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General Background

Table 1. Installed base and server power per unit in 2000 and 2005 by major world regions.
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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.

Installed base Units Volume  Mid-range High-end Totalfavg
2000
us Thousands 4927 663 23 5613
Western Europe Thousands 3332 447 15 3794
Japan Thousands 1 140 250 15 1 405
Asia Pacific (ex. Japan) Thousands 1416 132 4 1552
Rest of World Thousands 1425 317 8 1750
Total Thousands 12240 1808 66 14114
2005
us Thousands 9897 387 22 10306
Western Europe Thousands 6985 356 15 7355
Japan Thousands 2361 185 12 2558
Asia Pacific (ex. Japan) Thousands 3553 137 4 3694
Rest of World Thousands 362 199 7 3368
Total Thousands 25959 12e4 59 271282
Average power used per server  Units Volume  Mid-range High-end Totalfavg
2000
Us Watts/server 186 424 5534 236
Western Europe Watts/server 181 422 4517 227
Japan Watls/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 Waltts/server 183 423 4874 236
2005
Us Watts/server 219 625 7651 250
Western Europe Watls/server 224 508 8378 258
Japan Watts/server 224 598 8378 289
Asia Pacific (ex. Japan) Watls/server 224 508 B378 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 (2007b). Non-US installed base
by region was not available from IDC, 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 aggregate (Koomey 2(N)7a). 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 (2007h).

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

. PUE datacenter power consumption/IT power consumption

Evolution of the worldwide electricity usage
from 2000 until 2010: contribution of data
centers compared to the sum of all sectors

Evolution of the average power usage
effectiveness (PUE) of data centers from 2000
until 2010: Worldwide average (4) and
company-average for Google
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Applied Energy, Volume 107, July 2013, Pages 66-8
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Building and Environment
Volume 82, December 2014, Pages 151-159

- Internet Electricity - Remaining Electricity
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(a) (b) (c)
Proportion of US electricity used for the internet (a), induding embodied and operational impacts (b), and projedted over next one to two decades (c).
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Applied Energy
Volume 107, 2013, Pages 66—80
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Fig 2. Sankey diagram for a typical preseni-day data center facility, representing the distribution of power through three main system components | system and rack level IT
equipment, cooling infrastructure, electrical power storage and delivery ), pardy based on data from [1.2].
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Sankey diagram for a ‘cloud-optimized’ data center using
air cooling at an elevated room temperature to maximize
the use of free cooling. Compared to a typical data center,
more demanding rack-internal air cooling leads to
acoustic noise challenges, which can be partly addressed
with advanced air cooling solutions.
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Sankey diagram for a fully liquid-cooled data center,
with more efficient high-density rack-level cooling due
to the superior heat carrier properties of water. Using
water at an elevated temperature, this approach is most
suitable for waste heat recuperation
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More Facts...
Current status

* Every Watt of electricity consumed by IT
equipment, an extra 1.5 Watts is needed for

infrastructure to support IT equipment.

* Most servers require 1 watt of cooling for every
watt of power used in moderately dense server

system.

* High dense servers requires 2 Watts of cooling
for every watt used in the system.


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

|2 336

al Chiao Tlmg Univcrsiry

Background — General Trend

Datacom equipments power trends and cooling applications ASHRAE 2005

Table 1
Summary of 2011 ASHRAE thermal guidelines for data centres [7].

Dry-bulb Humidity range  Maximum
temperature dew point
Recommended
Class Al and A4 18 to 27 °C 55°CDP to 60% -
RH and 15 °C DP
Allowable
Class Al 15to 32 °C 20% to 80% 17 °C
Class A2 10 to 35°C 20% to 80% 21°C
Class A3 51to40°C 8% to 85% 24 °C
Class A4 5to45°C 8% to 90% 24 °C
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Fig. L ASHRAE thermal guides for data centre operating environments [7].
Figure 3-10 New ASHRAE updated and expanded power trend chart.
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Table 21 Datacom Computer Room Area Breakdown Example Q§ @ z & Lé_t “?
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Facility Area

Space Description (Percent of Total)

IT Space
Storage Servers 19.0%
Compute Servers 11.0%
Telecommunications 5.0%
Command Area 4.0%
Printers 2.0%
Patch Panels 1.0%

IT Space Subtotal 42.0%

Non-IT Space

Asles 2% Datacom Equipment
Empty (Future Growth) 16.0% Power Tren d S
Cooling Equipment 12.0% and Cooling
Specialty Rooms 3.5% App“ca‘[ions
Power Distribution 3.0% 2nd Edition , 2012
Room Supplies 2.0%
Columns 1.0%
Doorways/Access Ramps 0.5%
Non-IT Space Subtotal 58.0%

GRAND TOTAL 100.0%
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Free Cooling..

-- Cooling without compressor
or less compressor loading
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‘Conventional data center air

conditioning flow diagram

ASHRAE Transactions 2010, Vol. 116, Part 1.2010, 98-108
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FACT. compressor consumes 85-90% electricity of a Chiller
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Remove compressor, how?
Use outside cold air or low humidity

— Airside economizer

Table 1
Summary of 2011 ASHRAE thermal guidelines for data centres [7]

I® @z34r9

— With Evaporative cooling n e

temperature dew point
N o Recommended
Class Al and A4 18 o 27 °C 5.5 °C DP to 60% -
- Wlth Heat Plpe RHand 15 °C DP
Allowable
Class Al 15 t032°C 20% to 80% 17 °C
o . Class A2 10 to 35°C 20% to 80% 1°C
h I | d t f Class A3 5t040°C 8% to 85% 4C
Use outside chilled water (from & eee s i
I, ri lak
well, river, lake, sea..)

— Waterside economizer o o

L IO TR P

— Cooling tower

Use special HVAC&R system

— Absorption chiller BREC N U L

Fig. 1. ASHRAE thermal guides for data centre operating environments

— Adsorption chiller
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ASHRAE Expanded Data Center
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Equipment Environmental Specifications

Classes Product Operation

Dry-Bulb Humidity Range Maximum Dew Maximum Maximum Rate of

Temperature (°C) non-Condensing Point (°CC) Elevation (m) Change (°C/hr)

Recommended
Al to Ad 18 to 27 5.5C DP to 60% RH
and 15C DP
Allowable

Al 15to 32 20 to 80% RH 17 3040 5/36
A2 10 to 35 20 to 80% RH 21 3040 5/36
A3 5to 40 8 to 85% RH 24 3040 5/36
A4 5to 45 8 to 90% RH 24 3040 5/36
B 5to 35 8 to 85% RH 28 3040 NA

5to 40 8 to 85% RH 28 3040 NA

Source: ASHRAE Whitepaper — 2011 Thermal Guidelines for Data Processing Environments
(Reformatted)
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IT Reliability and Temperature

Relative server failure rate with temperature

_ 2.50
Relative
failure rate 2.00 -
compared to I I ,LI/’H
20 °C 150 — 1
1.00 /I/J'l-/
Source: ASHRAE Whitepaper —
0.50 2011 Thermal Guidelines for
Data Processing Environments
0.00

15 17.5 20 22.5 25 27.5 30 32.5 35 37.5 40 42.5 45

Continuous operational temperature in C

« Manufacturer's data in ASHRAE 2011 guidance shows moderate
Increasing failure rate with temperature

= Limited duration operation above 20 °C has marginal impact on
overall failure rate

= Operation below 20 °C reduces failure rate
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Power Consumption [@Ifziars
With Temperature

Fan power consumption and
component temperature

Relative server power

70 70 increase com pared to
60 \___74 60 15°C inlet temperature
(L)) 50 — 50 :%: Source: ASHRAE 2008 Thermal
/ L Guidelines for Data Processing
g' 40 40 ;’ Environments
= = g 121
F 30 / 30 2
20 — 20
10 / 10 =—Component 1204
—|nlet
0 T T T T T 0
10 15 20 25 30 35 40 —Fan Power 1151
Inlet Temp ©C

1104

Relative increase

 Fan power consumption increases

as a cube of the airflow rate | /

1.00
« Large fans consume less energy and - T .
create less noise for the same airflow

Operational temperature in ©°C

Source: ASHRAE
Whitepaper — 2011
Thermal Guidelines for
Data Processing

From The Green Grid Environments
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Higher Inlet Temperatures _[_I

Air flow increase with ambient temperature
Source: ASHRAE Whitepaper — 2011 Thermal 28

Guidelines for Data Processing Environments
2.6 A

2.4 1

Power
* |ncrease by up to 20%

Airflow

= Can double by 35 °C
= Requires improved air flow design
= |ncreased failure rate if starved
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Server Air Flowrate Increase
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= Increases as 5th power of rotational
speed Total Device Power

230

Example IT device power by intake
temperature data

= Exceed health and safety guidelines

Exhaust temperature
= Can be 20 °C more than inlet o
= Exceed health and safety guidelines 200
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Input Power (Watts)
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Intake Temperature (C)

From The Green Grid
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Ref : Christy Sujatha, D., & Abimannan, S., “Energy Efficient
Free Cooling System for Data Centers”, In Cloud Computing

Technology and Science (CloudCom), 2011 IEEE Third G E gy
International Conference on (pp. 646-651). IEEE, 2011. re e n n e r

Water Economizer
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Data Center Free Cooling Economlzers

Airside free cooling

Direct air cooling : outside air is brought into the data
center directly through fllters or indirectly through heat

exchangers.

’ <../f — {\/j \j A N = A A

Exhaust hot air .

A=t N A ’ https://www.stulz.de/en/newsroom/professi

47 . . . .

HH i e onal-article/news/a-brief-history-of-
\_*/\.: / \_} / [/"; - . . _Air .. . _
o5 5 o QRGN F . precision-air-conditioning-technology/
7 ,/ C ) p — / 4
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Air side free Cooling
1.
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‘Data Center Free Cooling Economizers

* Indirect air cooling

Data Center Room

N

Air quality — need filtering- Air
filtering = reduces the air flow """
Require cleaning and
replacement

High Humidity Case

Hot aisle

. Air Volume and Velocity needed

CRAC Separation H

i S Ve ry I arg e (additional cooling) wall / (r(f?atti‘:th helat transfer wheel)
Sizes Vs Costs



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

[® dzidry

~Data Cegﬂ Free Coollng Economizers
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Facebook Prineville, Oregon, datacenter
No mechanical cooling & cooling tower
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Data Center Free Cooling Economizers

Indirect Evaporative Cooling

air is brought (indirectly) to some chamber and used along with
water evaporation to cool the air

Secondary air

Secondary
air fan

Wetted pad or other indirect
evaporative media

Reservoir

Heatexchanger  conditioned air Distribution

Multi-stage evaporative cooling systems
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Moisture Air Fan Air Stream
Eliminators ‘ \
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Entering ] |t |
Primary
Air Stream

d
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Air Filter /

Direct Compressor Leaving
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Data Center Free Cooling Economizers

 Water-Side Free Cooling where a cooling medium, such as water,
circulates directly through cooling towers rather than the chillers
Oor compressors.

11
AHU AHU V)
— Rack|Rack|Rack|Rack |Rack [Rack|Rack|Rack | b
@ sl g1l g1l ¢ ¢ ¢ ﬁ A

— - -— - ] - - -
L Raised floor

CH

Water side free Cooling
 Changeover from free to mechanical Refrigeration System
* Require cleaning and replacement
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Using Heat pipe technology for datacenter

Condenser

Vapor line

Outdoor a

cabinet

Fg 17. Thermosyphon loop for cooling telecommunication equipments in the

outdoor cabinet [86].
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Server Computing
device
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Liquid movement
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Boiling
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Heat Pipe
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Gas

Gas movement

\_/

membrane

Datacenter cooled by geothermal mechanism along with heat pipe.
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FIG 2

This is the side view of the data center system.
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icrosoft testing underwater data
centers

http://www.businessfinancenews.com/2752
6-microsoft-corporation-plans-to-store-
your-data-10000-leagues-under-the-sea/
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* Microsoft — the chiller-less data center.
Microsoft announced that its huge facility in
Dublin, Ireland is running without any chillers.

Dublin Data Center: Free Cooling
Diagram

T 1] o rootos ey [
T '—l-) T“LF"! T - » ‘
- L - el
2 = e ——— _ Ii
I .;A _ L=l
..... % (1] s
) K N L
{ §u pro
N T T
e Ll el L]
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A diagram of the air economization (free cooling) system at the new
Microsoft data center in Dublin, Ireland (click for larger version of image)
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Using The ASHRAE Classes

Free cooling depends on the setting temperature

The Green Grid has identified that much of Europe can benefit from air
side economizers while remaining within ASHRAE Class 2
Recommended upper guideline of 27 °C

Air-side Free Cooling Map

Estimate of Air-side Economizer 8000 —
Hours for ASHRAE 2011 Class A2
Data Centers

Estimate of
Air-side Economizer

© 2012 The Green Grid

Number of hours where:
Drybulb Temp <= 35C
Dewpoint Temp <= 21C

] N Figure 8. 2012 North America free cooling map 35°C
Figure 6. 2009 North America free cooling map 27°C

Hours per year when dry bulb

Hours per year when dry bulb
temperature less than or equal 35 °C

temperature less than or equal 27 oC

From The Green Grid
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rom “IT environmental range and data
center cooling analysis”

Impact of reducing chiller hours

Chiller operates
continuoushy,
some economised [REULLCL
analing energy

&TE0

2030

7300

8570

SR4A0

5110

4380

Energy Cost

Major improvements from reducing chiller hours and improving
chiller CoP

2820

Economised
2130 cooling

Annual Chiller Operating Hours

1460

Small improvements, chiller CoP not important
Fan and pump energy more significant
Eliminate stages of cooling system

Ti0

0
Capacify required
for peak

femperature
avants Chiller

elimination

Fan and pump energy Capital cost benefits from
consumption dominant. chiller capacity reduction
or complete elimination

Reducing cooling system delta-T

Figure 11 Impact of reducing chiller hours
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(el
he Different Technologies for

Cooling Data Centers

Figure 1

Simpilified breakdown of
the 13 fundamental heat
removal methods

APC white paper #59

Indoor heat exchange or
transport

Pumped
refrigerant heat
exchanger

Air-cooled
CRAC

Glycol-cooled
CRAC

Water-cooled
CRAC

Air-cooled
self-contained

Glycol

Condenser water

Air

Air

Chilled Waten

Chilled wate

Transport

fluid

Data center
boundary

hiao Tung University

Outdoor heat exchange
or transport

Cond. watel  Cooling tower

Chiller* | Glycol - Dry cooler

MCundenser

Condenser I

Dry cooler ]

Cooling tower

(8
] @’“ﬁ

Air duct I

Direct fresh air evaporative CO-DlEf]

Indirect air evaporative cocler

Roof-top unit ]

* Mote that in some cases the chiller is physically located indoors.
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Data center coolinc
Liquid cooling j@ Hybrid cooling

I
Direct cooling Indirect cooling
& .
= 4
Air cooling schematic Liquid cooling schematic
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m Multi-scale Thermal &

* Scale 1: Chip
* Scale 2: Server

e Scale 3: Chassis

e Scale 4: Cabinet (Rack)
* Scale 5: Room

* Scale 6: Plenum

* Scale 7: Building
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Figure 2. A blade server cabinet with involvec
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Fig. 6. Air llow circulation with standard problems | by- pass, redrculation, negative
pressure flow) in an air cooled data centre. Blue lines represent cold air while red

lines represent hot air,

Data center air streams. (Note: CRAC:
computer room air conditioning unit;
Server: IT equipment server; bp:
bypass; c:CRAC, f:floor; h:hall; M:mass
flow rate; n: negative pressure; r:
recirculation; s: server; T.temperature.)
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Recirculation flow
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Thermal challengeJ[ o

* Technological Challenges: Component Level

— Thermal Effects on Transistor Operation

* For 45-nm down to 28-nm technology, leakage amounts to
40-50% of the total power dissipation.

* ITRS predicts the chip power dissipation continues to rise
at a decreased rate.

* Spatial and Temporal Variations in Heat Load

— Spatially nonuniform heat loads are currently
mitigated using effective heat spreading.

* micro-structured liquid flow heat sinks or chip-integrated
arrays of thermoelectric coolers.

— Transient response (component) to varying heat loads
is attenuated by effective heat capacity of packaging.
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echnoloalcal Challenaes System Level

“r_ﬁ Scale 5, Roo “ ﬁ
t....q..‘ |

CRAC
Unat

te

* Multiple Heat Transfer Interfaces

e Standardization for IT Cooling Equipment
(ASHRAE 20-25 Cin 2004 to 18-27 Cin 2008)

e Acoustic Noise Emission

— As a rule of thumb, the energy consumption of an
axial or centrifugal fan increases with the third
power of rotational speed, however its acoustic
noise emission increases with the fifth power.
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Design Challenges

* Interfaces: Improved contact conductance and heat
spreading, novel high-conductivity materials, and
embedded thermoelectric elements.

* Liquid cooling: Both passive (e.g., optimized transport in
metal foams wicks and miniature heat pipes) and active
approaches (e.g., electro-hydrodynamic liquid flow
actuation and two-phase boiling in microchannels).

 Enhanced heat rejection to ambient air (e.g., ion-driven
flows, piezoelectric fans and synthetic jets).

* Micro- and nano-scale sensing and control (e.g.,
electroactuated droplet cooling, micro-scale temperature
measurements using laser-induced fluorescence, infrared
micro-PIV in a silicon microchannel heat sink.
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Implementing Liquid Cooling

Thermal interconnects: fluidic
Thermal interconnects: solid state
Choice of liquid coolant
Two-Phase Liquid Cooling
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Some advanced cooling
methods..


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

s .
g
[® dzidry
Current Status and Future Trends
in Data-Center Cooling Technologies

ZHEN LI and SATISH G. KANDLIKAR
Heat Transfer Engineering

(2015)
« Cold plates provide a platform for
o] — o transferring heat from electronic components
' T i to the coolant. Incorporation of
o *“ microchannels and minichannels leads to
£ =g R 0 s o~ | significant reduction in the thermal
Svorcng e st = £+ It~ resistances between the coolant and the
ovamrcoona | (] | electronic components
R e % i*| « Integration of heat pipes and
r = S— thermosyphon systems provides significant

energy savings through a drastic reduction in
the thermal resistances.

« The waste heat from the data center can be
effectively utilized for other applications such
as building heating, absorption refrigeration,
feedwater heating.

Cooling cycle and reuse
of heat
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28th IEEE SEMI-THERM Symposium, IBM »
Energy, Vol. 43, 2012, Pages 237-245

DIMM liquid
cooling Cold
Rails

Bank of Fans

|

{ : Array of Hard Drives ]

Water-Cooled IBM BladeCenter QS22
Credit: IBM Research - Zurich
FUduney TNIRT
(@ (b)
ure 1. (a) Schematic of the volume server with node liquid cooling loop and other server components. (b) Node liquid
ling loop, having liquid cooling components for both the processors (CPU 1 and CPU 2) and the 12 DIMMs (numbered
2 through 18), installed in an IBM System X volume server.

Fig L (a) Hot water cooled first of a kind data center: Aquasar. (b) Water cooled IBM BladeCenter QS22.

Estimated Junction Temperature (100 - [PECUDTSJ) Estimated Junction Temperature (100 - [PECUDTS])
CPU Exerciser 90% @ Air Cooled {air @ 22 C) Memory Exerciser| B Air Cooled (air@22 C)
[ Lig Cooled (water {@ 45 C) m Lig Cooled (water @ 45 C)
M Lig Cocled (water @ 25 C) M Liq Cooled (water @ 25 C)
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w
i
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CPU Module CPU Module

(a) (b)
Figure 6. Comparison of estimated junction temperature for a liquid cooled server with a typical air cooled server (a) when the
CPUs are exercised at 90% and (b) when the memory modules are exercised.
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IEEE ELECTRON DEVICE LETTER

VOL. 27, 2006, pp.117-119

Micro-pipe \[ BRAAALALD Orifice
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Fig. 2. Cross-sectional SEM image of monolithic microchannels enclosed
with a polymer overcoat of ~30 pm. (a)

The 12th International Conference on Solid State Sensors, Actuators
and Microsystems, 2003

high-power region
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3-D microchannel cooling
integrated
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Journal of Electronic Packaging, 2011,
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N R N R Fig. 14 Schematic of integrated liquid cooling system for 3D \
Fig. 12 Thermal management in 3D chip stacks using conven- system using microfluidic channel [56]
tional air cooling [55]
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Fig. 18 (a) Unidirectional cascade TEM and (b) multidimensional heat transfer system

(MHTS) using TEM [62]
= i Wl s = (oon) Ax Fig. 15 Assembly of 3D prototype of integrated microfluidic
MRS 1 i channel cooling solution [58]
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Fig. 16 (a) Heat sink assembly showing the synthetic jet module and the chip stack cavity, (b) original heat sink with longi- (a) (b) (C)

tudinal air flow, and (¢) modified heat sink with lateral air flow [60]
Fig. 17 (a) 3D stack enclosure connected to a cylindrical finned heat sink, (b) heat sink assembly showing the synthetic jet
module and the chip stack cavity, and (c) jet induced flow between the fins [61]
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Hybrid 3D-IC Cooling System Using

T L Al L aceme — Micro-Fluidic Cooling and Thermal TSVs

layer

j “ | ][] j —| " Avatrel cover

(through-silicon-vias)

B 7.‘" in 'W‘ _ |°""-J-f _,_— T 2012 IEEE Computer Society Annual Symposium on

Fine pitch and high
aspect ratio TSVs
integrated in

Silicon staggered micropin-fins

micropin-fins heat =
sink embedded in \ ""

high power processor Hight parormanca

and high power
processors

Fig. 1. Schematic of a three-microprocessor chip stack each with interlayer

microfluidic cooling. A 3-D stack of memory chips resides above the
microprocessors. Hioh asnect ratio TSVs are inteorated in the micropin-fin
heat sink.

“— Silicon pPidHREE———

S\ 3x3 array of

Cu TSVs with

SiO, sidewall liner

Fig. 13.  SEM (left) and optical images (right) of high aspect ratio TSVs
integrated in micropin-fins (10 zm diameter, 35 zm pitch, and 178 xm tall).

VLSI

IEEE TRANSACTIONS ON COMPONENTS,
PACKAGING AND MANUFACTURING
TECHNOLOGY, VOL. 3, NO. 11, NOVEMBER 2013,
pp. 1842-1850.
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Fig. 17. Average junction temperature under air cooling and microfluidic
cooling compared with ITRS projections.
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Liguid Immersion Coolmg

l ternal

* Not a new concept! %

— Direct liquid immersion T
cooling has been used within sy e

IBM for over 20 years to cool
high powered chips on multi-

chip substrates during T
electrical testing prior to final

Stacks of Chilled
module assembly_ b cicul modues valer §

7 ]

— Early supercomputers relied
on liquid cooling technologies.
* Cray 2 supercomputer

1 —
. . . . . . . . q;
http://www.electronics-cooling.com/1996/05/direct-liquid-immersion-cooling-for- Processor :
high-power-density-microelectronics/ unit FC-77 Cooling
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Computer) Supports High

Frequency Trading with Liquid
Submersion Cooled Computers

e Released in 2010

— 2012: LSS is the world’s first rack-
mounted total liquid submerged

server. The system’s patented
liquid submersion cooling
technology promises
improvements in speed,
performance, reliability and
latency, while reducing
environmental impact.

I® @z34r9

Immersion Coolmg Example

* Liquid Submersion Blade Server
— LiquidCool Solutions (Hardcore

http://www.liquidcoolsolutions.com/

Vapor condenses on coil
or lid condenser

The Passive 2-Phase
Immersion Cooling Cycle

Fluid recirculates
. passively to bath

o JSN :
/ B ¢ ut ‘d Vapor rises to top
A 9 ‘;u "," TN

Heat generated on chip
and fluid turns into vapor

Fig. 4.2 Working principle of immersion cooling system (http://www.allied-control.com/
immersion-cooling)
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Cooling Using Dielectric Oil

Heat Exchanger

o @ \ i
Pump

T Oil Loop Water Loop

Tanks can dissipate
40kW of power or
more
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Implementmg Alternative Coolmg
Technigues
 Enhanced Heat Spreading:
— High-conductivity materials
— Two-phase heat spreading

e Thermoelectrics

— Characterized by incremental improvements in the
thermoelectric figure-of merit ZT (= S°0T/k, where
S, 0, T, and k are the Seebeck coefficient, electrical
conductivity, absolute temperature, and thermal
conductivity, respectively)

* Advanced Air Cooling
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Corona wind

&N T

A fluid motion driven by an electric field PN
- - - - /J"\\l @l\y

<

IS termed a corona wind or an 1onic wind.

Corona region (lonization region) o= .
Near the charged electrode, ionization occurs and creates positive
lons and free electrons in a process known as the electron avalanche.

The positive ions are attracted toward or repelled away from the
curved electrode (depending on the polarity). The electrons thus
migrate in the opposite direction. R DR

Unipolar region

The energized electrons, accelerated by
the electric field, inelastically collide
with the neutral atoms, entraining the
stagnant fluid from the ambience to the
grounded surface.
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Positive corona generation and ionic wind.
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Hybrid Design for lonic Wind and Oscillation
Electrostatic cantilever beamSimplified cantilever beam model:

Vibrting electrode

Corona : : :
lonized air particles
Electrode P : ' ’
l AL plate =
.......... @ ® ® ) i + -
E . o ® & @5’_‘ Vib. direction Vibrating electrode HVPS
.......... . @é@ o—®
T ® &
‘ Heating plate c
¥
Uncharged metal plate Al plate
Base

IMG_1871.MOV

Vibrating electrode side view
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Spray cooling
* Using in the small but high
heat flux surface.

 Different surface
structures cause the

performance.
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Waste Heat Management
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Waste Heat Upgrade

Renewable and Sustainable Energy Reviews
Vol. 31, 2014, Pages 622-638
* Why Upgrade?

— Theoretical limit of Carnot cycle : n,, = 1- T,/T,
—ForT,=35°C&T,=60°C, nyg, "~ 7.5%

16.55 MPa

High Pressure Feed -Water

p 338°C
o High Pressure
High Pressure Feed-Water Turbine

Heater +
e 60-100°C = Low Pressure Feed-Water
T L] Heater {
o Low Pressure
Low Pressure Feed-Water Turbine
Pump

46°C
" conderser B

Fg. 1. A schematic of a system in which the data center waste heat is utilized in a coal power plant Rankine cycle.
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I
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Condenser
1 5

Fig. 3. Schematic diagram of organic Rankine cycle. The super heater is necessary

only when the working fluid is wet.

Fig 2 A schematic of a simple absorption refrigeration system driven by data center waste heat,

” g o

Pev Fuap Absorber

Tea Tee Tev Tan T

e Main Drawbacks of AHT

— Crystallization
— Corrosion
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* Absorption refrigeration systems can operate with
generator temperatures of 70-90 °C which is consistent
with available waste heat from water-cooled and two-
phase cooled data centers. This technology is not
suitable for waste heat from air cooled data centers
without an additional heat booster.

* The benefit of using datacenter waste heat in absorption
refrigeration systems is a direct reduction of the load on
data center CRAC systems, through the generation of
chilled water for cooling, which is of significant economic
benefit to most data center operators.
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Heat Transformer [® @z:dx¥

Experimental Thermal and Fluid Science
Vol. 60, 2015, Pages 275-283
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_ BV . pump . '}.’:)l Poo
Qevaporator [~ > ¢ @ < : - [ > Qcondenser
o ‘ Qco Qge

T T T Tao T
Fig. 1. Single stage absorption heat transformer [6]. - - " Al T

wematic diagram a four temperature levels and two pressure levels Absorption Heat Transformer (AHT).
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Fig 3. Temperature records for run test 1.
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Double/Triple Effect AHT

2 336 5 ¢

{ Chiao Tung University

Renewable and Sustainable Energy Reviews
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Fig. 7. Schematic of a double stage heat transformer (DSHT) in which the absorber
in the low temperature cycle is coupled to the evaporator in the high

temperature cycle.
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Fig. 11. Schematic of a triple absorption heat transformer (TAHT).
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Adsorption Heat Transformer
AIChE Journal, 2013, Vol. 59, pp. 1355-1346
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EVaP S Energy upgrade 748 . Low-grade
Pal - /])_, Qcond ij& : — CE'__ heat input
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Pc [——- |

i : Upgraded
] _._heal output

Energy upgrade

l P
P—

Tec Te Tin Tout _y/T

High-temperature Evaporator  S/G Reactor

Figure 1. Schematic diagram of solid-gas thermochemical sorption heat transformer based on temperature-lift
adsorption process.

(a) Energy storage process of low-grade thermal energy; (b) energy release process for energy upgrade using temperature-lift
adsorption technique. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Temperature upgrade is achieved by lifting the operating pressure of working gas, and
the temperature magnitude of energy upgrade is nearly proportional to the pressure-lift
extent of the gas. The high-operating pressure is the common drawback and it may
cause the safety problem when a high-heat output temperature is required during
energy release process.
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Figure 2. Schematic diagram of solid-gas thermochemical sorption heat transformer based on pressure-reducing
desorption process.

(a) Energy storage process of low-grade thermal energy using pressure-reducing desorption technique; (b) energy release process
of stored low-grade thermal energy. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. Schematic diagram of solid-gas thermochemical sorption heat transformer based on pressure-reducing
desorption and temperature-lift adsorption processes.

(a) Energy storage process of PRS reactor using pressure-reducing desorption technique; (b) energy storage process of SRS reac-
tor; (¢) Energy release process for energy upgrade using temperature-lift adsorption technique. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Short Summary

Significant progress had been made for datacenter
thermal managements during the past decades.

Recirculation/bypass/negative pressure elimination is
regarded as the most important issue for air flow
management.

Thermal management in datacenter requires multi-
scale and multi-disciplinary efforts to tackle.

Free cooling is becoming a must for effective PUE
reduction.

CFD is a viable tool in thermal management of
datacenter.

Waste heat management in datacenter is an
essential subject that deserve further exploration.
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Airflow
Management
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Table1

The 9 types of air distribution (traditional
room-based cooling implementations)

Flooded supply

Targeted supply

Contained supply

Flooded return

-
- AN m X 7
y N P =

Targeted return

Contained return

L
[ T
. y i
. .
- o |«

Small LAN rooms < 40kW
Not recommended for most data centers
Low cost, simple installation

Least energy efficient of all air distribution
architectures because 100% of the cold
supply air is allowed to mix with hot return air.
Supply air temperature extremely unpredicta-
ble above.

Distribution type can cool up to 3kW per rack

P FAS
\H, ‘\‘J LH) :HJ
~~ [ . -
General use

Mot recommended for most data centers

Low cost, ease of install

More energy efficient than flooded return since 40-
70% of IT hot exhaust air is captured and delivered
back to the cooling unit. Supply air more
predictable than flooded supply since less hot air is
allowed to mix with cold supply air.

Distribution type can cool up to 6kW per rack

Large data center / colocation

Upgradeable (vendor specific)

Most energy efficient of all air distribution
architectures since it allows increased cooling
unit supply temp resulting in increased
economizer hours. 70-100% of IT equipment
hot exhaust air is captured and delivered back
to the cooling unit. Supply air is most
predictable since no hot air is allowed to mix
with cold supply air.

Distribution type can cool up to 30kW per rack

Data centers with static power densities

Not recommended for new designs — unable
to keep up with power density projections

More energy efficient than flooded supply
since more IT equipment hot exhaust air is
diverted back to the cooling unit.

Distribution type can cool up to 6kW per rack

Small to medium data centers

More energy efficient than flooded return since 60-
80% of IT equipment hot exhaust air is captured
and delivered back to the cooling unit. Supply air
more predictable since less hot air is allowed to mix
with cold supply air.

Distribution type can cool up to 8kW per rack

Hot spot problem solver

Upgradeable (vendor specific)

More efficient than targeted supply and return
since 70-100% of IT equipment hot exhaust
air is captured and delivered back to the
cooling unit. Supply air is most predictable
since no hot air is allowed to mix with cold
supply air.

Allows increased cooling unit supply temp
resulting in increased economizer hours

Distribution type can cool up to 30kW per rack

Mainframes / racks with vertical airflow

Mare energy efficient than targeted supply but
less efficient than contained retumn.
Containing the supply air, forces the rest of
the room to become the hot aisle which limits
the number of economizer hours. Supply air
is more predictable since little hot air is
allowed to mix with cold supply air.

Distribution type can cool up to 30kW per rack

Mainframes / racks with vertical airflow

Mare energy efficient than targeted supply but less
efficient than contained return. Containing the
supply air, forces the rest of the room to become
the hot aisle which limits the number of economizer
hours. Supply air is most predictable since no hot
air is allowed to mix with cold supply air.

Distribution type can cool up to 30kW per rack

Harsh non-data center environments

Shightly less efficient than contained return
with flooded or targeted supply - requires
more fan energy.

Allows increased cooling unit supply temp
resulting in increased economizer hours

Distribution type can cool up to 30kW per rack

> 34 £

il Chiao Tung University

 APC white
paper #55
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Table2

Non-traditional implementations

Flooded return

{_

>

Targeted return

—»>

: 38 R

{ Chiao Tung University

Contained return

-

—

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

Flooded supply

Not effective because air mixing prevents
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.

Variable speed fans on cooling units controlled
by IT temperature.

b -
- ™

“
by
~

No non-traditional alternative

.
o
o
=]
n

o
3
1))
o
|
L
=

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

Variable speed fans on cooling units controlled
by IT temperature.

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

Variable speed fans on cooling units controlled
IT temperature.

A s f
Al

_’.__I

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

Contained supply

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

Raised ﬁuor, 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 floor, row-based cooﬁng 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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Hot / Cold Aisle with Raised Floor configuration

 Hot / Cold Aisle
* Raised Floor === Hot-air === Cold-air
* Perforated Tiles

* Underfloor supply

Hot-aisle Cold-aisle Hot-aisle

=
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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Fig. 6. Air llow circulation with standard problems | by- pass, redrculation, negative
pressure flow) in an air cooled data centre. Blue lines represent cold air while red

lines represent hot air,

Data center air streams. (Note: CRAC:
computer room air conditioning unit;
Server: IT equipment server; bp:
bypass; c:CRAC, f:floor; h:hall; M:mass
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Recirculation flow
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Panel cover

» The effect of adding panel depend on the design of data center, in
this case the literal space is crowded so adding side panel can lower
the server inlet temperature.

Top panel

Side

Y

Without panel Side cover Top cover
- lwithoutPanel | SidePanel | Top Panel |

Server Inlet maximum temperature 47.03 26.14 51.32
(°C)

Server inlet mean temperature (°C) 19.18 15.78 18.9

L

76
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From Computer Equipment
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Server Rack / g Finned-Tube
Evaporator

i’

Coolant Outfiow
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Rack Evaporator
|
>4
Coolant Inflow

Fig 3. Schematic diagram showing the use of the finned-tube evaporator for
cooling the hot air discharged by a server rack in a data center environment
(Adapted from [84])
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m Active tiles

Heat Transfer Engineering, 37(3-4):246-256, 2016

* Better temperature
uniformity

e Better Chiller COP
* Better PUE

(a) Top view of passive tile  (b) Bottom view of passive tile

(¢) Top view of active tile (d) Bottom view of active tile

Figure 2 Photographs of (a, b) passive and (c, d) active tiles.
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Room row, and rack based cooling

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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Row-oriented architecture

 With a row-oriented architecture, the CRAC units are
associated with a row and are assumed to be
dedicated to a row for design purposes. The CRAC
units may be mounted among the IT racks, they may

be mounted overhead, or they may be mounted under
the floor.

Figure 2a — In-row cooling solution Figure 2b — Overhead cooling solution
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Rack-oriented architecture

e The CRAC units are

directly mounted to or
Wit h I nt h e |T rac kS Figure 3 — Rack cooling solution with cooling completely internal to rack

e Airflow paths are even
shorter and exactly
defined, so that airflows
are totally immune to
any installation
variation or room
constraints.

 Up to 50 kW per rack
can be achieved.
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©)
Mixed architecture

Figure 4 — Floor layout of a system utilizing room, row, and rack-oriented
architectures simultaneously

Row-oriented T~ RQ
Rack-oriented

Room-oriented

Bz 28 A

National Chiao Tung University
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High-density zone
containment methods

)‘u { Chiao Tu n_qU

Low-density room

Three ways to create a room-neutral
“island” in a low density room

= = .
i |~ Uncontained
:ﬁ" =:; i¢b~
2% HOT-AISLE
\¢ g gl containment
\! ATy | .
M &
AN
= N -
Htgh-densny Zone WS | RACK
Room-neutral “island” Rt ) containment
in a low-density room G\
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Air Flow Management

* Hot Aisle Cold Aisle Separation

Cold-Aisle Containment (CAC)

Hot Aisle Cold Aisle
Containment Containment
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Rack containment

Rack containment
(also called rack
air containment)
is similar to hot
aisle containment
except that the
hot exhaust air is
contained using
the back frame of
the equipment
racks and a series
of panels to form
a rear air channel.

i\' o
L ] T
Figure 8 AR ,‘_I- :: ?
. o L Wl N I 1)
High-density zone with S 1Y) N 4 4 N
rack containment S, L Il ‘ﬁ [

Return air contained —

Single rack t,

Figure9 “'Solid rear
doors

High-density zone with
rack containment plus
optional front containment

Wy
Muitiple racks ! i

T B
-

Bz x:6 L¢

National Chiao Tung University
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Optional front
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Q Q ]
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Some recent efforts for airside
management in small datacenter

@NCTU


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

2 PSEFET

® s 1% 4 SdE 2 B

O {FiEaE Y b v ¥

@Lh v =¥

@i 4tiERh v B1-6047 BiEFHEE

P L)

T~



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

—t

1%,

H

ZAar

_l

2N

S

\

iy

K

@

@a;it

Narional Chino Tung Unis


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

e A

7§
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i
Rack Intake # N

. errlin Fr ¥l P o iR > R s %H% Frox s enfe K dp 1
tﬁﬁﬁﬁmﬁz&Rcm_ ¥ 4% 154 #2 2 RCI

T, — _
RCIHI — 11— Z( max rec)Tx>Tmax —rec 100%
(Tmax-au — Tmax—rec)n
Y (Toin— —T . ]
RCILO —|1— ( min—rec x)Tmm_reC>Tx 100%
(Tmin-rec — Tmin—au)n

He T,=:& » ¥ P PR 2 'Ii”m:.)i > n—’b&*‘%‘i‘ff: SRS T maxcrec
=i ?iNl—W—}i P T = 2 FF 2 U

—=3Fx =% & FE — . S .
Tmin-rec_}\" ?i—»m—}iq‘ T~ Tmin-all =L F?_Lm_}i‘r d o

M. K. Herrlin, “Rack cooling effectiveness in data centers and telecom central offices: The rack cooling index (RCI)”, Amegigan
Society of Heating Refrigerating and Air conditioning Engineers, 111(2), 2005.
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R. K. Sharma, C. E. Bash, C. D. Patel, “Dimensionless parameters for evaluation of thermal design and performance of lgrge-
scale data centers”, 8th ASME/AIAA Joint Thermophysics and Heat Transfer Conference, 2002.
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 [AL#A2E | BLAB2S I k]
*}g\% — )L ——~ 5KW 2.5 kW
JF7 A A 3.75 KW 3.75 KW
2.5 kW 5KW
¥ 5 3 418 115kW rC1ler C248 1% 4 X 51
R B 19.8C 5KW 2.5 kW
R b £:0.77 m3s 3.75 kW 3.75 kW
4 b £:3.52 m¥s 2.5 kW 5kW
Casel Case? Case3
Al ~ A2 BI~B2 Cl1-~C2 || Al ~A2 Bl ~B2 C1-~C2|| Al ~ A2 BlI~B2 Cl1-~C2
2U 42U 42U 42U 42U 42U 12U 0nU NU
0.5 0 il O 7>l o fiflo.5 0
0.5 0 0.75 Il 0.75 0 05 0
0.5 0 0.75 1|1 0.75 0 0.5 0
0.5 0 0.75 0.75 0 0.5 0
.51 O Il 7>l 751l 0 1i[fo.5 0
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Casel 5kW 2. 5 kW CRAH
3.75kW  3.75 kW

2.5 kW 5kW
#CLlE C2{8 1% 4 » H5 15

5kW 2.5 kW
3.75 kW  3.75 kW

2.5 kW 5kW

| Casel | Case2 | Case3 | Case4 | Caseb | Case6 |

34°C 338°C [356C | 339°C 349C  341TC
W 264°C | 275C | 292°C | 256°C  262°C  261°C

SIEDN 823% 755% 53.6%  752%  69.7%  72.3%

RCI(A-B 74 % 70 % 51 % 62.8 % 54.6 % 58.5 %

RCI: X Smi8 #1472 & > 0~100% > A% i 2 @A AR R A% B &
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