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'Data center (From Wlklpedla)

* A data center is a facility used to house
computer systems and associated
components, such as
telecommunications and storage
systems. It generally includes
redundant or backup power supplies,
redundant data communications
connections, environmental controls
(e.g. air conditioning, fire suppression)
and various security devices.

* Alarge data center is an industrial-
scale operation using as much
electricity as a small town.
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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 12240 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(H7h). 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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m General Background ®

Building and Environment, Volume 82, December 2014, Pages 151-159

(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).
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73 Equipment in Data Cented@® @224 % ¥

. Poer equipment

— power distribution units (PDUs), uninterruptible power supply
systems (UPSs), switchgears, generators, and batteries.

e Cooling equipment

— chillers, computer room air-conditioning (CRAC) units, cooling
towers, and automation devices.

* IT equipment

— servers, network, and storage nodes (network-attached storage,
and external hard disk drive (HDD) arrays), telecom equipment
(e.g., routers and switches), and supplemental equipment such
as keyboards, monitors, workstations, and laptops used to
monitor or other control..

* Miscellaneous component

— lighting and fire protection systemes...
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“Optimum Cooling of Data Centers,” Springer 2016
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\Energy Efficiency Metrics

. Total facility power
 Power Usage Effectiveness PUE-= G e P
IT facility power

Category 0 Category 1 Category 2 Category 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
energy demand

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

IT annual energy

e Data center infrastructure efficiency (DCIiE)

DOIE - IT tacility power

Total tacility power

I
DCiE = ——

PUE
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a typical data center

Power distribution for PUE = 1.80 Power distribution for PUE = 3.0
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UPS 2% -~ \ “;tt;rr devices rator
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Figure represents the average value reported in a survey of more than 500 data centers as reported
by Uptime Institute in 2011. Graphs from “Optimum Cooling of Data Centers,” Springer 2016.
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N Methods to Improve Energy
Efficiency

* Efficient Electronics
* Efficient Software Applications
 Efficient Power Supply and Distributions

* Efficient Cooling Systems

— Typical cooling Technologies
* Air-cooling

* Liquid Cooling

* Hybrid cooling, free cooling, heat pipe/thermosphion,
conduction, heat spreading system..
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Thermal management

Data center cooling infrastructure
ASHRAE guidelines for IT

equipment:

. . . water  oump

— The previous 2004 guidelines cooling

recommended air temperatures from J M chiller |
20°C low end to 25°C high end - 1
temperature g

— The updated 2008 guidelines expanded |
the envelope for recommended air ey |\ {‘U i

temperatures from 18°C low end to
27°C high end temperature.

Data center
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Multi-scale Thermal [® 8zidr¥
Management

* Scale 1: Chip
 Scale 2: Server

BIadeISemr

e Scale 3: Chassis
e Scale 4: Cabinet
* Scale 5: Room

Center/Chassis

SCALE 4

e Scale 6: Plenum

Rack/Cabinet

e Scale 7: Building

Heat generated in Chip/Substrate/PCB level is focused on heat
spreading
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eat Removal @ chip or substrate

PCB Level
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Heat Transfer Path

— From Top: Use effective heat sinks and micro heat exchangers
attached to the chip for single- or two-phase heat transfer

— From Bottom: Improve conduction Path

* A short heat conduction path to a heat sink perpendicular through the PCB
(e.g. thermal vias)

* A conductor layer acting as a lateral heat spreader (extended thermal pads) or a
combination of both.

* IMS (Insulated Metallic Substrates) are also state of the art and widely spread for
thermal issues in electronic systems.

A mbient air

A A A
Heat sink —)-||“|||'||||“| /

—“««—— BCA

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

* Thormal vins | E——

Heat sink = = Thormal vies

(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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Effectlve Heat Spreading @ chlp/substrate
PCB Level ) N

Lateral spreading + 2
Open Thermal Via

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.

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

T h e r m a | Vi 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. Journal of
Microelectronics and Electronic Packaging: 2014, Vol. 11, No. 3, pp. 104-114.
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In-board Cooling
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Figure 2.8: Concept illustration of directly injected cooling.
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Integrated hoat pipe

Figure 2.9: Concopt illustration of intograted 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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When using a substrate with
a low thermal conductivity,
such as FR4, heat spread
poorly, creating hotspots in
the main power dissipation
devices — typically the
MOSFETs. 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 spread
over the entire package. The
hotspot-to-package-area
ratio has thus gone from
about 20% to 85%.

Use Ceramic Substrate

Thermal and Electrical Considerations for the Design of
Highly-Integrated Point-of-Load Converters
A.H. Ball, phD thesis, 2008, Blacksburg, Virginia, USA

Conventional way
| ‘ Heat sink
4—— Thermal paste
Devices
} — PCB (e.g. FR4)
F ol ——.\

Thermally-improved way

Devices
% DBC Heat spreader

o
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Advanced De5|gns..

Non-TSV Based 3D

Hulﬁint
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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 DD D E! D D onding, (c) die stacking using wireless interconnection, (d) die stacking using controlled collanse chin connection (C4)
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]

3D IC, A Review of Recent Advances in Thermal Management in Three Dimensional Chip Fo . Doty ot 0 (el o Wit ke
Stacks in Electronic Systems. Journal of Electronic Packaging, ASME, 2011, Vol. 133 / 041011-1
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Compact Thermosyphon

* Mirco CPL (capillary pump
Loops)

* Miniature Loop Heat Pipe

fim sl

* Electro-Osmotic Pump

e Stacked Micro-Channel

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 Dimensiorfal*€Hie UF slass it

Stacks in Electronic Systems. Journal of Electronic Packaging, ASME, 2011, Vol. 133 /041017 (¢ image ot an slecire-asmotic pump (2]
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Advanced Thermal Management Solutions

FAN
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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 Systems.
lournal of Electronic Packacine ASME 2011 Vol 122/041011-1
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Journal of Electronic Packaging,
2011, Vol. 133 /041011-1
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Server level indirect cooling using a two-phase
thermosyphon,

Aircooled Heat Sinks
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Novel Heat Sink

Wang, C.C., (2017), “A Quick Overview of Compact Air-cooled Heat Sinks Applicable for
Electronic Cooling — Recent Progress,” Inventions, Vol. 2, issue 1, article no. 5. Abstract:
http://www.mdpi.com/2411-5134/2/1/5/. doi:10.3390/inventions2010005.
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* Porous fins

(b)

Figure 5. Fin structure tested by Krishnan et al. Reprinted with permission from [24].. (a) Fin metal

foam heat sink; (b) slotted hexagon heat sink; (c) Schwartz type heat sink.

* VG, cannelure, Louver, partial bypass, slit, ... Design

Heat Sink Side View Photos of Test Sample

(o) Plate —

(b) Oblique dimple gap ¥ ¥ 3
4-12 fin . 2 JJ

(c) Oblique dimple gap
6-12 fin

(&) Camnelure i _

(e) Cannelure fin IT

(f) Oblique dimple gap
4-12 cannelure fin

(g) Oblique dimple gap
6-12 cannelure fin I

(h) Oblique dimple gap |
6-12 cannelure fin I l
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Historical studies related to fin desigrf
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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] amd rectangular fins |
Huamg et al Z008  Flat and square pin fin Upward, sideward  Experimentally a) Rectangular fin Trapezoidal fin ¢} Inverted lnpcmidal fin
[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}

Approach I & 11
CGoshayeshl 2011 Rectangular fins Vertical Experimentally
et alja9|
Torabi et al. 2013 Rectangular, trapezoidal  Horzontal Mumerically &
(10 and concave parabolic analytically 3
A\
Tari and 3013 Rectangular fins inclined Numerically & ﬁ NSV
mehirtash [11] +d" £ 8 5 490" enperimentally N
Mehrtashand 2013 Rectangular fins Inclined Mumerically & R
Tari [12] +4" <8 < 490 experimentally sy L BBk
:

Tari amd 2013 Rectangular fins Slighthy inchined: Experimentally &
Mehriash [13] il = £60% 0 £90° numerically
Kim ef al, 2013 Cylindrical heat sink Harizontal Experimentally Approach III
[14]

Chen, H.L., and Wang, C.C., (2016), “Analytical Analysis and Experimental Verification of Trapezoidal Fin for Assessment of
Heat Sink Performance and Material Saving,” Applied Thermal Engineering, Vol. 98, pp. 203-212.
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APPLICATION CASE

r, =0.5, weight 25%W¥W |
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Chen, H.L., and Wang, C.C., (2016), “Analytical Analysis and Experimental Verification of Trapezoidal Fin for
Assessment of Heat Sink Performance and Material Saving,” Applied Thermal Engineering, Vol. 98, pp. 203-212.
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chematics of heat sink — saving o
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Chen, H.L., and Wang, C.C., (2017), “Analytical analysis and experimental verification of weight saving with
heat sink having trapezoidal base,” Applied Thermal Engineering, in reveiew.
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Pressure Drops of fin module
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Original vs.

Uniform gap

Chen, H.L., and Wang, C.C., (2017), “Analytical analysis and Experimental
Verification of Interleaved Parallelogram Heat Sink,” Applied Thermal

Engineering, Vol. 112, pp. 739-749.
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Some Typical Cabinets Designs
ASHRAE Transactions, 2005, Vol. 111, pt. 2, pp. 715-724

Caiinet Fans e — ’
i é Cabinet
e Fans
| s |
i — = |
q__
lg_
Cabinet Fan I _'_ 3

Raised Floor Raised Floo

7

| ) = ’ -
Figure 2 Fans on top. Figure 4 Fans on rear (horizontal discharge).

1

T
T

| o—
el
, =T |

1

=p

E— 1§
=

| e |
e=e— N
Pl———
e e—

Cabinet
Fans

Raised
Floor

'!

L ndll ol ndl ol ndll ol nd
JJ‘JJ‘JJJJJJ‘J:

(i
(o
e

ol

Figure 6 Fans on bottom and top.

 Cabinet fanin Figures 3 and 4

G | ey lend themselves to the “hot
E——, . o :

_L:: aisle/cold aisle” solution and
— e, were designed with that

— e[| | <— . .

_L;:: . concept in mind.

. __! Cahinet Fans
Cabinet Fa ﬁ:: Hot Air Plenum
'._ Raised chr

Raised Floor Cabinet arrangements in

J Figures 2, 5, and 6 lend

Figure 5 Fans on rear (vertical discharge). themselves to the use of the
ceiling plenum space as a return

air plenum.

Figure 3 Fans on battom.
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Physical design of data center systems
(IBM J. RES. & DEV. VOL. 49, 2005, pp. 709-723)
e Layout of computer rack equipment

— Data centers are typically arranged into hot and
cold aisles.

e Air distribution configurations

— Hot rack exhaust air recirculation—A major
cooling problem.

Hot exhaust air recirculation

Chilled air entry

Computer-based simulation of hot-air recirculation in a raised-floor
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Cold Aisle
Pressure

Underfloor Impedance

Typically, the coolant temperature 1s
maintained in the range of 12—-14 °C,
the cool air leaving the CRAC:s is in
the range of 16-20 "C, and the cold
aisle is about 18-22 "C.

Equipment Environmental Specifications

=
‘g Product Operations (B){c) Product Power Off (c) (d)
- Dy -Bully Humidity Range, K animum Maximum Manimum Rate Dery-Bully Relative Bl axirmum
a Temperature non-Condenting Dew Poant Ehevation of Change{'C/hw) | Temperature Humidity Dew Pomnt
rc) el gl thi (i) i'a (m) in (g ™ el
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 1810 27 60% RH and
Ad 159C DP
Allowable
Al| 15t032 znu;:m 17 3050 5/20 5 to 45 Bto B0 27
A2 | 10to35 zm;:m 21 3050 5/20 5 to 45 Bto B0 27
12'CDP & B%
a3 Stod0 RH to0 85% RH 24 3050 5/20 51045 81085 27
-12°CDP & 8%
Ad 510 45 RH to 90% RH 24 3050 5/20 51045 81090 27
8| sw3s | "';:“' 0% 28 3050 NA 51045 | 8t080 29
C 51040 % m;:} "% 28 3050 N4, 5to 45 8to B0 29
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Arguments for increased air temperatures:
Journal of Electronic Packaging, MARCH 2011, Vol. 133/ 011004-1

— estimates predict that 4-5% of data center
energy costs could be saved for every 1°C
increase in server inlet temperature

— higher temperature settings could allow
more free-cooling

—servers have previously been deployed in
high temperature environments with no
failures.
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Arguments against increased air temperatures
Journal of Electronic Packaging marcH 2011, vol. 133/ 011004-1

—Side effects of Raising inlet temperature

* additional energy consumption in other
components.

* costs of thermal-related equipment failures

* impact server performance and service life.

* require more frequent server shutdown
where cooling system failure occurs.
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aised floor or overhead with
cooling in Plenum Level

e A M— < . -
The most important design
F{ackCﬁG—DF{ac tHack%f);‘J - - - ]
criterion in a data center:

A L
=]

———— ':; Inlet air condition to the
- datacom equipment,

Rack Racklq) PHJ

Rack Cﬂ g:>
2 3 )
— — —> 7 Product
2 Dry-Bulb Humidity Range, |
Over Head PI @
= e?@menum == 9. -3 Temperature non-Condensing
@« @ @&« (C) (e)lr) (h) (i)
Rackld C[Racq < & racd t‘aack J Recommended (Applies to all A cl
Al 5.5°CDPto

60% RH and
15°C DP

18to 27

Ret Su Ret :

Het 3 e Cold Air Supply to
i— =

f 1§ from CRAC unit Ad

| & Rackl.J) (L, F{ackr S Rack] J) (L, |Rack J = Hot Air
return to

o
ey
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Typical Hot/Cold Aisle with Raised Floor configuration

 Hot / Cold Aisle
e Raised Floor

s Hot-air s Cold-air

e Perforated Tiles

* Underfloor supply

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. “Thermal Performance of an Air-
Cooled Data Center with Raised-Floor and Non-Raised-Floor Configurations,” Heat Transfer

Engineering, 35(4), 384-397, 2014. .
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Raised Floor & Modified Design

* A cold aisle is defined as having perforated floor tiles that allow cooling air to

come up from the plenum under the raised floor, and a hot aisle has no
perforated tiles.

Crly ¢
P = g = = o
Hot Aisle Cold Aisle Hot Aizle Cold Aisle ‘. o o = i_

”JL

e

" plass e

Tt Pl Tlake

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

integral to the rack.

-’ l-’ ﬁ "* 1 Ll ! i-ﬁ = “* ’- " :hl_u-n-
4 Y
o H P i [P 1 P e

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

R. F. Sullivan, “Alternating cold and hot aisles provides more reliable cooling for server farms,” The Uptime
Institute, 2000.
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m Local Distribution Design ©

Datacom Equipment Power Trends and Cooling Applications, 2nd ed. ASHRAE, 2012
* Introduce cold air to the rack as close as possible

Coang o = Cesayg Ciling — Clirig
S lea:l:m Hul Enhuw ; S, 3
@ = e
P l = L L 2
i Sy . It;w, : ‘_ Lol Sy | v | TFP |1 I. v
Iﬁ_ 1\’ -‘ww _|I Licpesat Supply — g. s, ; K i‘ P [ act
s L - s T 49 7
P T %&.\‘_ N s Cmfadks : T . : L
| 1.,“'}.— P Tl —1— - x - it iy -
e - - o ___.u-’_'::, o
oor Sabi " i ! d
) 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,

* Reduce poor air distribution and mixing

Cinilrny == —1c_ L}

N s .

bitpad Suphe | SR sack i| |1rm | Raxc 1 l Rk — [ L} Sty

I & | it 'Eh'-‘ el

=| g M 18 ! =

Foor Tihes o o i T oo e

Piecr Siat T e e : e Fooe Sat
| Local cooling distribution using overhead cooling units mounted to | Local cooling via integral rack cooling units on the inlet side of the

the rack. rack.

e Cooling @ exhaust is preferred to eliminate condensate carryover
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* Overhead design provide
a higher static pressure
which normally give rise =
to a better air flow T le = e TN e
distribution. fisadiboroglerneiionselhg ardboppelf i es-adhdiodl

return plenum.

. e - 1 ¥ 5 - L-|ﬂ"l
v Overhead cooling distribution commonly found in central | “"I! e
environments.

Datacom Equipment Power Trends and =

COOI I ng Applications’ 2nd ed' " Raised floor implementation using baffles to limit hot-aisle/cold-aisle
ASHRAE, 2012 “mixing.”
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Some results concerning the raised
floor design..

Hot air recirculation, cold air bypass, negative pressure, flow distribution,
geometric influence..

Ceiling — — Celling

Liquid Supply I | an [Raﬂ:k I Rack ] }[ Rock | fe— Liquid Supply
L & ® 1T =i e =l
L ==}
Fioor Thes ———— = - ianinEa raaar - —1——" Floor Tiles
[ r",:‘ ‘t"-[ gt

Floor Siab i e W s O e e b e T e e ) Fleor Siab

Figure 4-2 Raised floor implementation most commonly found in data centers
today using CRAC units.
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Data center air stream K& Bzxix¥

egalive
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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

lines represent hot aie i h

% = ‘: il
Data center air streams. (Note: CRAC: Mo % Mn 3| Mbp e Bk E
computer room air conditioning unit; v 5 2 o
Server: IT equipment server; bp: CRAC E g E I Server %
bypass; ¢:CRAC; f:floor; h:hall; M:mass 2| g ¢ i
flow rate; n: negative pressure; r: g‘h @ Ts =
recirculation; s: server; T:temperature.) Z MF Mh | ™
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Journal of Electronic

Server Racks

CRAC
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Calli g
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Fig. 1 A raised-floor data center

-

= = 1

Ser? Rack

F'erfnrj?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
24*@"' - -
1T 2xw sevc. TRE R ) Equipment

=

A
. i
0.15 m¥s, 12.8°C

0.075 mifs

=

rack

o

0.15 m?fs, 12.8°C

Fig. 4 Required airflow supplied

To CRAC Unit

0.075 m/s

™

o -

0.075 mi/s, 12.8°C 0.075 mi/s, 12.8°C

|2a°c  24°C|

Fig. 5 Insufficient airflow
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End Effects

* |nsufficient cooling occurs
near and far away from the
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

* The former is due to mal-distribution | =T
near the CRAC location.

* The latter is due to the hot exhaust
circulation (heat recirculation). cuc

IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS, VOL. 19, pp. 1458-1472, 2008
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irflow and Cooling in a Data Center "
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Journal of Heat Transfer. JULY 2010. Vol. 132 / 073001-1

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 ]

i

A

&

&

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

CRAC

L

— — e
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 .iﬂ 08 147 208 650

mh

o
=
=

1]
1] 1 2 3 4 5! ‘,m}s

Fig. 14 Pressure distribution and velocity vectors under the
raised floor for the base case (plenum height=12 in. (0.3048
m); the pressure values are in Pa)

268 -58 27 00 27 54 &0 1.ﬂl 147 208 B50

¥ {m)

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

“
.E. '-g- 0.2
= 2

[v]

g 0.1

o

L. 1]
Fig. 17 Pressure distribution and velocity vectors under the 01 5 — 35 15
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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~ ~Raised Floor Plenum Heig E

Suhas V. Patankar , Airflow and Coollng in a Data Center
Journal of Heat Transfer, JULY 2010, Vol. 132 / 073001-1

For low raised floors (6-12 in. [0.15-0.3 m]), do not place
datacom equipment close to CRAC units since low airflow
or reverse flow can occur from the perforated tiles.

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

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

It is suggested that raised floors should allow a free flow
height of at least 24 in. (0.61 m); that is, if piping and
cabling take up 6 in. (0.152 m) then the raised floor height
should be 30 in, (0,76 m). A large underfloor depth of 24
in. (0.61 m) was also recommended.
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Affecting the Airflow Distribution
Journal of Electronic Packaging, MARCH 2011, Vol. 133/ 011004-1
e Relationship Between the Flow Field in the Plenum and
Flow Rates Through Perforated Tiles.

— the flow rate through a perforated tile depends on

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

0.4 T
Dipen Area

Open area = 10%
DOpan Area = 15%
Cipan Area = 25%
Opan Area = 407
e (PN ArER = B0

— plenum height

e
s
T

— open area of perforated tiles

Flow Rasitance ol Perforated Ties
1 T T T T

o
n
T

A

Flow Rate (m’/s)

e o e o m mm am e mm mm em m m em e E E E em e e mm em  ew mm w

[— L]
=,

Patankar SV (2010) Airflow
and cooling in a data center.
J Heat Transfer 132:073001

0.1 i i
5 T 10 15
Tile Number

4t Fig. 18 Effect of open area of perforated tiles on the airflow
Flrws Plate frn'in) distribution
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Figure 4-2 Raised floor implementation most commonly found in data centers

today using CRAC units.
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Figure 4-3 Raised floor implementation using building air from a central plant

Ceiling with Plenum
Better in avoid Mixing

=  Datacom Equipment Power Trends and
Cooling Applications, 2nd ed.

s ASHRAE, 2012

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

Room Ceiling Height
* The ceiling height will depend on the type of ventilation system.

 When Supply air is greater than rack flow rates, increasing the
ceiling height reduces the datacom equipment intake
temperatures.

 When flow equal to or less than equipment flow rates, increasing
the ceiling height can result in increased inlet temperatures for
underfloor air distribution without a ceiling. A hot recirculation cell
intensifies over the datacom equipment with increased height.

|
3
1

6

e Proper Data Center Airflow
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“Best Practices for Data Center Thermal and Energy Management—Review of Literature,” ASHRAE
Transactions, 2007, pp. 206-218.


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

. . @ Bz3dry
“Room Ceiling Height (CorL[tiJ

* Increasing the ceiling height from 9 to 12 ft (2.74 to
3.66 m) reduces the rack inlet temperature by as
much as 6 to 12°C.

* Increasing the ceiling height beyond 12 ft (3.66 m)
for 6 ft (1.83 m) racks does not seem to have any
impact on rack inlet temperatures.

Server Racks ServerRacks oo
£ > 1 i Tr ==
4 ?
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,

BB3&(altices for Data Center Thermal and Energy Management—Review of
Literature,” ASHRAE Transactions, 2007, pp. 206-218.
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Rack Placement..

* Placement of high-density datacom equipment at floor
locations that have high static pressure allows the highest
possible 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.

* The recirculation of the hot air can be reduced by load
spreading. By placing lower-powered equipment near high-
powered equipment, the effect of the hot air recirculation can
be reduced.

* Flow near the end of an aisle should be considered in detail, as
recirculation can occur both around the sides and over the top

of the cabinet.

“Best Practices for Data Center Thermal and Energy Management—Review of Literature,”
ASHRAE Transactions, 2007, pp. 206-218.
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Kumar P et al. (2010)
“Dynamics of cold aisle
air distribution in a rais
floor data center,” in
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issues in emerging a
technologies, theory and
applications, ThETA3
2010, 19-22 December
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“Best Practices for Data Center Thermal and Energy Management—
Review of Literature,” ASHRAE Transactions, 2007, pp. 206-218.

~Detrimental Underfloor BlockageS

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

Underfloor blockages have the biggest influence on
flow rate uniformity through the perforated tiles.
Blockages that are parallel to the hot and cold aisles
have much lower impact than those that run
perpendicular to the aisle. This conclusion was
found when the CRAC units are located parallel to
the computer rack equipment aisles.
Blockages occurring under the cold

aisle have the effect of reducing tile flow.
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Effect of Under-Floor Obstructions

Effect of a Circular Pipe as an Obstruction
—6in. pipe @ 12 in. plenum
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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)
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Fig. 33 Abrflow climtribation with ane withowt inclined partitions

Patankar SV (2010) Airflow and cooling in a data center. J Heat Transfer 132:073001
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H Effect of Distributed Lea

* Sealing the intentional openings in the plenum
not only increase the plenum pressure (which
leads to an increase in the distribution losses)
but also reduce the total open area available for
airflow.

I 08 10
. Perforated floor é 0 | | 0p g
' Distributed Air wes € T e 3
CRAC leakage Solid floor 3 E
tile £ o3 — 0.8
g —— Digiriuled Air Loakege a
A i se e = JAirflow Through Perforated Ties i
< o2} ! a7
3
: !
= O —) - —) ¥ il :
Baised Floor Plenum y
1
_ o "800 3 510 515 020 aa?
K.C. Karki, A. Radmehr, S.V. Patanka, Prediction of Lisinbuted Leakage Arsa/Total Ares of Floor Openings

Distributed Air Leakage in Raised-Fioor Data Centers,
ASHRAE Transactions, 2007, pp. 219-226.
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Placement of CRAC unlts

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

floor in the same direction.

Cold Hol Hot Cold Hot

Aisle Aisle Aisle Aisle Aisle
- -«
L e
i -~
g %
o e
> -

‘r"-_';l‘,‘:,._e':.':':-‘f o DISCIW"E
CEEEEENA (beneath floor)
Intake

HP technology brief — “Optimizing facility operation
in high density data center environments,”

Cold

Aisle

Place CRAC facing hot aisles
rather than cold aisles, as the
underfloor velocity pressure
should be minimized in cold
aisles.

If CRAC units are aligned in
parallel rows on a raised floor,
then each row of CRACs
should exhaust air in a
direction that increases the
static pressure across the floor
rather than CRACs exhausting
such that their plumes collide,
causing decreased static
pressure in these regions and
overall loss of chilled air to the
raised floor.
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CRACUmt Placement and Configuration
(Conti..)

* 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 (non-uniform)
when the CRACs discharge air in collision with each other.

* Turning vanes and baffles appeared to reduce the CRAC
airflow rate by about 15%. It 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 the same direction.

“Best Practices for Data Center Thermal and Energy Management—Review of Literature,” ASHRAE
Transactions, 2007, pp. 206-218.
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mCRAC with/wo Turning o

Optimization of Enclosed Aisle Data Centers Using Bypass Recirculation, Journal of Electronic Packaging, 2012, Vol. 134,
020904-1

.-_il'l &0C = - - o - . .
'F_‘— — i -— -~ -— Table2 Comparison of cold aisle rack inlet temperatures
Knirr CoolFlex®
: il L Configuration I Configuration 2:
l l t_ —— 0 25¢ fl == J Bypass near CRAC Bypass in hot aisle
e t »qj # {(: ' J Temperatures With turning  Without With turning
A L J in Kelvin vane lurning vane vane
. t O PET 3 — : -
N ) -~ } ~ ‘ Maximum Temperature 300.55 302.55 307.25
= ] it 1 — Minimum Temperature 298.95 295.05 29345

FEIIE = 30 75—

Low woliume flow'= 1 _ 2mjs

109 a2 315 ita 321 324

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 Conflguratlon

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

.ﬁ'

* Integrating sophisticated thermal instrumentation and
control of a data center environment with the operational
parameters of CRAC units e.g., volumetric airflow rate or
chilled-air set point temperature, can result in significant
energy savings of around 50%. Variable-frequency drives
can be used to change fan speeds and, thus, CRAC airflow
rates, and the chilled air setpoint temperatures can be
changed via controlling the condenser conditions of the
CRAC unit.

“Best Practices for Data Center Thermal and Energy Management—Review of Literature,” ASHRAE
Transactions, 2007, pp. 206-218.
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73, Effect of Aisle Spacing I@i#zzir?

Cald Ausle Hut Aasle Equrpamnent
. s —

* The most commonly found NE ¥ |
aisle spacings are 4 ft (1.22 m) T T T T 1]
aisles that are consistent with "
two floor tiles for the hot aisle B i
and cold aisle. | E

eqpulpment allzoed on hot absle,
Alsle Equaprmect

 With the increased server e R I
rack powers, Beaty and |
Davidson (2005) suggest that
the aisle widths be increased

to allow for more air in the e

vicinity of the IT equipment . “= = =7 0=
and at a possible reduced el el ol Bl
velocity. e g et e
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Limiting the velocity of the air supply
by the perforated tiles has two benefits

— high-velocity air tends to blow by the inlet
grilles of the servers.

£\,
=l -
=

— high-velocity air near the center of the aisle
tends to blow by the intake of the servers
and out the top of the aisle, not serving any
cooling benefit.

Equipment
rack

-

Wider cold aisles will increase chilled ‘
air to the servers and lower the velocity Sub-floor
exiting the tiles, thereby eliminating a

potential "blow by" of the high-velocity

chilled air.

“Best Practices for Data Center Thermal and Energy Management—Review of Literature,” ASHRAE
Transactions, 2007, pp. 206-218.
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. art|t|ons At the End of Aisles, Above
Racks, Within Racks, and Between Racks

Placed ceiling partitions may help prevent recirculation (just be
careful about the safety).

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

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

Gaps between low-powered racks may be acceptable.

Gaps between high-powered racks that are arranged in a hot
aisle/cold aisle fashion need to be eliminated. They can cause
significant infiltration of hot exhaust air from the racks directly
into the neighboring cold aisles. This can lead to higher rack
inlet temperatures by as much as 6°C.

“Best Practices for Data Center Thermal and Energy Management—Review of Literature,” ASHRAE
Transactions, 2007, pp. 206-218.
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m Gaps Between the Rac

* |tis easy to see that the gaps provide additional places
where the “end effects” can be observed. Hot air from
the back of the racks can enter the cold aisle through the
gaps and influence the inlet temperatures of the racks.

* An obvious remedy is to close the gaps by using
impermeable plates or partitions.

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

Normal and IR images of the inlet of a worst-case air-cooled rack, ?:fi?;: "grza(;l_sza;:(t)loons, Volume 112,
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&3, Blockage Design

Panel cover

* The effect of adding panel depend on the design of data
center, in this case the literal space 1s crowded so adding

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
(°C)

Server inlet mean temperature (°C) 19.18 15.78 18.9
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MPa rtitions: At the End of ) EER

Journal of Heat

Aisles, Above Racks, Within Transfer, 2010, vol. 132,
073001-1
Racks, and Between Racks |

h".- |

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

Want Tile in Gon

Without Hanking panels With Hlanidng mmels tnatall o
Schematic of the effects of gaps and blanking panels
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M Air Flow Management
Containment
* Hot Aisle Cold Aisle Separation

Cold-Aisle Containment (CAC)

Hot Aisle Cold Aisle
Containment Containment
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Open Aisle |

Top Only

. 2 338
iy, { | _l_;fr_m 'Tu'n_g Univm‘sify
Experimental Characterization o riou d Aisle
Containment Configurations for Data Centers, Journal of

Electronic Packaging ,2015, Vol. 137 / 011007-1

three cold-aisle containment configurations are
experimentally compared against the open aisle

Diaiors Only

jconditions for underprovisioned (UP) and over-
provisioned (OP) air flow rates. There are fundamentally
b three main systems for air flow management: hot aisle
containment, cold aisle containment, and exhaust
chimney containment

Fig. 6 Cold aisle configurations tested

_ CRAH3 | | RAH2 |
Rack8 | T8 | T7 | Rack? | —
Rack9 | T9 | T6 | Rack6
Rack10 | T10 | 75 | RackS
Rack1l | T11 | T4 | Rackd
Rack12 | T12 | T3 | Rack3

Rack13 | T13 | T2 | Rack2
Rack14 | T14 | T1 | Rack 1

Fig. 1 DCL layout schematic

Rack 1 Rack 13 | Rack 14

Label Description
lerac
[Rack
EPerfnmted tile

Hot aisle vent
o -

Fig. 4 Regions occupied by active servers for partially filled
racks
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Experimental Characterization of Various Cold Aisle Containment
Configurations for Data Centers, Journal of Electronic Packaging ,2015, V«
137 /| O11007-1

For under supplied airflow

arrangement, flow reversal may m i i
occurs even for full contained. " —
The best method is to use blockage -

plate to block the empty server

Fig. 1 DCL layout schematic 4 Regions occupied by active servers for partially filled

portion. racks

‘-

T(°C) -
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High-Velocity Flow Through @& 823 & % ¢
the Perforated Tiles

 The heat loads of modern server racks can be very high 10—
20 kW

— Corresponding airflow demand may be of the order of 1.0 m3/s.

— Air emerges from the perforated tile at a velocity of 3 m/s.

— With this high-velocity stream flows over the inlet face of the rack,
would the cooling air enter the rack or simply flow past it?

— The high-velocity airflow does create a low-pressure region at the
bottom of the rack. The server fans in the bottom region deliver a
lower flow rate compared with the uniform-pressure
environment.

— Fortunately, this flow reduction is not large. For realistic values of
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%. “Best Practices for Data Center Thermal and Energy Management—Review of
Literature,” ASHRAE Transactions, 2007, pp. 206-218.
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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. overhead'

Ceiling .
Ceiling Supply duct N pro
: : created by hig
diffuser panel \ veloclty jets

Hot air ’\lhl l l ) Hot air \

entrainment

entrainment
IQ.
F
- -

Rack

—>

Vs

High Velocity jets
discharged from the
ceiling diffuser panel

Schmidt RR, lyengar M (2007) Comparison between underfloor supply and

overhead supply ventilation designs for data center high-density clusters. In:

2007 Winter meeting of the American Society of heating, refrigerating and
air-conditioning engineers, 27-31 January 2007, Dallas, p 115-125

Under Floor Air Distmbution

Ower Head Air Distribution

Recirculated hot

Under Floor Air Distribution System

Ower Head Aar Distribution Svsicm
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Raised floor vs. OHAD

* The higher pressure drop in the ducts makes
balancing an OHAD system relatively simple.

* OHAD system the entire process has to be
repeated with addition or removal of IT
equipment.

 Due to lower plenum pressure drop in a raised
floor, small changes in plenum pressures
cause large fluctuations in flow. This makes it
nearly impossible to completely balance an
UFAD system.
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ASHRAE T(C9.9, 2011

® Maximum allowable temperature = 32°C
® Maximum allowable temperature = 15°C
® Maximum recommended temperature = 27 °C

® Minimum recommended temperature = 18°C

Rﬂl:lnukiTmptmun:'

Max Allowable 32T 4
Max Allowable -
{isden Contel) Over Temperature I .ﬁ
Max Recommended I_ r——nnn - — — 2770 E
+ | Fotal Over Temperature S
(Recommended Coolad) | ~ i
Min B I:I Total Under 1 el b
Max Allowable =
A Under Temperature | | =
Min Allowable s Yy -

Gy

Rack Tniake # N
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RCI I® @234 79

ﬁ?jﬁ'ﬂlmrfﬁfﬂo Tung University

« Herrlin proposed Rack Cooling Index (RCI) to measure the healthy extent of
the thermal environment for the equipment in data centers. The RCI includes
two sibling indices: RCIy; and RCI; .

 Compliance with a given intake temperature specification is the
ultimate cooling performance metric; the RCI is such a metric. RCI
= 1009 mean ideal conditions; no over-or under-temperatures, all
temperatures are within the recommended temperature range.

RCIHI =11 — Z(TX — Tmax_reC)Tx>Tmax—rec 100%
(Tinax-at = Tmax-rec)n Level RCI
| 0
RCL ~ = [1 2 (Thmin—rec — TX)Tmin—rec>Tx 100% Ideal 100%
min—-rec min—all/J1 | > 0
T, = the mean temperature at intake x Good > 96%
n = total number of intakes .
T axrec = Maximum recommended temperature Acceptable 91~95%
T, x.an = Maximum allowable temperature < 900
T inrec = Maximum recommended temperature Poor < 90%
T, inay = minimum allowable temperature

M. K. Herrlin, “Rack cooling effectiveness in data centers and telecom central offices: The rack cooling index (RCI)”,
American Societv of Heatinge. Refriceratine and Air-conditionine Enegineers. 111(2). 2005.
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Evaluation metrics

e The SHI is a dimensionless indicator of the recirculation
of hot air into the cold aisles.

SHI = Z . Z . [( ) Lj ref] Tin = average inlet temperature

Z Z [( ) ] T, = average outlet temperature
out/ij — Tret T..; = vent tile inlet air temperature lr

Ic

__dQ
~ Q+dQ
__ Enthalpy rise due to infiltration in cold aisle

"~ Total Enthalpy rise at the rack exhaust r

out

T

1

N

R. K. Sharma, C. E. Bash, C. D. Patel, “Dimensionless parameters for evaluation of thermal design and performance of large-scale data centers”,
8th ASME/AIAA Joint Thermophysics and Heat Transfer Conference, 2002.
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fect of Cold-Aisle Conta\|(n ment

Wang, T.H., Tsui, Y.Y., and Wang, C.C., (2017), “On Cold-aisle Containment of a Container Datacenter,” Applied Thermal
Engineering, Vol. 112, pp. 133-142.

Case 5
Full containment ___
but part 2, part 4

is not blocked CRAH CRAH
Air flowrate of
CRAH=3.52 m’s!
. Block N Fan/Heater off
Case 6
Full containment, | |
parts 2 and part 4 %
are blocked CRAH ;
Air flowrate of 5
CRAH=3.52 m’s’! 7
]
Case 7 %
Full containment, | [ .
parts 2 and part 4
are blocked CRAH
Small flow
rate=2.83 m’s’!

Case 8

Full containment, | |

parts 2 and part 4

are blocked CRAH
Large flow

rate=3.93 m’s’!

. Block |
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Cold Air

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

Caold Air
Bm‘g",__ Flow Reversal
k x

Part 1

Part

— PII:I r"’r : bl H P
[ Hot Aisle | Hot Aisle |

b,
r

N,

e -

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

Fig. 7. Schematic showing the flow reversal between cold and hot aisle
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cRAH X X 34 5 6 7

L=2.09m

|, ,ﬂlun-“iu-l.lﬁilr =

86 87 92
0.371 0.366 0.38
37.4 35.1 34.8
25.8 25.6 25.4
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MEffect of Cold Aisle Spa

g
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RCI (%) 87
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35.2 35.6 35.1 34.2
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26.3


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

CRAH

ke
’ _D8sm_

SQ@@@@E

CRAH

La8m_ |

CRAH

i

|.l=.l.5¢.rr.l.

"2 326 XX

CRAH

i

0.68.m_

i’DQ@@@@@

Effect of Vent
Opening

mm

RCI (%) WX

I 037 042 043 039

[0 RS 351 357 37.0 359

. T

a

20))| 25.6 26.9 27.0 25.5


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

3,

Experimental configuration

o
|

® Open the number 2-6 air supply vent ”
® Total heat load = 50kW(5 kW /Rack)
® CRAH unit temperature =22C i

Total racks flow rate = 6 m3 /s (0.6m3 /s - Rack)
Total racks flow rate > Total CRAH unit flow rate
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Ve

Effect of non-uniform heat loading in racks
5 kW for each rack, total 10 racks, 50 kW

| Uniform | | Distribution2

LO00w
(20%)

1000%
(20%)
1000W
(200) |

Distribution5 | Distribution6
Uniform

Higher power servers are suggested to pIaced
far from the entrance
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Uniform  Distribution2 Distribution5  Distribution6 1oy

50 |

SHI 0.367 0.354 0.348 0.338

_ -50 I
—O— Uniform

Tha(C) 42.6 41 38.5 37.9 S8 Distibutions

—--w-— Distribution6
Rack ID

Rack E RCI(%) 56 53 52 48

RCI[%]

1.0
—O—— Uniform
L ] Distribution2
0.8 ——-w¥——- Distributionb
— g — Distribution6
06
~
5
04
02
0.0

Rack ID
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m Effect of heat load distribution
(Numerical Simulation)
e Streamlines Entering Rack A1

Temperature (L)
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m Air Curtain @ @236 5
Racks flow rate = CRAH flow rate —
Working conditions: T i i |

v §
Total heat load :50 KW ’ ] YOOy e—
CRAH unit temperature :22 C 0.0 1l I I
Total CRAH flow rate: 3.39 m3/s !
Each rack flow rate:0.34 m3/s %0 . g
Speed of air curtain : 12m/s " i :
Angle of air curtain : -20°,0°,+20| s & %_
3 20
0.0 4 | [
5
Casel Close Case2-20° 12m/s  Case3 0°12m/s  Case4 +20° 12m/s [ &



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

Conclusions..

* Reduce airflow mixing between cold and hot air is a key
issue to improve efficiency of data centers. Airflow
management, either in server, rack, plenum, or room
level requires elaborate considerations.

* Multi-scale thermal management is needed for accurate
control of thermal environment of a data center.

 Containment, blockage, partition, flow distribution plays
pivotal role in airflow management. Information 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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“Thank you for your attention.
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Air cooling for datacenter cooling

-common QUEStIOﬂS
Which one is the best ventilation scheme for air cooling the

datacom equipment?

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

What ceiling height is the most optimtim for both raised floor
(underfloor supply) and non-raised floor (overhead supply)?

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

How should one design for future growth, which
accommodates increases in datacom equipment power and,
therefore, increased cooling needs?

Where should the computer room air-conditioning (CRAC) units
be placed for the most efficient use?
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Conclusions

1. Increasing the CRAC unit flow rate from
3.4m’/s to 4m?>/s will improve RCI by 20%.

2. By reconfiguring the permutations of high heat-
density servers in the bottom of racks will
improve RCI by 19%. Thereby, we recommend
to configure the high heat-density servers in the
bottom of the rack.

3. Increasing the flow rate amount of rack partl to
4596 will drastically decrease the hot air
recirculation through the interior of the rack
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Conclusions

4. When opening the supply air vent 1 from the
ceilling, decreasing the intake temperature of
Rack A and increase RCI greatly; on the other
hand, when opening the supply air vent 7 can
increase RCI slightly.

5. Adding partitions on hot aisle will increase the
pressure which leads to less cold-airflow into
racks and causes temperature rise. After the
temperature increase of rack BCD , most of the
intake temperatures are below the max
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Conclusions

6. Adding partitions on hot aisle will increase
impedance, which can prevent the airflow from
recirculating to rack A, reducing the over-
temperature conditions. However, the hot
airflow will recirculate to rack DE, decreasing

the RCI of rack DE. Nevertheless, the overall
RCI will increase.

7. The placement effects of adding one partition or
a few partitions at the return air plenum are
fairly equal.

8. Adding partitions on rack A will increase the
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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

Disiribision type can cool ug 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

Mt recormEnded ior new designs — unabla
fi keeesp up with power density projections
Wore enerpy efficient than Toodad supply
since mone [T equipmen hiol axhaust ar is
dvertad back o the cooling 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 io 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
Distribsition bype can coal ug to J0KW pear 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
aif & aliowad b0 mix wih cold supgly afr.

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

 APC 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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, row, and rack based coolmg
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:

* Easier to 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.

* Cold aisle containment doesn’t absolutely need to be on a raised floor, but
it typically is because of challenges associated with delivering supply air to
the contained space(s).

* Enables more surface area for “cold sinks” (with or without a raised floor)
ride through in the event of power failure and engine generators not
starting.

http://www.upsite.com/blog/hot-aisle-containment-vs-cold-aisle-containment-better-
data-center/
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0ld Aisle Containment Cha

* 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 non-contained 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.

* Full cold aisle containment creates what the NFPA codes call a “separate
volume”, so there needs to be fire suppression for the overall data center
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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L - Aisle Containment B

Open area of room is a cold environment.

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

Generally more effective.

Hot aisle containment will be more forgiving for network racks and stand-alone
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 the
computer room.

Hot aisle containment can perform well in a slab environment by merely flooding
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 abutting
the ceiling where fire suppression is installed, is not creating separate volumes,
but merely creating obstructions which need to meet clearance requirements
from sprinkler heads. With a well-designed 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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Alsle Containment Challenges:

* Requires a contained path for air to flow from
the hot aisle all the way to cooling units. Often
a drop ceiling is used as return air plenum.

* Generally more expensive.

* 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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* |In brief, cold aisle containment is a structure
used to separate the hot and cold aisle. This
minimizes the mixing of hot and cold air.

* One can expect energy savings from aisle
containment for more uniform rack inlet
temperatures to allow data center operators
to supply air at a higher temperature and
possibly also at a lower flow rate.
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Effect of Blocking
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m Effect of Air flowrate in Full Cold ’

Aisle Containment @17 52.83md/s

CRAH

LR LR &=3.52m3/s

Part 2

7N =2 X
(2.83) | (3.52) | (3.93)

CRAH|  Part4

99% 95% 90%
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Total racks flow rate > Total CRAH unit flow rate

Total racks flow rate 3.4 m3 /s (0.34m?3 /s - Rack)

Partl

Part2
Uniform distribution 25%air flow rate to part

Part3

Part4

Part5

35%air flow rate to partl 459%air flow rate to partl
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100 -
50
S
Part1flow rate/total S
Uniform 25% 35% 45%
flow rate (%)
-50 v/ —O—— Uniform
/ { 2 Partl flow rate/total flow rateiZSZé
RCI (%) 26 30 36 47 d | TR e e e

T T T T T
A B C D E

SHI 0442 | 0434 | 0364 | 0295 foa D
Ty (C) 72.0 68.1 62.2 43.9

Loy (C) 30.6 30.3 29.7 28.6 8 e e e
Rack A RCI(%) 28 24 49 75
E 04 |
Rack E RCI(%) 61 63 54 46

Rack ID
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CRAC unit

temperature(C)

22°C

21°C

20C

19°C

RCI (%)

47

54

62

68

SHI

0.295

0.282

0.241

0.192

Tmax (OC )

43.9

43.6

42.1

42.0

Tan (OC )

28.6

27.9

27.0

26.0

Rack A RCI(%)

-58

Rack E RCI(%)

46

55

68

76

RCI[%]

SHI

100

50

50 +

-100

0.8

0.6 [

04

0.2

0.0

@ z 38 £
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re 22 | 1
re 21
re 20
re 19

IaEialialin]
o o
=+ o+ &+ &+
= = =i

——O—— CRAC unit temperature 22

{ 2 CRAC unit temperature 21
——-w%——- C(RAC unit temperature 20
——-—-  CRAC unit temperature 19 7
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supply vent of number2-6 supply vent of number 2-7

/ I

supply vent of number1-6 supply vent of number1-7
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number2-6
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CRAH . R
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& X CRAN

number1-6

CRAH | R v Rl Y |

5

6 x CRAH

i 2

number1-7

er2-7

air supply vent

opening

2-7

1-7

RCI (%)

47

50

63

SHI

0.295

0.312

0.296

Tinax (C)

43.9

45.5

41.6

Tavg (OC )

28.6

28.8

27.9

Rack A RCI(%)

75

27

Rack E RCI(%)

46

52

13

RCI [%]

100.0 -

SHI

50.0

0.0 r

-50.0

0.8

0.6 [

04

0.2

0.0

——O—— open the air supply vent 2-6 ||
{ 3 open the air supply vent 2-7

——-w——- opent the aur supply vent 1-6
—-—¢—- opent the air supply vent 1-7
T T T T T
A B C D E

28 A
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——O—— open the air supply vent2-6
{ 2 open the air supply vent 2-7

——-w——- 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 C 0.0

Total CRAH flow rate: 4.32 m3/s
Each rack flow rate:0.34 m3/s
Speed of air curtain : 7,8.5,10,12m

Angle of air curtain : 0°

Case5 Close

Case6 0° 7m/s

BuRRBYHER

i
24
3

Case7 0" 8.5m/s

Case8 0" 10m/s

Case9 0" 12m/s



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

@

RCI [100%]

_

537
56

All-RCI(%) 54

0.359

Al- RCI(%) -8

0.388

A1 B1 c1 D1 E1
Rack ID

SHI

28.7

57

0.385

_Case7 | Case8 | Case9 [P

63.6

a o Ti ng University

67.3 60.0

28.7 28.8
56 55

0.397 0.402

33 59 60
0.60
—@—— C(ase 5
0.55 + A 0 - Case8
T ——-w—— Case8
0.50 - / /R\ Case 7
. Case 6
0.45 A
0.40 A
0.35 A
0.30 A
0.25 A
0.20

A1 B1 C1 D1 E1
Rack ID


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

Working conditions:

Total heat load :50 kW
CRAH unit temperature

Angle of air curtain : 0°

Casel0 Close

22 C
Total CRAH flow rate:2.28 m3/s

Each rack flow rate: 0.34 m3/s
Speed of air curtain : 7,8.5,10,12m

feriree e

DEREUBREELRERERNEESE

Casel2 0" 8.5m/s

i
:

Casel3 0° 10m/s

Caseld4 0" 12m/s
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RCI [100%)]
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=237
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32.1

4

0.369

-134

- Case 12

Case 10
Case 14
Case 13

Case 11

A1

B1

C1
Rack ID

E1

SHI

0.7

0.6 -

0.5 A

0.4 -

0.3 A

0.2

49.5

31.1

16

0.363

-44

|| A S

T (°C) 45.

30.

3

2

34

0.347

4

45.5
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0.346

38
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- Case 12

Case 10
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Rack ID
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Flow Rate Rack= Rack= Rack= Rack= Rack<< Rack<< Rack<<
Relationship CRAH ERal CRAH CRAH CRAH CRAH CRAH
Angle Close -20° 0° +20° Close 0° 0°
Speed (m/s) 12 12 12 v 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
SR 52 21 65 36 -8 28 33
(%)
Flow Rate Rack<< Rack<< Rack> Rack> Rack> Rack> Rack>
Relationship CRAH (i CRAH CRAH CRAH CRAH CRAH
Angle 0° 0’ Close 0° 0° 0° 0°
Speed (m/s) 10 g2 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
il 59 60 237 -134 -44 4 36
(%)
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Effect of Under-Floor Obstructlons

perforated partitions

Partition 1 Partition 2

-

4 §5 |6 | 7| 8| @10 (1112|1314 (15

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

Patankar SV (2010) Airflow
and cooling in a data center.
J Heat Transfer 132:073001
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100
54
o —O— CRAC unit flow rate 3.4m’/s
@ (RAC unit flow rate 4n’/s
-100 T T T T T
A B C D E
Rack ID
CRAH flow rate = 3.4m3s CRAH flow rate = 4m?3/s
1.0
3.4m3/s| 4m3/s o Ao b
0.8 4
RCI (%) | 53 73

SHI

SHI 0.367 | 0.326 04l

T (C)| 426 | 418

T (C) | 287 | 273
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CRAC unit temperature 20°C CRAC unit temperature 19C
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e Rack Inlet temperature distr
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Comparison between

experimental data and simulation

rack A1-E1 (simulation)

rack A1-El (experiment)
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ibution
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—r

rack A2-E2 (simulation)

rack A2-E2 (experiment)
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Comparison between experiment and simulation

Relative error of rack inlet average temperature

Experiment Simulation | Relative error .
N 35.4C 3950 169 Overall relative error
A2 33.8C 39.9C 18.19
B1 27.3C 30.6C 12.1% RCI | SHI | Tavg | Tmax
B2 30.4°C 31.7°C 4.39 Experiment | 26% | 0.447 [30.3°C [42.1C
C1 26.2°C 25.9C 1.29% Simulation 159 | 0.493 |30.8°C |46.1C
o 3570 26.8C 430 Relative |42.3%(10.3% | 1.796 | 9.5%
DI 29.4°C 25.4C 13.6% SN
D2 26.9C 27.2°C 1.1%
El 32.3C 29.6C 8.4%
E2 36.7C 31.1C 15.39%
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1.75kW
(35%)

1.5kW
(30%)

1kw
(20%6)

0.5kw
(10%)
0.25kW
(5%)

' 1.5kW
(30%)
1.25kW
(25%)
1kW
(2096)

kW

(20%)

0.5kW
(10%)

1kW
(20%)

0.75kW
(15%)

1kw
(20%)

1kW
(2096)

0.75kW
(15%)

(209)

0.5kW
(10%)

1kW

1kW
(20%)

1.25kW
(25%)
1.5kW
(30%)

Casel

Case?

Case3

Cased

heat load distribution of rack upper and
lower section

m Change heat load distribution of

rack upper and lower section

0.25kW
(5%)

0.5kW
(10%)

1kW
(20%)

1.5kW
(30%)

1.5kW
(35%)

L

Case5
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Change heat load distribution of
rack upper and lower section

* Inlet temperature distribution of rack

Case5
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Change heat load distribution of

rack upper and lower section
e Simulation result

100 — — # 1.0
i T iy
80 4 .F/// S, —a&— (Casel
80 - % — = —  (Casel
——+—— (ased
] 0.8 - LA500
0 e Caged
20 -
0 .‘\\‘\
N
08 NS
ra1ee) 207 t\w.\“,:\\
0 SHI S e
0 - i
30 0.4 A R .
-20 4 I"’h e, +
100 4 ——— (asel My g K.
420 | — & — (3sel T A .
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5 L (P e (Cased "'\\'\:\ .'ﬂ.:;_,.-'
-160 ——v—— (ased : =
-180 T T T T T 00 | | | | |
Al B1 c1 ] E1 A1 B1 ] o1 E1
Rack ID Rack 1D

Variation of RCI and SHI with change heat load distribution of rack upper and lower section
Simulation results with change heat load distribution of rack upper and lower sec

SHI |RCI(9%)| Tavg(‘C) | Tmax(C)
Casel | 0.349 31.4 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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ST

RCI [100%)]

7N Ty
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m Effect of heat load distribution
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Distribution3 Distribution4

Same Conclusion: Higher power servers are
suggested to placed far from the entrance
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Change heat load distribution of
rack upper and lower section
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Change heat load distribution of
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Ventilation Design

A raised floor for chilled air supply (Figure Ib) with exhaust hot air removal

from vents in the ceiling or top parts of the walls or venting via CRAC units
(Figure la) that reside on the raised floor.

The worst ventilation scheme is with overhead chilled-air supply (Figure
Ic) with exhaust vents at the floor or at the bottom part.

The typical underfloor supply design (Figure la) can result in hot spots at
the very top part of the rack inlet. This does not occur in overhead supply

cesigns. 5B BB NN NN
{C) ! E {I’}.
. BB BB lel__.
US'RR
| v - |
- HHHEB “’\lll_l
CS/URE
““““ =1 sl — e —
o .1 .= El -
Sl S/ TR

ASHRAE Transactions, 2007, pt. 1, pp. 206-218. """ ===
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entilation Design (Conti..)

* Directing hot exhaust air upward into a ceiling return

plenum, gives superior performance than just high ceiling.

If flexibility exists in the orientation of rows of equipment,
a layout that allows hot air unobstructed access to the
return of CRAC units (or other cooling system returns)
should be superior to a layout with rows perpendicular to
the CRAC units

A cold aisle/hot aisle arrangement should be followed in
laying out racks within a data center: the fronts of the
racks drawing in chilled air either from overhead or from
the raised floor should face the chilled air exhausting into
the cold aisle.

ASHRAE Transactions, 2007, pt. 1, pp. 206-218.
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Rack Placement (Conti..)

 Some data centers have employed plastic stripes at the end of an
aisle to prevent air recirculation but allow ease of access.

* If server inlet temperatures meet the demand of Thermal
Guidelines, then reducing airflow by turning off or reducing the air
conditioning can result in significant energy savings.

* The inlet air temperature to high-powered racks can be reduced
significantly by removing an adjacent rack. Racks in the vicinity of
the removed racks also experience a reduced inlet air
temperature.

* For some layouts, the best position for high-powered racks is near
the end of the aisles. However, a more recent study has found that
the outside racks at the ends of the aisles can experience more hot
air recirculation.

“Best Practices for Data Center Thermal and Energy Management—Review of Literature,” ASHRAE
Transactions, 2007, pp. 206-218.
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Numerical Simulation
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Distribution] Distribution7
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