswitchgearsgeneratorsand batteries.

A Cooling equipment

I chillers computer room akconditioning (CRAC) units, cooling
towers, andautomationdevices.

A IT equipment

I servers network, and storagaodes fQetwork-attached storage,
and external hard disk drive (HDD) arjayslecom equipment
(e.g., routers andwitches), andgupplemental equipment such
as keyboards, monitors, workstatigredlaptops used to
monitor or other control..

A Miscellaneous component
i lightingand fire protectiord @ 4 (1 SY & X
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pical power delivery procedure

IN data centers
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AOpti mum Oaadeinntgerosf, 06 Springer 2016
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Energy Efficiency

Total facility power

A Power Usage Effectivene: PuE =

IT facility power

C ategory 0 Catcgory 1 Category 2 Camgnr}f 3

IT energy UPS output UPS output PDU output Server input
measurement
location

Definition of IT  Peak IT electric  IT annual energy IT annual energy IT annual energy
energy demand

Definition of total Peak total electric Total annual Total annual Total annual
energy demand energy energy energy

A Datacenter infrastructureefficiency DCIE

DOIE - IT tacility power

Total tacility power

DCIE = S
PUE
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&3, Energy consumptiomi®
a typicaldata center

Power distribution for PUE = 1.80 Power distribution for PUE = 3.0
ngj]::.r[;f:ux Switchgear/gene Lighting/aux Switchgear/gene
UPS 2% -~ \ T0E devices rator

50— = 15

Humidifier
3%

Figure represents the averagdue reported in a survey of more than 500 data centers as re
by Uptimelnstitute in 2011 Gr ap hs f r o @GoolmgopDataGreunt er s, 0 Sj
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Methods to Improve Energy
Efficiency

A EfficientElectronics
A EfficientSoftware Applications
A Efficient Power Supply anBistributions

A Efficient Cooling Systems

I Typical cooling Technologies
A Air-cooling
ALiquid Cooling

AHybrid cooling, free cooling, heat pip#iermosphion
conduction, heat spreading system..



http://www.nctu.edu.tw/
http://www.nctu.edu.tw/

Thermal managemeR® B222%¥

Data center cooling infrastructure
A ASHRAE guidelines for IT

equipment: )
waler
I The previous 2004 guidelines cooling J M i T

recommended air temperatures fromn chiller

20% low end to 25 high end
temperature

i The updated 2008 guidelines expani mi;m
the envelope for recommended air akr
temperatures froi8% low end to
27% high endtemperature.

Data center
Cooling Tower System Fans hu“din'ﬂ
8% o 16%
.

Chiller
33% !

CRAC
Pumps 40%
3%
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5755 Multi-scale Thermal 8230 7
Management

A Scale 1: Chip

A Scale 2: Server
A Scale 3: Chassi
A Scale 4: Cabine &g

A Scale 5: Room e
A Scale 6: Plenun

A Scale 7: Building

Chip

Rack/Cabinet

Heat generatedn Chip/Substrate/PCB levslfocused on heat
spreading
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PCB Level e —

A Heat Transfer Path

I From Top: Useffective heat sinks and micheat exchangers
attached to the chip for singl®r two-phase heatransfer

I From Bottom: Improve conduction Path

A A short heat conduction patito a heat sink perpendicular through the PCB
(e.g. thermaliag

A A conductor layer acting as a lateral heat spreadextended thermal padspr a
combination of both

A IMS (Insulated Metallic Substratespre also state of the art and widely spread f
thermal issues in electronic systems. -

A mbient air

A A A
Heat sink —)-||“|||'||||“| /

—“««—— BCA

Electronic package
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Figure 2.1: Schemabic crmss soot i of o Ofrowit Chard Asserpbily (CC7A )

Bondwires [ Mhloaled commpronancd

|i|;;1-1 lamminate Die-nttach MR Loy liver

Figure 2.3: Schematic of a Ball Grid Avray (BGA ) package,

Heat sink = “ Thormal vies Coldplate ~ * Thermal vins | I

(o) extornnl coolor b} coldplats

Figure 2.8: Concept (Hustration with o cooaling deoviee on bhe opposite sice.

Integrated cooling concepts for Printed circuit boards, PhD Thesis, W. W. Wits, the
University of Twente, Enschede, the Netherlands, 2008
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Eﬁectlve Heat Spreading @lpubstrate
PCB Level

Lateral spreading +
Open Thermal Viagy it

To avoid the well-known
problem of solder soaking, it is
not possible to place open
thermal vias directly
underneath a component. Due
to this fact, the thermal path |s
elongated. " e

Figure 2. PCB with open thermal vias: a) Scheme; b} design; c) thermal path

Lateral spreading + \ L
T h e rm al Vl a Figure 3. PCB with plugged thermal vias: a) Scheme; b) cross section; c) thermal path

Advanced Thermal Management Solutions on PCBs for High Power Applications. Jou
Microelectronics and Electronic Packagi2gi4 Vol. 11, No. 3, pp. 16414,
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Thermal Plans

Thermal GreasaTape ‘ Thermally Conductive
A —— . \ Die Attach Material

Aluminurn Cloolant inflow \ BCGA as heat exchangoer
Heat Pipe Black

Figure 2.8: Concept illustration of directly injected cooling.

- > —-:-'“']

—

Integrated hoat pipe
Figure 2.9: Concept illustration of integrated heat pipe cooling,

Integrated cooling concepts for Printed circuit boards, PhD Thesis, W. W. Wits, the
University of Twente, Enschede, the Netherlands, 2008
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'_ henusing a substrate with

a low thermal conductivity,
such as FR4, heat spread
poorly, creating hotspots in
the main power dissipation
devices typically the
MOSFETSs. These hotspots
not only limit the potential
current output but they also
reduce the package
effectiveness. By going to a
ceramic substrate, the
hotspot Is effectively spreac

Thermal and Electrical Considerations for the Design of
Highly-Integrated Pointof-Load Converters
A.H. BallphDthesis, 2008, Blacksburg, Virginia, USA

Use Ceramic Substrate

Conventional way
P Heat sink
= 4—— Thermal paste
=) e Devices
} < PCB (e.g. FR4)
F ol ——-\

Thermally-improved way

Devices
% DBC Heat spreader

o

over the entire package. The

hotspotto-packagearea
ratio has thus gone from
about 20%to 85%.
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Non-TSV Based 3D t====--—mm e e

m Advanced Designs..
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ig. 12 Thermal management in 3D chip stacks using conven-
ional air cooling [55]

Heat Ex .J.2 Existing packaging and 3D integration technologies: (a) stacking of fully packaged die (b) die stacking based on wire
D |:| D D D |:||:| D ]:[ D D onding, (c) die stacking using wireless interconnection, (d) die stacking using controlled collanse chin connection (C4)

Mechanical umps and TSVs, (e) die stacking based on thin-film bonding, and (f) monolithic 3[

a Coolant-in

g. 14 Schematic of integrated liquid cooling system for 3[
istem using microfluidic channel [56] ; it

3D ICA Review of Recent Advances in Thermal Management in Three Dimensional Cls, 1z sy o 50 potatype of istegrated micrsnui
Stacks in Electronic Systems. Journal of Electronic Packagiwig: 2011, Vol. 133/ 041011
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MAdvanced Thermal
Solutionsn PlanarD Circuits

(a)

A CompactThermosyphon

A Mirco CPL (capillary pump
Loops)

A Miniature Loop Heat Pipe

A ElectreOsmotic Pump

A Stacked MicreChannel

DESIGN AND FABRICATION OF A MICRO -CPL FOR CHIP-
LEVEL COOLING, Dorian Liepmann, 2001

3D IC, A Review of Recent Advances in Thermal Management in Three Difrrefsiofiat*Chip
Stacks in Electronic Systems. Journal of Electronic Packa§ikidg, 2011, Vol. 133 /04 1@1 (*/maeec!an slecire-osmotic pump (2]
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nced Thermal I\/Ianagement Solutlons

FAN

A 0 V
Impinging Jet ol - = q..
Thermoelectrlc L |
Micro-Cooler ce-— R R [
A Miniature Vapor T

Compression Heat
... s

To To

T - T

Pump ‘vﬂ
A Miniature S,

Ll

limpitgiong Water Jot |3
Absorption Heat | , . N—
Fig.9 (a) Schematic and (b) close-up picture of the impinging jet cooling system [30]
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PG 11 Blamiatie of minitse RAoBSN hoat Pump MAc: Fig. 10 (a) Schematic and (b) actual setup of a miniature vapor compression heat pump microelectronics cooling
alncironies coaling Relution j34] solution [33]

DESIGN AND FABRICATION OF A MICRO -CPL FOR CHIP-LEVEL COOLING, Dorian Liepmann, 2001
3D IC, A Review of Recent Advances in Thermal Management in Three Dimensional Chip Stacks in Electronic Sys

Journal of Flectronic PackadiddSME 2011 Vol 122/041011
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m Journal of Electronic Packaging,
2011, Vol. 133/ 041011-1
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Fig. 13 Thermal management strategles in 3D stacks

{2} 3D eircuit with & microchannel cooling sysiem

3D IC with Microchannel
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Through Silicon Via

http://flashinformatique.epfl.ch/s
pip.php?article2260

Multi -Processor

2 |, |t interfaces
e = M~ Interlayer
electrical
interconnact

Fig. 1 Three-dimensional circuit architecture connected to a
conventional heat removal device

Thermal -Aware Design for 3D
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Server level indirect cooling using a typhase
thermosyphon

AircooledHeat Sinks
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Novel Heat Sink &

Wang, C.C.,(2017),i A Qui ck Over vi ew -oobledEeatr§nksApplicAbiefor
ElectronicCooling 1T Recent Pr onyentosss , Mol 2, issue 1, article no. 5. Abstract:

Figure 5. Fin structure tested by Krishnan et al. Reprinted with permission from [ 24].. (a) Fin metal
foam heat sink; (b) slotted hexagoheat sink; () Schwartz type heat sink.

A VGcannelur& [ 2 dzdSNE LJ NI A

Heat Sink Side View Photos of Test Sample

@ Plate —
(b) Oblique dimple gap J ¥ 3
412 fin ; B

(c) Oblique dimple gap
6t12 fin

(@ Cannelure in| _

(e) Cannelure fin Il

(f) Oblique dimple gap
4412 cannelure fin

(g) Oblique dimple gap
6t 12 cannelurefin |

(h) Oblique dimple gap |
6t12 cannelure fin Il |_
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Historical studies related to fin de

Authors Year GCeometry Orientation Experimental /numerical
Bas-Cohen 2003  Rectangular fins Vertical MNumerically
etal 1]
Mokhelmer 2003 Stralght and pin fin with  Horizontal Experimentally
[2] rectangular, comvex

parabolic, triangular

amd concave parabodic,

il radial fins
Khan et al. 2006  Circular, elliptical, square  Horizontal Numerically
[3] and rectangular fins
Huamg et al Z008  Flat and square pin fin Upward, sideward  Experimentally
[4] heat sinks and downward
Goshayeshi and 2009  Rectangular fins Vertical & MNumerically
Ampafo |5] horizantal
Suryawanshi 2009 Rectangubar fins Horlzantal Experimentally &
and Same [6] numerically
Zhang and Lu 2010 Rectangular fins Vertical Mumerically &
[7] analytically
Fahiminda 2011 Rectangubar fins Vertical Mumerically
et al. |8}
CGoshayeshl 2011 Rectangular fins Vertical Experimentally
et alja9|
Torabi et al. 2013 Rectangular, trapezoidal  Horzontal Mumerically &
(124 and concave parabolic analytically
Tari and 2013 Rectangular fins Inclined Mumerically &
mehirtash [11] +d" £ 8 5 490" enperimentally
Mehrtashand 2013 Rectangular fins Inclined Mumerically &
Tari [12] +4" <8 < 490 experimentally
Tari amd 2013 Rectangular fins Slighthy inchined: Experimentally &
Mehriash [13] il = £60% 0 £90° numerically
Kim ef al, 2013 Cylindrical heat sink Harizontal Experimentally
[14]
Chen, H.L.,,andWang,C.C, (2016) ,

He at

Si

n k

AAnal yti cal
Per f or man c éAppied dherMa Engimeeriad , VA.®8, ppn2§3-212.

.:'TI,‘"_‘}' Universify

{a) Rectangular fin

11 1 A

Approach | & I

(b) Trapezoidal fin

(c) Inverted trapezoidal fin

o
“
e

N
\ b )

Approach lll

Analysis and Experiment al
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&%, APPLICATION CASE

4

r, =0.5, weight 25%D D , performance 2.7%D

- 4000 0.430
3 0/ 11 3000 SR S Sa—
U Perform.anceiowno Yo !l » e P
U CFM gains18-20%!! N — 11— oo |
E 2w —- f,,.,ﬂ-"" trap.
3] 0 :.:;:_..--"" ] o330 rect. resistance
- - 10310 resistan
- :..-—-"’f | o trap. resistance
500 1 0270
0.00 0250
0.00 200 4,00 6.00 800 10.00 1200 1400
Ps

-

Chen, H.L.,andWang,C.C, (2016), AAnalytical Analysis and EXxpe¢e
Assessment of Heat Si nk Per AppliedThenmaleEngneedng Mok 38,rpp. a0i3-213.¢
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Base weight reductlons

[

1 T T T
‘ i == Rectangular base
«-+-+ Trapezoidal bage
m ) : ; = — 065F
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Chen,H.L.,andWang,C.C, (2017), #AAnalytical analysis and exp

heat si nk havi ngApplieddhereal &ngideering dnareveiewo
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PressureéDrops of fin module
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Uniform gap

Chen,H.L., andWang,C.C., (2017, i A n a | gnalysisandExperimental
Ve r i y ofdnterleavedParallelogranHeatS i n Applied Thermal

Engineering\ol. 112, pp. 739749
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Some Typical Cabinets Designs

O
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ASHRAE Transactions, 2005, Vol. 111, pt. 2, pp{Z45
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Cabinet Fans

de==

Raised Floor

ol

Figure 2 Fans on top.

HRNAN

Figure 3 Fans on battom.

'FFFFFFFFFF]

Raised Floor

Raised Floo

7

Figure 4 Fans on rear (horizontal discharge).

Cabinet Fan:

Hot Air Planum

Cabinet
Fans

Cabinet
Fans

Figwre 6

~

Raised
Floor

Fans on bottom and top.

A Cabinet fan in Figures 3 and 4

Raised Fﬂ)ﬂ-’

Figure 5 Fans on rear (vertical discharge).

7

f SYR
I A af

GKSYaSt @¢
SKkO2f R | A &

were designed with that

concept

Cabinet

in mind.

arrangements in

Figures 2, 5, and 6 lend
themselves to the use of the
ceiling plenum space as a retu
air plenum.
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Phyglcal design of data center syste

(IBM J. RES. & DEV. VO
A Layout of computer rac

_. 49, 2005, pp(Z3)9
K equipment

| Data centers are typical
cold aisles.

y arranged into hot and

A Air distribution configurations

I Hot rack exhaust air recirculatiorA major
cooling problem.
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Cold Aisle
Pressure

A

Underfloor Impedance

TR ;

c_i':'TI.tng University

Typically, the coolant temperature Is
maintained in the rangs 12/ 14 L,
the cool air leaving the CRACs is in
the range of 120 L, andthe cold
aisle is about 182 .

Equipment Environmental Specifications

=
‘E Product Operations (B){c) Product Power Off () (d)
o Dy Bl Humidity Range, bt amimum Maxirmsm Mazimum Rate Dy Bully Relative Ml axirmum
3 Temperature non-Condenting Dew Point [lewatson of Change{ C/hr) | Tempersture Humidity Dew Pont
rc) el gl i i) i'q (m) in ra (] ('q
Recommended [Applies to all A classes; individual data centers can choose to expand this range based upon the
analysis described in this document)
Al 5.5%C DP to
to 18to 27 60% RH and
Ad 159C DP
Allowable
Al 15 to 32 zmi;:m 17 3050 5120 5 to 45 Bto B0 27
A2 10to 35 zm;f{m 21 3050 5/20 5to 45 Btos0 27
-12°CDP & B%
A3 5to 40 RH to 85% RH 24 3050 520 5to 45 8to 35 27
-12COP & 8%
Al St 45 RH to 90% RH 24 3050 5/20 51045 Bto90 27
8| sw3is |°® ":::' 80% 28 3050 NA 5t0dS | 81080 29
c| swaw |=* “::: "% 28 3050 NA St0d45 | 81080 29
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guments for increased air temperatures:

Journal of Electronic PackagingarcH 2011, vol. 133/ 011604

I estimates predict that 45% of data center

energy costs could be saved for everyl

Increasein server inlet temperature
I higher temperature settings could allow

more free-coo

Ing

I servers have

oreviously been deployed in

high temperatureenvironments with no

fallures.


http://www.nctu.edu.tw/
http://www.nctu.edu.tw/

® 2 x4 =¥
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Arguments against increased air temperature
Journal of Electronic PackagmgrcH 2011, vol. 133 /011604

I Side effects of Raising inlet temperature

Aadditional energy consumptiorin other
components.

Acosts of thermalrelated equipment failures
Aimpactserver performance and servidde.

Arequire more frequentserver shutdown
where cooling system failure occurs.
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: ' @?g‘ i t
aised floor or overhead with

cooling in Plenum Level

The most important design
Rack|<y) (P|Rac tHack%f);‘J . . . .
: criterion in a data center:

; — ':; Inlet air condition to the
“ = | datacom equipment ,

Rack|<) (~|Rack & Rackf<)) GZD‘H&CK\J
o e s
— — —> 7 Product
2 Dry-Bulb Humidity Range, |
::g)verHeiiﬁtlenum == 9. é Temperature non-Condensing
@ < o] @ < (C) (e)lr) (h) (i)
Rack|d € |Rack<” %;I$ QE J Recommended (Applies to all A ¢l
Al 5.5°CDPto
X . .F‘it. oy F*i‘_ — Cold Air Supply to 18 to 27 60% RH and
$ U from CRAC unit A4 159C DP
?.Hackcg%;:{ack’-'t F!ackdj%ﬁackg = Hot Ai !
return to
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3,

Typical Hot/ColdAisle with Raised Floor configuration

A Hot / Cold Aisle
A Raised Floor

A Perforated Tiles
A Underfloor suppl

s Hot-air s Cold-air

Hot-aisle Cold-aisle Hot-aisle
[, _t
Under-floor plenum Perforated tiles

Raised-floor  “pead-floor

Hot / Cold Aisle

Ref: Srinarayana , N., Fakhim, B., Behnia, M., & Armfield, S. W. ATher mal Perform
Cooled Data Center with Raised -Floor and Non -Raised-F|1 oor Conf i ¢deatTaansieo ns, O

Engineering, 35(4), 384-397, 2014. -
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t@@q Raised Floor 8odified Design

A Acoldaisleis definedashavingperforatedfloor tiles that allow coolingair to

come up from the plenum under the raisedfloor, and a hot aisle has no
perforatedtiles.

Crlig — Crillg

.—--‘—4_“’ - w Oy p-h s F-_,i—-

Hot Aisle Cold Aisle Hot Aisle Cold Aisle

Figure 4-8 PRaised floor implementation using inlet and outlet plenums/ducts

integral to the rack.

# — L Cay
- g '1 ‘.11-10. = dmdy b = glr-t-h_
< | ¥
A s ;j.».
< ’
_m- : ? Flisss Thod
d 2 wexy ‘= Far b

Figure 4-9 Raised floor implementation using cutlet plenums/ducts Integral to
the rack.

R. F. Sullivan,i Al t e rcoidandhobagslesprovidesmorereliablecoolingfor serverf a r nhlse Uggtime
Institute,2000
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Datacom Equipment Power Trends_and Cooling Applications, 2nd ed. ASHRAE, 2(_)12
A Introduce cold air to the rack as close as possible

Gy

i Sy __E [ s [N = Loty Samdy
.
=iy - Wiy | [ =l
Frane .-. - ﬁ I: ‘: 4 1] :—"L;. I_-._ :-.r
P Tl —— : - s AT - r:.hq'_h‘:‘-" = =g e Tl
<5 D e = - S
P s [550 . R ] Pyt it
) Local cooling distribution using overhead cooling units mounted to : : ' : )
the ceiling. Local cooling via integral rack cooling units on the exhaust side of the
rack,

A Reduce poor air distribution and mixing

| Local cooling distribution using overhead cooling units mounted to | Local coeling via integral rack cooling units on the inlet side of the
the rack. rack.

A Cooling @ exhaust is preferred to eliminate condensate carryov
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®

Overhead Design

A Overhead design provide
a higher static pressure
which normally give rise == 3"¢ "= (L
to a better air flow
distribution. S BoocVsecneiiion sabigracdbopgelf lkogransahdidl

return plenum.

L Sy
unt I
==

_""Iw.»hu

v Overhead cooling distribution commonly found in central |
environments.

Datacom Equipment Power Trends and
COOIing Applications, an ed' " Raised floor implementation using baffles to limit hot-aisle/cold-aisle
ASHRAE, 2012 AR
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Some results concerning the raisec
floor design.

Hot air recirculation coldair bypassnegative pressure, flow distribution,
geometric influence..

Liquid Supply I Rack e = Liquid Supply

& cuc - ma:k%; ‘ .i[mk -r;—'-l“i: ﬂﬂf‘fl [J A ﬂ

= 1 1
= gy P = ey

= K i 1
=Y TR 7

Fioor Tiles it Cagarn o Bt ———— Floor Tlies

L R L T A :-'.'. ey | Flosor Siab

Figure 4-2 Raised floor implementation most commonly found in data centers
today using CRAC units.
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Bz z3iE 5

ﬁijﬁblmrfﬁfﬂo Tung University

egalive

|-> l -

Fig. 6. Air llow circulation with standard proble ms (by-pass, rearculation, negative
pressure flow) in an air cooled data centre. Blue lines represent cold air while red

By-pass

Recirculation flow

lines represent hot aie . h

-+ -+ ‘: P
Data center air streams. (Note: CRAC: Mo % Mn 3| Mbp Ms M
computer room air conditioning unit; v 5 &
Server: IT equipment server; bp: CRAC f g E l Server
bypass; c:CRAC:; f:floor; h:hall; M:mass 2= & t
flow rate; n: negative pressure; r: % ) Ts
recirculation; s: server; T:temperature.) Z MF Mh |

X > V. n o e 4

—
- 4
Cl

—
—
—_—
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iffgh'jl‘ﬁ:l_nﬂrClﬁn’m Tung University

Journal of Electronic

Server Racks Server Racks

CRAC

v
r
4
1
|

ﬁ T [ A VAN
i\ f

Fig. 1 A raised-floor data center

= - = = 1

yAC Ser? Rack F'erfnr?ted Tile

Fia. 2 The hot aisle/cold aisle arranaement

Packaging, MARCH
2011, Vol. 133/ 011004-1

re-circulation
To CRAC Unit P ‘ 1
a 24°C
g \ - -
1T 2xw sevc. TRE R ) Equipment

A
oo o
0.15 m?fs, 12.8°C 0.15 mifs, 12.8°C

=

rack

-
W

0.075 mifs

Fig. 4 Required airflow supplied

To CRAC Unit

0.075 m/s

T 1w |oec 2400 S

o -

0.075 mi/s, 12.8°C 0.075 mi/s, 12.8°C

Fig. 5 Insufficient airflow
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End Effects

A Insufficient cooling occurs
near and far away from tr
CRAC.

Temperature in C

Fig. 29 Temperature distribution on the inlet faces of the racks
(insufficient cooling airflow)

Fig. 28 A simple data center model with one CRAC, several

racks. and perforated tiles (insufficient cooling airflow) Fig. 30 Temperature distribution and velocity vectors on a
plane (insufficient cooling airflow)

IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS, VOL. 19, pp. 1458-1472, 2008
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Fig. 1. Demonstration of heat recirculation: heated air in the hot aisle
loops around the equipment to enter the air inlets. Fig. 32 Temperature distribution and velocity vectors on a

horizontal plane

Enlrainmen| planes

A The former is due to malistribution | &= i
near the CRAC location. :

A The latter is due to the hot exhaust 7
circulation (heat recirculation). e

IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS, VOL. 19, pp. 1458-1472, 2008
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irflow and Cooling in a Data Cente

Iy 4

f_ﬁc_i"Tj{ng Univcrsify

Journal of Heat Transfer. JULY 2010, Vol. 132 / 023001

Fig. 8 Layout for a small test data center

B Measurements B Calculations
0.4%

010 |

o
o
-

=
]

Flow Rate (m?/s)

&
]

£10

Tile Number

Fig. 9 Comparison of measured and calculated airflow rates
(the tiles are numbered from left to right)

Fiw Rule jmh)

Base Case

1|23 | 4|5|6|7|8|8|10|11 (1243|1415

Fig. 12 The base case

LE ]

il

a
]

&

&

. ¥ ] L
T bumba

Fig. 13 Flow retes throwugh perforated Hles for the base case

CRAC

b

Velocity decreases, pressure increases

Fig. 7 Maldistribution of airflow and its cause
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Effect of the Plenum Height

208 58 27 00 27 54 .i.ﬂ 0e 147 208 650 268 -58 27 00 27 54 &0 1lﬂl 7 208 B850

¥ {m)

mh

o
=
=

% 1 2 3 r 5

X |‘||'||}‘s

Fig. 14 Pressure distribution and velocity vectors under the Fig. 16 Pressure distribution and velocity vectors under the
raised floor for the base case (plenum height=12 in. (0.3048 raised floor for plenum height=6 in. (0.1524 m) (the pressure

m); the pressure values are in Pa) values are in Pa)
0.4 j T 7 7 T ¥ T ¥ 7 7 7
286 58 27 00 27 54 80 WH 147 208 850
e 0.3
0
.E. '-g- 0.2
- 2
1]
g 0.1
©
L. o
Fig. 17 Pressure distribution and velocity vectors under the a1 . et 2 i
raised floor for plenum height=24 in. (0.6096 m) (the pressure Tile Number

values are in Pa)
Fig. 15 Effect of plenum height on the airflow distribution
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i Raised Floor Plenum Helght

SuhasV. Patankar, Airflow and Cooling in a Data Center
Journal of Heat Transfer, JULY 2010, Vol. 132 / 078001

A For low raised floors (62 in. [0.150.3 m]),do not place
datacomequipment close to CRAC units since low airflo
or reverse flow can occur from the perforated tiles

A Airflow uniformity can be made available by varying
percent openings of perforated floor.

A Partitions can be placed underneath the raised floor to
direct air into the desired areas.

A It is suggested that raised floors should allofres flow
height of at least 24 in. (0.61 nthat Is, If piping and
cabling take up 6 in. (0.152 m) then the raised floor heigc
should be 30 in, (0,76 m). A large underfloor depth of 2¢
in. (0.61 m) was also recommended.
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[’ Lﬂ %cf‘" ‘E; - ’%
‘Factors Affecting the Airflow Distribution

Journal of Electronic PackagingarRCH 2011, vol. 139110041

A Relationship Between the Flow Field in the Plenum ar
Flow Rates Through Perforated Tiles.

I the flow rate through a perforated tile depends on

I the pressure drop across the tijéhat is, the difference
between the plenum pressure just below the tile and the
ambient pressure above the raised floor.

0.4

i plenum height o
I open area of perforated tiles 2 | — ™~
E.r 0.2 — ot
Flnwﬂutlrﬂtr-h ﬂjmﬂ'd Tias E u- _,- -
T B 3
o (/24 ]
Patankar S V (2010) Ai r'bow T/
and cooling in a data center. £ | P, A - )
J Heat Transfer 132:073001 __ ' e b
e Fig. 18 Effect of open area of perforated tiles on the airflow

distribution
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Liquid Supply Liquid Supply o -
CRAC LT LT 1
II—" Unit it '—'I_I :.._::,-"w ‘_-.pﬂ:‘A
Behan b ] Restuas &
g

Fioor Thles —L—{ Floor Tiles —y [

Floor Slab Frr e e e e T e e e e o e Floor Stab
Figure 4-2 Raised floor implementation most commonly found in data centers

today using CRAC units.
rrrrr Sy | [ - Firr Sl

Figure 4-3 Raised floor implementation using building air from a central plant

High Celling

Ceiling with Plenum
Better in avoid Mixing

-
B e e N \_...,-....._...-..:".'.-.._

- \ sy = Datacom Equipment Power Trends and
f_{ - | MMMM: ol L Cooling Applications, 2nd ed.
s . s ASHRAE, 2012

Figure 4-4 Raised floor implementation using two-story configuration with

Mol ol W o PR LT Bl TR . PR
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Room Celling Helgh|¥ ‘

A The ceiling height will depend on the type of ventilation system.

A When Supply air is greater than rack flow ratéscreasing the
ceiling height reduces theatacomequipment intake
temperatures.

A When flow equal to or less than equipment flow rategcreasing
the ceiling height can result in increased inlet temperatures for
underfloor air distribution without a ceiling A hot recirculation cell
Intensifies over thalatacomequipment with increased height.

II:L: E;]

™ iy Proper Data Center Airflow r

I

AR
mnn

-

|

-4

A

-y
Rl

Serear Haous

A B e Bractices for Data Center Thermal and Energy Managementd Reviewof Li t er at ur e, 0
Transactions, 2007, pp. 206 -218.
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‘Room Celling Helgktto\Eu..

A Increasing the ceiling height from 9 to ¥2(2.74 to
3.66 m) reduces the rack inlet temperature by as
much as 6 to 1L

A Increasing the ceiling height beyond 2(3.66 m)
for 6 ft (1.83 m) racks does not seem to have any
Impact on rack inlet temperatures

—_— —_— —_—
Server Racks Server Racks CRAC
ST B S ETE N

i\ i\

N —— N

Fig. 36 A schematic of the drop-ceiling arrangement Fig. 37 Use of the drop ceiling

Journal of Heat Transfer, 2010, Vol. 132,

A 78@0&rattices for Data Center Thermal and Energy Management 8 Review of
Literature, 0 ASHRAE Tran2d&cti ons, 2007, pp.


http://www.nctu.edu.tw/
http://www.nctu.edu.tw/

A Placement of higldensitydatacomequipment at floor
ocations that have high static pressure allows the highest
nossible airflow in the cold aisle adjacent to the equipment.
Typically, the highest static pressures are farther away from
the CRAC units or where the flows from two or more CRAC
units are in collision with each other.

A The recirculation of the hot air can be reduced by load
spreadingBy placing loweipowered equipment near high
powered equipment, the effect of the hot air recirculation ca
be reduced.

A Flow near the end of an aisle should be considered in detalil
recirculation can occur both around the sides and over the t
of the cabinet.

N B e Bractices for Data Center Thermal and Energy Managementd Reviewof Li t er a
ASHRAE Transactions, 2007, pp. 206 -218.
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Alsle Measureme
plane area B
Camera 2 (0,60x1.9) m|
{Image map B)
Camera 1
(Image map A)

Laser
Traverse

Height of the server simulator measured from the perforated floor tile (mm)

150 300 450 600

Perforated fioor tile Distance measured from the centre of cold asle (1)
YdzYF NIt SO Ffd 6wunmno a58ylFYAOa 2F Oz2ii2B10F A &f
3rd international conference on thermal issues in emerging technologies, tlaeahapplications
ThETAS3 2010, £92 December 2010, Cairo9sc102.

Tile Surface
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~Betrimental Underfloor Blockages

A Chilled water pipes and cabling should be kept away
from the exhaust of the CRAC units

A Underfloor blockages have the biggest influenom
flow rate uniformity through the perforated tiles.

A Blockages that are parallel to the hot and cold aisles
have much lower impact than those that run
perpendicular to the aisleThis conclusion was
found when the CRAC units are located parallel to
the computer rack equipment aisles. = e

A Blockages occurring under the cold
aisle have the effect of reducing tile floy

N B e Bractices for Data Center Thermal and Energy Management &
Reviewof Li t erature, 0 ASHRAE Tr anr%8act i on s},
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Effect of UndeiFloor Obstructions

Effect of a Clrcular Pipe as an Obstruction
| 61In. pipe @ 12 in. plenum

2]
-]
= AL
£
E
'g x19
5
L 1.1
1|2|3|4|sfe| 7|80 tw0|1n|12]13[]15
— 1 1 -
S+ 8 F_ % % W W W W
Tile Mumber
Fig. 19 A circular pipe as an under-floor obstruction (only the Fig. 20 Flow rates through perforated tiles as affected by the circular-pipe obstruction
centerline of the pipe is shown)
L L
o= (5]
A |
E £
E'ﬂ "= ! as
EII:Il = ! (-]
(1]
4“'|_l_H_n|+*iithi1!u1I '&-i*iitti’*llilFrl:hlt
Tibg Numibar Tila humbery
Fig. 22 Use of inclined partitions in the under-floor space No partitions With inclined partitions

Fig. 33 Abrflow climtribation with ane withowt inclined partitions

PatankarSV (2010) Airpow and cooling in a data cent
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|® @236
Reduce blockage effect

Seal cable cutouts

—%
Surface paoun for exiing inwalladess

Cable management

Figure 5. Airflow in rack without blanking panels (top) and with blanking panels (battom)
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2 3 5

“IEffect of Distributed L\gg kage

A Sealinghe intentional openings in the plenum
not only increase the plenum pressure (which
leads to an increase In thastributionlosse$
but also reduce the total open area available for
airflow.

l Perforated floor

Distributed Air tiles

04k
b

CRAC leakage Solid flo : .
tile 03 ! ) 1
—— Digiriuled Air Loakege
aa gl Th . T
[:E- A 2 na2f !
—) —) ) = —) ) e
Baised Floor Plenum y

oo 010 i 11 o
K.C. Karki, A. Radmehr, S.V. Patanka, Prediction of Lusinbuted Leakage Area/Total Aes of Floor Openngs
Distributed Air Leakage in Raised -Fioor Data Centers,
ASHRAE Transactions, 2007, pp. 219 -226.
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Placement of CRAC units

Figure 16. CRAC units should be placed perpendicular to hot aisles so that they discharge cool air beneath the
floor in the same direction.

Place CRAC facing hot aisles

o Aide P Mo | | % Aide 52e  rather than cold aisles, as the
gy R [ J = underfloor velocity pressure
should be minimized in cold
i [ aisles.
> -
- - If CRAC units are aligned in
+ . parallel rows on a raised floor,
T S then each row of CRACs
{ [T should exhaust air in a
! direction that increases the
GRAER, Dischorge, static pressure across the floor

Inroke

rather than CRACs exhausting
such that their plumes collide,
causing decreased static
pressure in these regions and

HP technology brief i i Op t i rfecilityi opegation overall loss of chilled air to the
in high density datacentere nvi r on ment s, oraised floor.
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CRAC Unit Placement and Configura
(Contl..)

A Airflow rate distribution in the perforated tiles is uniform
when all the CRAC units are discharging in the same
direction and this distribution is poor (nemiform)
when the CRACSs discharge air in collision eatth other.

A Turning vanes and baffles appeared to reduce the CRA
airflow rate by about 15%lt is, thus, preferable that
turning vanes (scoops) not be used in CRAC units.
However, when turning vanes are used in CRAC units
facing each other, their orientation should be such that
the airflow from the CRAC is in teame direction.

i B e Bractices for Data Center Thermal and Energy Managementd Reviewof Li t er at ur e, 0
Transactions, 2007, pp. 206 -218.
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mCRAC with/wo Turnin

Optimization of Enclosedisle DataCenters Usingypass Recirculatiodpurnal of ElectroniPackaging, 2012Vol.134,
020904-1

- -—— - — —
'F_‘— — i -— -~ -— Table2 Comparison of cold aisle rack inlet temperatures
Knirr CoolFlex®
o ! Configuration 1: Configuration 2:
l l t_ —— -0 25¢ fl == J Bypass near CRAC Bypass in hot aisle
' emperatures ith turning ithou /ith turning
pro s t »qj T {-v J T 1 With t Without Witht
/’ﬁg/" L ‘j (’ J in Kelvin vane turning vane vane
P |
e Pl — —
N ) L ay o ‘ B Maximum Temperature 300.55 302.55 307.25
= ] et 8 N — Minimum Temperature 298.95 295.05 29345
i l:-.'l'mm s - I"a_.-
— — —_—

..1Iff=‘ﬂ“' 1“!."'.1'7!1-..___'."1 z
1 1l A
1|

Fig. 7 Temperature (in K) contours 8 in. below the raised floor with bypass tiles placed near CRAC for (&) in-
stalled CRAC turmming vane and (b) no CRAC turning vane
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CRAC Unit Placement and Configure

A Racks that have a clear path of hot air back to the intak
of the CRAC units generally show low rack air
temperatures.

A Integrating sophisticated thermal instrumentation and
control of a data center environment with the operationa
parameters of CRAC units e.g., volumetric airflow rate c
chilledtair set point temperature, can result in significant
energy savings of around 50%ariablefrequency drives
can be used to change fan speeasd, thus, CRAC airflov
rates, and the chilled asetpoint temperatures can be
changed via controlling the condenser conditions of the
CRAC unit.

i B e Bractices for Data Center Thermal and Energy Managementd Reviewof Li t er at ur e, 0
Transactions, 2007, pp. 206 -218.
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4, Effect of Aisle Spacm D)

“obd Adsle H Aasle . Equrpamnent

A The most commonly found -
aisle Spacingﬁre 4ft (122 m) I = | L O [
aisles that are consistent with . . I ot
two floor tiles for the hot aisle

and cold aisle. E i E i

A With the increased server
rack powers Beatyand e 4t oot o s
Davidson (2005) suggest that
the aisle widths be increased
to allow for more air in the e — -
vicinity of the IT equipment .. = "7 S0 0
and at a possible reduced Saw wm | ow |ws
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Effect of Aisle Spaci

A Limiting the velocityof the air supply
by the perforated tiles has two benefits

I highrvelocity air tends to blow by the inlet
grilles of the servers.

I highrvelocity air near the center of the aisl
tends to blow by the intake of the servers
and out the top of the aisle, not serving ar
cooling benefit.

A Wider cold aislewill increase chilled
air to the servers and lower the velocit
exiting the tiles, thereby eliminating a
potential "blow by" of the higkvelocity
chilled air.

Sub-floor

i B e Bractices for Data Center Thermal and Energy Managementd Reviewof Li t er at ur e, 0

Transactions, 2007, pp. 206 -218.
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. artltlons At the End of Aisles, Above

Racks, Within Racks, and Between Racks

A Placed ceiling partitions may help prevent recirculati¢just be
careful about the safety).

A Install blanking panels for those areas of the rack that do not
have servers.

A Gap partitioning between the different units in a rack is helpful
In reducing rack inlet temperature.

A Gaps between lowpowered racks may be acceptable.

A Gaps between higipowered racks that are arranged in a hot
aisle/cold aisle fashion need to be eliminated hey can cause
significant infiltration of hot exhaust air from the racks directly
Into the neighboring cold aisle$his can lead to higher rack
inlet temperatures by as much as 6.

i B e Bractices for Data Center Thermal and Energy Managementd Reviewof Li t er at ur e, 0
Transactions, 2007, pp. 206 -218.
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' (2)
7 Gaps Between the RE '
A It is easy to see thdhe gaps provide additional places
gKSNE 0UKS 4SYR ST fHstQinfioln C
the back of the racks can enter the cold aisle through th
gaps and influence the inlet temperatures of the racks.

A An obvious remedy is tclose the gaps by using
Impermeable plates or partitions

Trefl=20 Tatm=20 Dst=6.6 FOV 24
8/12/05 12:11:01 PM <10 - +120 e=0.96

ASHRAE Transactions, Volume 112,

Normal and IR images of the inlet of a worst-case air-cooled rack.
: ges of A ‘ Part2, pp. 226230.
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&3, Blockage Design

Panel cover

AThe effect of adding panel depend on the design of dat
center, in this case the literal space Is crowded so addi

side panel can lower the server inlet temperature.
Side papel Top panel

Without panel Side cover Top cover

Panel

Server Inlet maximum temperature 47.03 26.14 51.32
(3)

Server inlet mean temperatures() 19.18 15.78 18.9
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MPartitions: At the End of ESEE
. . .Journal or Heat
Aisles, Above Racks, Withifinster, 2010, vol. 132,

- 073001 -1
Racks, and Between Re

keeping the hot air away
from the inlets of the server
racks.

Fig. 35 Use of partitions to prevent hot air from entering the
inlets of the racks

Gomin Bow Mant Tile in Gom
Without blanking paels With tlanizng maoely istalled

Schematic of the effects of gaps and blanking panels
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2\ Alr Flow I\/Ianagemean
Containment
A Hot Aisle Cold Aisle Separation

Cold-Aisle Containment (CAC)

Hot Aisle Cold Aisle
Containment Containment
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Open Alsle

Top Only

Cﬁmo Tung Universitr
Experimental CharacterizationKr' o isle !
Containment Configuration$or Data Centers,Journal of

Electronic Packaging2015Vol. 137 / 01107

three coldaisle containment configurations are

Fig. 6 Cold aisle configurations tested

Diaiors Only

experimentally comparedagainst the open aisle
jconditions founderprovisionedUP) and over
‘provisioned (OP) air flow rated.here arefundamentally
b three main systems for air flow managemeintotaisle
containment, cold aisle containment, and exhaust
chimney containment

. CRAH3 | | cRAH2 |
Rack® | T8 | T7 | Rack?
Rack9 | T9 | T6 | Racké6
Rack10 | T10 | TS5 | Rack5
Rack1l | T11 | T4 Rack 4
Rack12 | T12 | T3 | Rack3
Rack13 [ T13 | T2 | Rack2
Rack14 | T14 | T1 | Rack 1
| CRAH1 |

Fig. 1 DCL layout schematic

Rack 1 Rack 14

Label Description
lerac
{Rack
éPerfnmted tile

Hot aisle vent
o -

Fig. 4 Regions occupied by active servers for partially filled
racks
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Experimental Characterizatioof VariousCold AisleContainment T
Configurationdor Data CentersJournal of Electronic Packaging015V
137/ 01100%

For under supplied airflow

arrangement, flow reversal may m i |

occurs even for full contained. " e

The best method is to use blockage| ==

plate to block the empty server

por t|0n Fig. 1 DCL layout schematic e k: Regions occupied by active servers for partially filled
) R

S bR e @ b opupm . ® SR fully contained

wy L 19 L] (1] LE | iy L 14 wr L 1Y) L3} ai L3 1 L)

{c) Run 3: UP doors only (dy Run 4: UP top only

iy Bun 7 OP doore ol el Bun & OWP ton onle
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HighVelocity Flow Througk®
the Perforated Tiles

A The heat loads of modern server racks can be very higr
20 kKW

Corresponding airflow demand may be of the ordef @f nv/s.
Air emerges from the perforated tile at a velocity3in/s.

With this highvelocity stream flows over the inlet face of the ra
would the cooling air enter the rack or simply flow past it?

The highvelocity airflow does create a lovwpressure region at thi
bottom of the rack. The server fans in the bottom region delive
lower flow rate compared with the uniforrpressure
environment.

Fortunately, this flow reduction is not large. For realistic values
the flow resistance inside a server rack and for common fan

curves the flow reduction at the bottom of the rack is less than

15% i B e Bractices for Data Center Thermal and Energy Management 8 Review of
Literature, 0 ASHRAE Tr anr$8actions, 2007,


http://www.nctu.edu.tw/
http://www.nctu.edu.tw/

@2 36 £ ¢
: Nﬁi‘_l‘ ﬂﬂﬂﬂﬂ Chino Tung University

Airflow for Overhead System

Stressed on the data tested in a container
simulation lab. (confined space, small data center
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Underfloor vs. overhes

Ceiling
Ceiling Supply duct '-':’WIPE‘ES“;? i
. created by hig
diffuser panel \ veloclty jets
. Under Floor Air Distibution 0% 108 5
Hot air
Ho_t B entrainrment
entrainment _ERs
]
Ower Head Air Distnibution
5 Recirculated hot T:im'ml
- » 30 o4
e =8
- FC
High Velocity jets .
discharged from the Entrained Under Floor Air Disiribotion Svsiem omd e
ceiling diffuser panel hod ar _
il o 6
Schmidt RRyengaM (2007) Comparison between underfloor supply and mdl =

overheadupply ventilatidesigns for data center-tiegisity clusters. In:
2007 Winter meetinthefAmericeBociety of heating, refrigerating and Over Head Air Distribution Svsiem
airconditioning engineer§32Jdanuary 200Dallas, p 11525 s ¥ P e
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Raised floor vs. OHAD

A Thehigher pressure drop in the ducts makes
balancing an OHAD system relativedynple.

A OHADsystem the entire process has to be

repeated with addition or removal of IT
eguipment.

A Dueto lower plenum pressure drop in a raised
b22NE avylftf OKIy3asa 7
Ol dzaS f I NBS b b3 imdkesiitA ?
nearly impossible to completely balance an
UFAD system
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ASHRAE TC9.9, 2011

Maximum allowable temperature =2
Maximum allowable temperature =G5
Maximum recommended temperature £ 27
Minimum recommended temperature %18

Rl#l:l.ll:lk: Temperature

Max Allowable 32T aa =
Max Allowable -
Koty Coobed) Over Temperature I .ﬁ
Max Recommended |} —e a7 ¥ | 2
+ Fotal Over Temperature S
(Recommended Coolad) | ~ i
Min R I:I Total Under 1 i) 3
Max Allowable z
A Under Temperature | | =
Min Allowable s Yy -

P

Rack Tniake # N
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RCI

A Herrlin proposedRackCooling Index (RCI) to measurdhe healthyextentof
thethermalenvironmenfor the equipmentin datacentersThe RCl includes
two siblingindices 'Y 0 "GandY 0 O

A Compliancewith a given intake temperaturespecificationis the
ultimatecooling performancemetric the RCI is sucha metric RCI
= 100. meanideal conditions no overor undertemperaturesall
temperaturearewithin therecommendetemperatureange

@a;ikﬁ

National Chino Tung Un

2 #) [p 04 4 —|p
oo
2#) |p i 4 ] 'pnm Ideal 100%
T, = the mean ter%?ograture at iitake X o Good 96%
I_’Il_;(t:)eiéll rrlluarglkl)fl;r?]frlgé?)ﬁ;ended temperature Acceptable 91~95%

= maximum allowable temperature
minrec— Maximum recommended temperature

qinal — Minimum allowable temperature

M. K. Herrlin, ARack cooling effectiveness iIin data centers a
American Societv of Heatina. Refriaeratina and-danditionina Enaineers. 111(2). 2005.

maxall —

$ Poor 90%
T
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‘tj‘_ﬂp_nﬂr Chino Tung University

Evaluation metrics

A The SHI is a dimensionless indicator of the recirculati
of hot air into the cold aisles.
BB [(4 )p 4 ] T,, = average inlet temperature

y T, = average outlet temperature
BB [(4 )h 4 ] T... = vent tile inlet airtemperaturet_
r

3()

ref =

f

|
out

&

R. K. Shar ma, C. E. Bash, C. D. Pat el , ADi mensi onl essakd gptaa aare
8th ASME/AIAA JointThermophysicend Heat Transfer Conference, 2002.
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m Test system in NCT e
_ G 20ft Container [ !

1
|
il e
Wy | VY
| W
N
| L
| unm |
11
|
1 i i
A ]

3 1m
1.8m

|
!

F
g :
Top view
E._ua‘. _ Eb :
L;ﬁ__ SR SR AR AL JEE SR  E—
CRA J ]
. :
20 ou & : § ]
i |- i
kW ; gL
okw| o
Side View
| kW
OkW A Air from CRAH = 3.54fn
T A Air by RACK 3.54f
A Total capacity 30 kW

Airflow in 1 Power in 1 A Airsupply T=21
Rack Rack
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%ﬁect of ColeAisle Con ent

Wang, T.H., Tsui, Y.Y.,,andWang,C. C. , (201-a) sl @eO€o@6ohdnment of a Container
Engineering, Vol. 112, pp. 133142.
Caseb

Full containment | [
but part 2, part 4
is not blocked | |CRAH
Air flowrate of
CRAH=3.52m’s*!

CRAH

B Block [\] Fan/Heater off

Caseb

Full containment,| |

pars2 and part 4

are blocked CRAH
Air flowrate of

CRAH=3.52m’s?!

§ Sesa-k

34
,l—u

Case/

Full containment,| |

pars2 and part 4

are blocked CRAH
Small flow

rate=2.83 nis?

Cases

Full containment,| |

pars2 and part 4

are blocked CRAH
Large flow

rate=3.93 nis’?

B Block |
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Cold Air

Flow Reversal
__."

s
e
-,

— e

(o) Without blockage plate in part 2 and part 4.

Cold Air

Bm‘g",__ Flow Reversal
k x

Part 1

Part

— PII:I r"’r : bl H P
[ Hot Aisle | Hot Aisle |
% 4 k" - i =

(b) With blockage plate being placed in part 2 and pan 4.

Fig. 7. Schematic showing the flow reversal between cold and hot aisle

SHI

/1'5-'
-
> 0
. s
b
D5 ) "
z 4 :
o
L
-
RS | o ~O~ Cased
| = — Caseh
KD = - e —y -
Al Hl cl o El
Hack 1D
L]
o
4t o
o
o
.,
= A = oy
] e -5
iE
o
0 "
O Cas§
=== Casgli
ni T
Al Bl L | 4] El
Rack 1D

Fig. &, Measured RCIand 5HI for cases 5 and 6,

Cased

Blockage plate at|
the entrance of
aisle but leave CRAH
open at the end
Air flowrate of

CRAH=3.52m?%s?

CRAH

Il Block [\| Fan/Heater off
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mafect ofDistance between [@ &
E, CRAH & Racks

CRAH 12346 XX| R X234656EX| | M XXB34567

o
. A
4

RCI (%) ,:is 87

SHI 0.371 0.366 0.38
(G ) 37.4 35.1 34.8
- (N 25.8 25.6 25.4
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[
G
H
=]
- - -_

CRAH X2 3268G6@H% CRAH X2 30668@NX

CRAH

normal Normal +10cm Normal +20 cm

-_
87

0.32 0.34 0.37 0.39 0.43
(] 35.2 35.6 35.1 34.2 34.3
) 2409 25.3 25.6 25.8 26.3
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CRAH

|
:‘H
!

LAE
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CRAH

La8m_ |

CRAH

i

|.¢.M.rr.l.

VL2345 XX

II

CRAH

058 m_

i

CD@@@@@@

Effect of Vent
Opening

| RCI (%)Y,

0.37 0.42 0.43 0.39

W] 35.1 357 37.0 35.9
) 256 26.9 27.0 255
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Experimental configuration

Open the number B air supply ven ’""'"
Total heat load = 50kW®G YO P
CRAHINIt temperature = 22 e

i
- |
i

Total racks flowrate = @& 7Ti (0.6 i 2 AAE
Total racks flow rate> Total CRAH unit flow rate
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3,

Effect of nonauniform heat Ioadlng IN racks
5 kKW for each rack, total 10 racks, 50 kW

| Uniform Distribution2

Distribution5 Distribution6 =
Uniform

Higher power servers are suggested to plac
far from the entrance
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Uniform Distribution2 Distribution5 Distribution6 toop

50

o
T

SHI 0.367 0.354 0.348 0.338

_ -50 I

Tmak(q ) 42 . 6 41 38 ' 5 37 ' 9 -100 | jgj éggﬁgﬁ:gﬂé

—-—-—- Distribution6
Rack ID

Rack E RC{%) 56 53 52 48

RCI[%]

1.0
——O—— Uniform
o Distribution2
sl ——-w——- Distribution5
—-—=7-— Distribution6
0.6
I
0
04
0.2
| bk I: 0.0 j
A B c b E

UnIfOI’m 2 5 | 6 Rack ID
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Effect of heatoaddistribution
(Numerical Simulation)

A Streamlines Entering Rack A1

Temperature (O

[} i )
ARSI EA S0
Bed —loenl o io i s

BMI’\M\#
— -
& oy ~ _.'_II
= 5
r. % :
i 4
1
U RS
£y 0

]
Z

o C

£

=

- 3.

A Streamline

L

S Entering Rack E1 ==

MNA~~N

Temperature (C)

Temperanse iC)
45 43
— 437 133
_4]4 e
=315 ik
=310 o)
— 361 16|
343 11
- a3
i | 3.7
- _1{!1-' ]
151 aj
154 78 4
?‘j El A
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caseb
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' - Racks flow rate CRAH flow rate —
Working conditions : T | ' |

i §
Total heat load :50 kW Ol%l ’ ‘Elj ’3:;‘: ’5]:'55':'——“:
CRAH unit temperature :22 € 0.0 1l ) ||
Total CRAH flow rate: 3.39 m3/s !
Each rack flow rate:0.34 m3/s %0 . g *
Speed of air curtaindo 12m/s o i :
Angle of air curtaindb-2071,0i ,+20| s 1,
%_ +203 03
0.0 o [
5

CaselClose Case220312m/s Case30312m/s Case4+20312m/s «
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Conclusions..

A Reduce airflow mixing between cold and hot air is a ke
Issue to improve efficiency of data centefarflow
management, either in server, rack, plenum, or room
level requires elaborate consideratians

A Multi-scale thermal management is needed for accura
control of thermal environment of a data center.

A Containment, blockage, partition, flow distribution play
pivotal role in airflow managemeninformation from
numerical, experimental, and field tests are quite
essential in more detailing the airflow
management/control within data center. Novel designs
for effective airflow management is recommended In
future research efforts.
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A|r cooling for datacenter cooling

-common (]UES'[IOI’]S
A Which one is the best ventilation scheme for air cooling the

datacomequipment?

A What underfloor plenum height should one provide to allow
proper distribution?

A What ceiling height is the mosptimtim for both raised floor
(underfloor supply) and noemaised floor (overhead supply)?

A Where should one place the cabling trays and piping under a
raised floor so as to minimize airflow distribution problems?

A How should one design for future growth, which
accommodates increasesdatacomequipment power and,
therefore, increased cooling needs?

A Where should the computer room atonditioning (CRAC) units
be placed for the most efficient use?
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Conclusions

1.Increasing the CRAC unit flow rate from
3.4m3/sto 4m3/swill improveRCI by 20%.

2. By reconfiguringthe permutationf high heat
density serversin the bottom of racks will
improve RCI by 19%. Thereby,we recommend
to configurethe high heatdensityserversn the
bottomof therack

3.Increasing the flow rate amount of rack partl
45. will drastically decrease the hot air
recirculation through the interior of the rack
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Conclusions

4.When openingthe supply air vent 1 from the
celling, decreasingthe intake temperatureof
Rack A andincreaseRCI greatly, on the other
hand, when openingthe supply air vent 7 can
iIncreaseRCl slightly.

5. Adding partitionson hot aisle will increasethe
pressurewhich leadsto less cold-airflow into
racks and causestemperaturerise. After the
temperaturencreaseof rack BCD , mostof the
iIntake temperatures are below the max
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Conclusions

6.Adding partitions on hot aisle will increase
Impedancewhich can preventthe airflow from
recirculating to rack A, reducing the over
temperature conditions However, the hot
airflow will recirculateto rack DE, decreasing
the RCI of rack DE. Neverthelessthe overall

RCIwill Increase

/. The placementffectsof addingonepartitionor
a few partitions at the return air plenum are

fairly equal
8. Adding partitions on rack A will increasethe
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Table1

Thi 9 fypes of air distribution (traditional
roam-based cooling implementations)

Flooded supply

o
o
a
=]
L]
2
e
m
0
r.,.

Contained supply

Flooded return

Targeted return

Contained return

Small LAN rocms < 40kW
Mok recommended for most dala cantsrs
Lew cost. simple instailafon
Lot erwrgy afficasnt of &l ar detnbution

archileciures because 100% of the cold
sUpply e 3 allowed Lo mix with hol retum air

Supply i temperaluns adneney urpredica-
bles above

Ditstribaulion type can coal up do 34 per rack

General usa
Nol recommeanded Tor most data cenlers
Low coesl, ease af irstall

Mora anongy afficiont than fooded reum since 40-
0% ol IT hot exhausd air & capluned and delverad
back b e cooling unil. Supply ar more
pradiclable ten Mooded supply since jass hol ar is
abiowved 4o mind with cold supply Sir

Dasiribuion bype can cool up o BKW per rack

oconomizer hours T0-100% of IT equipmant
Tl axhaest air B capiunsd and déefversd back
1 e cooling unil. Supply & i most
pradiclabls since ma hal & is allowed 1o mix
with ook supply ar

Dhstritnion bype can cool up o I0EW par rack

Data cenbers with static pawer densities

Mot recoirrmanided for new desigrs — unabia
o keeesp up with power density projections
Ibare enerpy afficient than looded supply
since mone [T equipmen hiol axhaust ar is
diverted back i the cooting unil.

Chstribulion typs can cool up Jo GkW per rack

Small to medium data centers

Moe arargy ailicient than Rooded neum snca 60-
0% of IT equipmant hol exhaus! air & capluned
ared debvarad back 1o he cookng unil - Supply ar
e pradiciable Sincs less hot air is aflowed o mix
wilh cold suppéy aif

Distribusion type can cool up bo B par rack

since TO-100% of IT equipment hal sxhaus]
air is caphured and deliversd back o the
cooling urit. Supply air is most pradicable
snca o hol & is allowed o mo with cold
supply air

Adorws increased coding unit supply bemp
resuting in incressed aconomizer hours
Distribution byps can coal 1 o J06W par rack

Mainframes | racks with vertical airflow
More: eneegy afficiont than langeded supply but
less afficsont than contaned ntum
Ciontaining the: supply e, forcos the resd of
o P i Eecomie thi hol sk whach bmits
e rumiber of economizer howrs. Supply sir
i% mars prediclable since e hol ar 1
aflowed to mic with cold supply aic

Disanbaimion type: can cool up i 3KV per rack

Mainframes | racks with verbical airflow

oen enangy efficent than tagetoed supply but less
efficient than contaimed retum, Contarng e
supgly air, lorces the rest of ihe room ko become
e Tl sl whach Bmils [he raumer of economizes
hours. Supply ai (s mest prediciabie snos no hat
air & aliowad o mix walh cold supply air

Diatribigon fvpe con cool up bo J0KW per rack

Harah non-data centor environmenis
Shghtty less effickent than contamed rebam
with fioodad o tarpeted SUpply - Pquines
e Tam inatgy.

TEsURK In Mcreasad econamizer hours
Distnimation bype can cool up o 306V per rack

AAPC white
paper #55
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Table2

Non-traditional implementations

Flooded return

—>

Targeted return

X

h _ﬁ.c_i"Tiqng Univcrsify

Contained return

_} - -

Hard floor, cooling unit located outdoors
Not recommended for most data centers.

Flooded supply

Not effective because air mixing prevenis
predictable IT inlet temperatures.

Hard floor, cooling unit located outdoors
Not recommended for most data centers.

Not effective because air mixing prevents
predictable IT inlet temperatures.

Hard floor, cooling unit located outdoors
Recommended for new data centers.

Varable speed fans on cooling units confrolled
by IT temperature.

-

‘c-l'

tﬂh I
"-J_‘b
-
=

-
et |
e §

No non-traditional alternative

2
o
o
3
0

o
o
@
o
i
@
=

Hard floor, row-based cooling units
Recommended for data centers below 1MW.

Variable speed fans on cooling units controlled
by IT temperature.

Hard fioor, row-based cooling units
Recommended for data centers below 1MW.

Variable speed fans on cooling units conirolled
IT temperature.

A

:.._)“_..f_.

Raised floor, perimeter cooling units
Not recommended for new data centers.
Good solution for existing data centers.

Variable speed fans on cooling units controlled
by pressure and active files controlled by IT
temperature.

Contained supply

Raised floor, cooling unit located outdoors

Targeted return doesn't add much value since
supply is contained therefore not recommended.

Variable speed fans on cooling units controlled
by pressure and active tiles controlled by IT
femperature.

Hard fioor, row-based cooling units

Only recommended for harsh environments or
existing data centers where complete
containment is required for a single row of
racks (e.g squeezing a row into an existing hot
aisle).

Variable speed fans on cooling units controlled
by IT temperature.
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Narional Chia

S om row, and rack based Coohn(
architectures

APC White paper #130
Figure 1 - Floor plans showing the basic concept of room, row, and rack-oriented cooling
architecture. Blue arrows indicate the relation of the primary cooling supply paths to the room.
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Cold Aisle Containment Benefits

Easieito implement; does not require additional architecture to contain
exhaust air and return it to the cooling units (drop ceiling, air plenum etc.).

Only requires doors at ends and cap at top.
Generally less expensive.

Cold aisle containment is typically going to be easier to retrofit in an
existing data center, particularly when there are overhead obstructions to
circumnavigate, such as power and network distribution, ducts, lighting.
AlT2ftR FTAatS O2yilAYyYSYyld R2SayQid I o
it typically is because of challenges associated with delivering supply air t
the contained space(s).
Aoyl ofSa Y2NB ada2NFI OS I NBIF FT2NJ a02
ride through in the event of power failure and engine generators not
starting.

o To o I

http://www.upsite.com/blog/hot-aisle-containment-vs-cold-aisle-containment-better-
data-center/
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\@old Aisle Containment Challenges:

In cold aisle containment, the overall data center becomes the hot aisle and
that space could be dramatically hot if the theoretical advantages of
containment are fully pursued, i.e., higher supply temperatures resulting in
possibly extreme exhaust temperatures.

There may not be any space with a suitable temperature profile for equipment
that for whatever reason is not compatible with living in the containment
arrangement. This could mean lowering the supply temperature and losing
some of those economic benefits to provide a suitable environment for some
of these noncontained electronics.

Increases mixing of return air and lowers delta T.

Conditioned air leaking from the raised floor and openings under equipment
such as PDUs enters the exhaust air paths returning to cooling units. This
reduces the efficiency of the system.

Cdzf t O2fR A&fS O2y 0l AYyYSyYyid ONBI Sz
@2t dzySésx a2 UKSNB ySSRa 02 0S FTANEB
space and then either additional fire suppression for the contained cold aisle,
or the containment must be connected to the smoke detection system and
remove itself as an obstruction on a smoke alarm.
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Mot Aisle Containment Ign@eﬁ g

Openarea of room is a cold environment.

Leakage from raised floor openings in the larger area of the room goes into th
cold space.

Generally more effective.

Hot aisle containment will be more forgiving for network racks and stlode
equipment such as storage cabinets that might have to live outside the
containment architecture, i.e., they will live in the lower temperature area of th
computer room.

Hot aisle containment can perform well in a slab environment by merely floodi
the data center with an adequate volume of supply air and containing the
exhaust air.

Hot aisle containment, by virtue of the containment structures typically abuttin
the ceiling where fire suppression is installed, is not creating separate volume
but merely creating obstructions which need to meet clearance requirements
from sprinkler heads. With a wellesigned space, it is conceivable that a
standard grid fire suppression system could be installed around a hot aisle
containment array of barriers and meet code.
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Hot Aisle Containment Challenges:

A Requiresa contained path for air to flow from
the hot aisle all the way to cooling units. Often
a drop celling Is used as return air plenum.

A Generally more expensive.

A Higher temperatures in the hot aisle create
uncomfortable conditions for technicians
working on IT gear. Note that some server
manufacturers are developing and supplying
front-serviceable servers, which means that
the hot aisle, whether contained or not, would
hardlv ever need to be entered.
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A In brief, cold aisle containment is a structure
usedto separatethe hot and cold aisle. This
minimizes thanixing of hot and coldir.

A Onecan expect energy savings from aisle
containmentfor moreuniform rack inlet
temperaturesto allow data centepperators
to supply air at a higher temperature and
possibly also a& lowerflow rate.
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Effect of Blocking

CRAH

CRAH

cRaHl %0 3@ 5 6 X
CRAH .
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CRAH
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CRAH
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CRAH

CRAH

CRAH

Par 2

Part 4
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Part2
Part4
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m Effect of Air flowrate in Full CoI=

Aisle Containment 2.83md/s

CRAH

3.52m?3/s

CRAH

m3/s

RC . ) o

0.23 0.37

PEl 337 359 433

LU 236 241 248

3.93m3/s

@)
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Total racks flow rate > Total CRAH unit fl
Totalracks flow rate 3.4t Fi Qo & Tt 2 AAE

g Partl

& P2

Uniform distribution 25. air flow rate to partl:

Part3

Part4

Part5

35. air flow rate to partl  45. air flow rate to partl
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Part1flow raté&otal

flow rate (%)

Uniform

25%

35%

45%

RCI (%)

26

30

36

47

SHI

0.442

0.434

0.364

0.295

Trnax (S )

72.0

68.1

62.2

43.9

Tavg(¢)

30.6

30.3

29.7

28.6

Rack ARCI(%)

-28

-24

-75

Rack ERCI(%)

61

63

54

46

RCI[%]

SHI

100

50

o
T

.50 |

v / —CO—— Uniform
/ { 2 Partl flow rate/total flow rate=25%
——-w——- Partl flow rate/total flow rate=35%
Y% —-——- Partl flow rate/total flow rate=45%
T T T T T
A B (o} D E
Rack ID

0.8

0.6 |

04 r

02|

——O—— Uniform

® Partl flow rate/total flow rate=25%
——-w——- Partl flow rate/total flow rate=35%
— = — Partl flow rate/total flow rate=45%

0.0

Rack ID
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CRAC unit

temperaturés )

22€

21€C

20€

19¢

RCI (%)

47

94

62

68

SHI

0.295

0.282

0.241

0.192

Tmax (q )

43.9

43.6

42.1

42.0

Tavg(Y)

28.6

27.9

27.0

26.0

Rack ARCI(%)

-75

-21

Rack ERCI(%)

46

55

68

76

RCI[%]

SHI

ﬁijﬁblmrfﬁfﬂo Tung University

I® @234 79

100

50

o
T

-50 +

-100

1.0

0.8 -

0.6

0.4

0.2 |

0.0

——O—— CRAC unit temperature 22 | -
{ CRAC unit temperature 21
——-w——- CRAC unit temperature 20
— =7 — - CRAC unit temperature 19
B C D E
Rack ID

——O—— CRAC unit temperature 22

{ ] CRAC unit temperature 21
——-w——- CRAC unit temperature 20
— 7 — CRAC unit temperature 19



http://www.nctu.edu.tw/
http://www.nctu.edu.tw/

supply vent of number2-6

suppl vent of number 2-7
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supply vent of numberl-6 supply vent of numberl-7
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number2-6 i
CRAH ¥ 2 a3 @ 3 % X |CREN

numberl-6

CRAH oo @ 5 o x|

number2-7

i 2

numberl-7

air supply ven

opening

2-7

1-6

RCI (%) 47

50

56

SHI 0.295

0.312

0.31

Trax () 43.9

45.5

44.6

Tag(S) 28.6

28.8

28.4

Rack ARCI(%)| -75

Rack ERCI(%)| 46

52

13

RCI[%)]

SHI

100.0 |

50.0

o
o
T

-50.0

0.8

0.6

04

02

0.0

——O—— open the air supply vent 2-6
{ 2 open the air supply vent 2-7
- opent the aur supply vent 1-6
opent the air supply vent 1-7

T T T T T
A B C D E

——O—— open the air supply vent2-6
{ ] open the air supply vent 2-7
- opent the air supply vent 1-6
open the air supply vent 1-7

Rack ID
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Working conditions

Total heat load :50 kW

CRAH unit temperature :22 ¢ 0.0

Total CRAH flow rate: 4.32 m3/s
Each rack flow rate:0.34 m3/s
Speed of air curtaindy7,8.5,10,12m
Angle of air curtaind O1

CaseXlose

Case6037m/s

BuRRBYHER

i)
vl

Case7038 5m/s

Case®310m/s

Case90312m/s
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| Cases | Caseb | Caser | Cas#8 | Cased i

53.7 58.0 63.6 67.3 60.0
8.6 29.1 28.7 28.7 28.8

All-RC(%) 54 51 57 56 55

@

All-SHI 0.359 0.388 0.385 0.397 0.402
Al- RCI(%) 8 28 33 59 60
100 0.60
) o
0.50 - 4 /R\\ :_—_Z_—__- giii?
60 . _// \\\\\ — &% — Caseb
‘é 40 T 040
9 0.35 -
20 - '
07 0:25 .
20 ' ' ' ' ' o Al B1 c1 b1 E1
Al B1 c1 D1 El
Rack ID

Rack ID
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m Racks flow rate

Working conditions

Total heat load :50 kW

CRAH unit temperature :22 ¢

Total CRAH flow rate:2.28 m3/s
Each rack flow rate: 0.34 m3/s
Speed of air curtaindy7,8.5,10,12m
Angle of air curtaind O1

Casellose

BHEERBYNOERRYUEESS

i
24
3

Casel2038.5m/s  Casel30310m/s Case140312m/s

I'f ]
N’
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RCI [100%]

200

100 -

-100 A

-200 A

-300

2

All-RC(%) -30
All-SHI 0.394

Al-RCI(%) XY

50.8

32.1

-4

0.369

-134

Case 10
Case 14
Case 13

- Case 12

Case 11

SHI

Al B1 c1 D1
Rack ID

El

0.7

0.6

0.5 A

0.4

0.3 A

0.2

| A R P
Py .

| ; T ..6) 55.0

Tag(S ) 33.5

49.5 45.3 45.5
31.1 30.2 29.9
16 34 38
0.363 0.347 0.346

44 4 36

Case 10
Case 14
Case 13
- Case 12
Case 11

Al B1 c1 D1 El
Rack ID
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Comparison of each

Flow Rate Rack= Rack= Rack= Rack= Rack Rack Rack
Relationship CRAH CRAH CRAH CRAH CRAH CRAH CRAH
Angle Close 20° 0° +20 Close 0° 0°
Speed m/s” 12 12 12 7 8.5

All-RCI

- 47 57 67 29 54 51 57
%

All-SHI 0.34 0.32 0.30 0.38 0.36 0.39 0.39

Al-RCI

” -52 -21 65 36 -8 28 33
%

Flow Rate Rack Rack Rack Rack Rack Rack Rack
Relationship CRAH CRAH CRAH CRAH CRAH CRAH CRAH
Angle v o Close 0° 0° 0° 0°
Speed m/s™ 10 12 7 8.5 10 12

All-RCI

~ 56 55 -30 -4 16 34 38
%

All-SHI 0.40 0.40 0.39 0.37 0.36 0.35 0.35

Al-RCI

A 59 60 -237 -134 -44 4 36
%
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Effect of Undeiloor Obstructlons

perforated partitions T :}
i i

Partition 1 Partition 2 B i

L 3 1

12:3i155?|ﬁ 8310 [11 |12 |13 | 14 | 15

Fig. 24 Use of perforated partitions in the under-floor space

4 8 &_7 & ¥ % A1 ndong o8 1 ] [] W 110§ 13 T
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Fig. 26 Alrflow distribution sith and without perfeeted partions [75% el 505

Ao Tde dmi
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PatankarSV (2010) Airpow ™
and cooling in a data center. N g o O——
J Heat Transfer 132:073001 et W pctm 0% 6%

Fia. #7  Airflow distribubon with and withoutl periorated naritions (% s B850
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m Effect of CRAH flow rate

100 -

50 -

RCI[%]
o

ai

40

a5 ,

k1

a7 i

1 36

4 a8

4

33

32 -50

11

0 —O— CRAC unit flow rate 3.4m /s
29 @ CRAC unit flow rate 4m s
28

g; -100 T T T T T

25 A B C D E

24

23 Rack ID

CRAH flow rate = 3.4m3/s CRAH flow rate = 4m3/s

3.4m3¥s| 4m3s T |
RC(%) | 53 73

SHI 0.367 | 0.326 sl
Toax(C ) | 42.6 | 41.8

Tug(€ ) | 287 | 27.3

SHI

Rack ID
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Effect of inler

CRAC unit temperature 20° CRAC unit temperature 19°
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m Comparisorbetween

experimentaldata andsimulation
A Rack Inlet temperature distribution

\

| HeRUNENBEYHEY RS BAS
BEUBMBUEYEEEHENNEES

rack AL-E1 (simulation)

A

I HYNENEEEYEEY SR
\ HERENEEEYHMEY Y EEEE -

rack AL-E1 (experiment) rack A2E2 (experiment)
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Comparisorbetween experimentandsimulation

Relative error of rack inlet average temperature

Experiment | Simulation | Relative error .
AT E T 95 16, Overall relative error
A2 33.8 39.9%¢ 18.1.
Bl 27.% 30.6¢ 12.1. RCI | SHI | Tavg | Tmax
B2 30.4 31.% 4.3 Experiment| 26. 0.447(30.3 |42.1C
C1 26.X 25 ¢ 1.2, Simulation | 15. 0493 (30.8 |46.1C
Co 55 T 6.6 13 Relative |[423%(10.3. | 1.7. | 9.5
D1 20.4% 25.4 136 eTror
D2 26.% 27.% 1.1.
E1l 32.3% 29.60 8.4.
E2 36.7% 31.1¢ 15.3.
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Change heat load distribution o0

rack upper and lower section

1.75kW
(35%)

1.5kW
(30%)

1kW
(20%)

0.5kW
(10%)
0.25kW

(5%)

1.5kW

(309%)
1.25kW
(25%)
- 1kw
(209)

kW
(20%) |
- 1kW

- 1kW

(20%)

(20%)

0.5kW
(10%)

0.75kW
(15%)

1kW
(20%0)

0.75kW
(15%)

0.5kW
(10%)

1kwW
(20%)

1kW
(20%)

1.25kW

| (25%)

1.5kW
(30%)

Casel

Case?

Case3

Cased

heat load distribution afack upper and
lower section

L

0.25kW
(5%)

0.5kW
(10%)

1kW
(20%)

1.5kW
(30%)

1.5kW
(35%)

Case5
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Change heat load distribution of
rack upper and lower section

A Inlet temoerature distribution of rack
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Change heat load distribution of

rack upper and lower section
A Simulation result

100
20
&0 4
40
20 4

D -

20

_4n 4

T
._f;’// o Y — % Casel
b 562

0

06 NS
RCI(%) t\ R
0 -
a0 4
-100
-120

140
4180 ——v—— (ased

0.4 o

“;p‘ s
e N

- . -
3 NN e
— —4—— (353 0.2 = I (P
e -

-180 T T T T T 0.0 | ! T T
Al B1 c1 D1 E1 A B1 c1 D1 E1

Rack ID Rack 1D

Variation of RCI and SHI with change heat load distribution of rack upper and lower sectio
Simulation results with change heat load distribution of rack upper and lo

SHI |RCI(- )| Tavg®§ ) | Tmax§ )
Casel| 0.349 | 314 29 48.6
Case2 0.347 | 44.8 28.6 47.9
Case3 0.334| 55.6 28.2 42.5
Case4| 0.353 | 58.5 28 42.5
Case5| 0.354 62 27.9 41.1
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S

(S 45.6 48.0 43.3

(S 29.1 28.4 27.7
All-RC(%) 47 57 67

All-SHI 0.337 0.318  0.298

Al- RCI(%) 52 21 65

oS

60.4
29.
29.1
0.376

36
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