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Data Center 

Highly energy-intensive and rapidly growing 

Consume 10 to 100 times more energy per area 
than a typical office building 

Large potential impact on electricity supply and 
distribution 

Used about 45 billion kWh 
in 2005  (USA) 

At current rates, power 
requirements could double 
in 5 years. 

http://www.nctu.edu.tw/
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More Facts… 

• Servers, including its infrastructure, account for 1.2% 
electricity consumption (US). 

• 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/


Worldwide electricity used in 
data centers Environ. Res. Lett. 3 (2008) 
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Background – General Trend 
Datacom equipments power trends and cooling applications ASHRAE 2005 

IDC Report – Cost Structure and 

Trends 
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2005 Predicted trend 
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• This chart is based on maximum measured load. 

•  The data shown in the power trend chart provide a general 
overview of the actual power consumed and the actual 
heat dissipated by data processing and telecommunications 
equipment.  

• The data emulate the most probable level of power 
consumption assuming a fully configured, highly utilized 
system in the year the product was first shipped 

• Finally, the intent of the trends is that they are to be used 
as a forecasting and planning tool by providing guidance for 
the future implementation of the different types of 
hardware. 

• Not all products will fall within the trend lines on the chart 
at every point in time. 

http://www.nctu.edu.tw/
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Cooling System Challenges 
 (APC white paper #5) 

• Adaptability / Scalability 

• Availability 

• Lifecycle Costs 

• Maintenance / Serviceability 

• Manageability 

http://www.nctu.edu.tw/
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adaptability challenges were the most important requirement. Particularly focused on 
problems involving the cooling of high density rack systems, and the uncertainty of the 
quantity, timing, and location of high density racks. 

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

Improvements 

http://www.nctu.edu.tw/
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Loading of a data center  
(APC white paper #126)  

• In a typical data center, less than half of the 
electricity is go into IT  

http://www.nctu.edu.tw/
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An ideal and optimized data center 
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Stranded capacity 
• Stranded capacity is capacity that cannot be utilized by IT 

loads due to the design or configuration of the system. It 
is very costly that data centers can’t meet the 
operational and capacity requirements of their initial 
design and it is a hurdle to get your data center green. 

• The presence of stranded capacity indicates an 
imbalance between two or more of the following 
capacities:  

– Floor and rack space , Power, Power distribution , Cooling, 
Cooling distribution  

• Most data centers are overcooled & inefficient waste of 
energy waste of scientific capacity. 

 

 

http://www.nctu.edu.tw/
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Simple Cooling Load 
Estimation APC white paper #25 

• Total IT load power in Watts - The sum of the power inputs of all the IT 
equipment. 

• Power system rated power - The power rating of the UPS system. If a redundant 
system is used, do not include the capacity of the redundant UPS. 

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


Capacity Supply and Demand 
APC white paper # 150  

 
• While having power and cooling supply and demand information at 

the room or facility level helps, it does not provide sufficiently 
detailed information to answer the questions about specific IT 
equipment deployments. On the other hand, providing power and 
cooling supply and demand information at the IT device level is 
unnecessarily detailed and intractable. An effective and practical 
level at which to measure and budget power and cooling capacity is 
at the rack level. 

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


Once the cooling requirements are 
determined, the following factors, must 

be considered: 
• The size of the cooling load of the equipment (including 

power equipment) 

• The size of the cooling load of the building 

• Oversizing to account for humidification effects 

• Oversizing to create redundancy 

• Oversizing for future requirements 

• The required oversizing for a CRAC unit therefore ranges 
from 0% for a small system with ducted exhaust air 
return, to 30% for a system with high levels of mixing 
within the room. 

 

http://www.nctu.edu.tw/
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Avoiding Costs from Oversizing 
Data Center and Network 

Room Infrastructure, APC white paper #137 

http://www.nctu.edu.tw/
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It was found that the start-up expected load is typically 30% of the 
ultimate design capacity and that the ultimate expected load is typically 
80-90% of the ultimate design capacity  allowing for a safety margin). It 
was further found that the start-up actual load is typically 20% of the 
ultimate design capacity, and that the ultimate actual load is typically 
about 60% of the design capacity. 

http://www.nctu.edu.tw/
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APC white paper #143 
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For a particular project, the growth 
model is developed in two parts 

• First, develop the IT load profile. The IT load profile, 
consisting of parameters 1-4 of the model, is created 
early in the planning process, based on an 
understanding of the organization’s business needs. 
In some cases, this may require consulting expertise 
from someone familiar with the organization’s 
business and general IT issues, or reference to 
standard profiles describing the IT growth 
parameters of similar organizations. The key at this 
step is for the participants of the planning process to 
develop a shared view of the projected IT load. 

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


• Second, develop the system capacity plan to support the IT 
load profile. The system capacity plan is represented by 
parameters 5 and 6 of the growth model (step size and margin). 
Development of the system capacity plan is begun early in the 
planning sequence, with a rough estimate of step size that will 
guide the choice of reference design. The system capacity plan 
is finalized later in the planning sequence, after the basic 
system architecture and the floor plan (row layout of the room) 
have been determined. The user will typically not have 
expertise in this area, and so will rely upon the equipment 
vendor or other qualified consulting services. Incremental 
phase-in steps provide the option to delay, adjust, or cancel full 
build out based on actual conditions as they develop during the 
ramp-up time. The benefits of a stepped phase-in are discussed 
later in this paper in the section “The value of stepped phase-
in”. 

http://www.nctu.edu.tw/
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Technology to implement 
the design principles (APC white paper #126) 

•  Scalable power and cooling, to avoid over-sizing 

•  Row-based cooling, to improve cooling efficiency 

•  High-efficiency UPS, to improve power efficiency 

•  415/240 V AC power distribution, to improve power 
efficiency 

•  Variable-speed drives on pumps and chillers, to 
improve efficiency at partial load and on cool days 

• Capacity management tools, to improve utilization 
of power, cooling, and rack capacity 

• Room layout tools, to optimize room layout for 
cooling efficiency 

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


APC White Paper #114 
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Practical strategies for reducing electrical power 
consumption for data centers, indicating range 

of achievable electrical savings 

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


Use high efficiency UPS 
APC White Paper #126 
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Use variable speed Chiller & Pump 
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Capacity Management 
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APC White Paper #127 
The power path is divided into three segments: 

• UPS 

• Distribution wiring 

• IT device power supplies (PSUs) 

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


DC distribution has higher 
efficiency based on : 

 • It may be possible to build a DC UPS that is 
higher in efficiency than an AC UPS 

• The elimination of power distribution unit 
(PDU) transformers will reduce electrical 
losses 

• It may be possible to improve the efficiency of 
the IT equipment power supply itself, beyond 
the improvements possible in an AC input 
design 

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


 

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


Use high voltage & high efficiency 
Power supply (APC White Paper #128) 

• Figure 3 illustrates a 1-3 percentage point improvement in 
power supply efficiency with increased voltage. This 
represents a savings of $4 to $31 per year per server in 
electrical cost by increasing the voltage from 120 to 240. In 
addition, approximately $2 to $16 per year per server is saved 

on air conditioning operating costs. 

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


General benefits to increasing 
distribution voltage from 120 to 240 

 •  More power capacity given the same branch 
circuit current 

• Less current required given the same branch 
circuit power capacity 

• Higher power distribution efficiency / lower 
energy cost 

• Higher IT equipment power supply efficiency / 
lower energy cost 

• Lower copper material cost (less copper 
required) 

http://www.nctu.edu.tw/
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DC power distribution 
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T across IT equipment 
APC white paper #139 
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1. Cooling system – a health check 
APC white paper #42 

• Maximum Cooling Capacity. If there isn’t enough gas 
in the tank to power the engine then no amount of 
tweaking will improve the situation. 

• CRAC (computer room air conditioning) units. 
Measured supply and return temperatures and 
humidity readings must be consistent with design 
values. Ensure that all filters are clean. 

• Chiller water/ condenser loop. Check condition of 
the chillers and/or external condensers, pumping 
systems, and primary cooling loops. Ensure that all 
valves are operating correctly. Check that DX 
systems, if used, are fully charged. 

http://www.nctu.edu.tw/
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• Room temperatures. Check temperature at strategic 
positions in the aisles of the data center. These 
measuring positions should generally be centered 
between equipment rows and spaced approximately 
every fourth rack position. 

• Rack temperatures. Measuring points should at the 
center of the air intakes at the bottom, middle, and top 
of each rack. These temperatures should be recorded 
and compared with the manufacturer’s recommended 
intake temperatures for the IT equipment. 

• Tile air velocity. If a raised floor is used as a cooling 
plenum, air velocity should be uniform across all 
perforated tiles or floor grilles. 

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


• Condition of subfloors. Any dirt and dust present below 
the raised floor will be blown up through vented floor 
tiles and drawn into the IT equipment. Under-floor 
obstructions such as network and power cables obstruct 
airflow and have an adverse effect on the cooling supply 
to the racks. 

• Airflow within racks. Gaps within racks (unused rack 
space without blanking panels, empty blade slots without 
blanking blades, unsealed cable openings) or excess 
cabling will affect cooling performance. 

•  Aisle & floor tile arrangement. Effective use of the 
subfloor as a cooling plenum critically depends upon the 
arrangement of floor vents and positioning of CRAC units. 
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2. Common causes for “poor cooling” 
www.upsite.com 

• Dirty or blocked coils choking airflow 

• Undercharged DX systems 

• Incorrectly located control points 

• Un-calibrated or damaged sensors 

• Reversed supply & return piping 

• Faulty valves 

• Faulty pumps 

• Pumps running unnecessarily 

• Free cooling systems not initiated 

http://www.nctu.edu.tw/
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3. Install blanking panels and 
implement cable management regime 
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• 4. Remove sub-floor blockages and seal floor 

• 5. Separate high-density racks 

http://www.nctu.edu.tw/
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6. Set up hot-aisle/cold-aisle 
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7. Align CRACs with hot aisles 
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• 8. Manage floor vents 

 

9. Install row based cooling architecture 

http://www.nctu.edu.tw/
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10. Install air flow assist devices 

http://www.nctu.edu.tw/
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APC white paper #118 
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Floor Management 
APC white paper #144 

• Control of airflow using hot-aisle/cold-aisle rack layout 

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


 

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


 

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


Provide access ways that are safe 
and convenient 

• The room in Figure 3A fits 40 rack locations when no columns 
are present. When a column exists, but aligns with a row of 
equipment racks, as Figure 3B shows, only one rack may be 
impacted. 

http://www.nctu.edu.tw/
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Basic principles of structural 
room layouts – Standard layout 

 

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


CRAC & Its selection 
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http://gefrc.com/thermal/Liebert_Challenger.asp 
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Up Flow Model for Non-Raised Floor Down Flow Model for Raised Floor 

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


• For smaller rooms without raised floor or ductwork, 
upflow or downflow CRAC units are often located in a 
corner or along a wall. In these cases, it can be difficult 
to align cool air delivery with cold aisles and hot air 
return with hot aisles. Performance will be compromised 
in these situations. However, it is possible to improve the 
performance of these systems as follows: 

– For upflow units, locate the unit near the end of a hot aisle 
and add ducts to bring cool air to points over cold aisles as far 
away from the CRAC unit as possible. 

– For downflow units, locate the unit at the end of a cold aisle 
oriented to blow air down the cold aisle, and add either a 
dropped ceiling plenum return, or hanging ductwork returns 
with return vents located over the hot aisles. 

http://www.nctu.edu.tw/
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The Different Technologies for 
Cooling Data Centers 

APC white paper #59 
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• A water (also called condenser water) loop is used instead of glycol to collect 

and transport heat away from the IT environment 

• Heat is rejected to the outside atmosphere via a cooling tower instead of a dry 

cooler as seen in Figure 9. 
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Two fundamental physical arrangements 
of precision cooling equipment 

• Ceiling mounted systems 

 

 

 

 

 

 

 

• Floor mounted system 

http://www.nctu.edu.tw/
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The 10 combinations of heat removal 
methods and equipment arrangements 
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DATA Center 
Environment 

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

http://www.nctu.edu.tw/
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Arguments against increased air temperatures 
Journal of Electronic Packaging MARCH 2011, Vol. 133 / 011004-1 

– raising inlet temperature could cause additional 
energy consumption in other components. 

– costs of thermal-related equipment failures may 
exceed operational savings. 

– higher temperatures can impact server performance 
and service life. 

– higher room ambient temperatures may require more 
frequent server shutdown where cooling system 
failure occurs. 

http://www.nctu.edu.tw/
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The Criterion for Acceptable Cooling in 
a Data Center 

• Manufacturers of computer servers design their 
equipment with a certain allowable maximum inlet 
temperature. This value is around 24°C (75°F).  

• The air-conditioners in a data center usually supply cold 
air at 13°C (55°F). If the 13°C cold air enters the servers, 
there is no difficulty in satisfying the manufacturer’s 
criterion. But  the cold air does not always enter at all 
the inlet locations on the server rack.  

• Often, the hot air exhausted by the rack finds its way to 
the inlet of the same rack or some other rack. This is 
how the cooling in a data center is compromised. 

http://www.nctu.edu.tw/
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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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Which cooling solutions are appropriate 
for use in different size IT environments? 

• Wiring closets (1-3 rack enclosures or 
equivalent using 1-18 kW of electricity) 

• Computer rooms (1-5 rack enclosures or 
equivalent using 3-30 kW of electricity) 

• Small data centers (5-20 rack enclosures or 
equivalent using 7-100 kW of electricity) 

• Medium data centers (20-100 rack enclosures 
or equivalent using 28-500 kW of electricity) 

• Large data centers (> 100 rack enclosures or 
equivalent using >200 kW electricity) 

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


Wiring closets 
 • If closet temperatures are high, first try to 

increase ventilation to IT and communications 
equipment. If temperatures remain high and a 
precision cooling solution is required, ensure 
equipment ventilation and clearance 
requirements can be met for the proposed 
solution. 

http://www.nctu.edu.tw/
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Suitable operating temperature for 
wiring closets (APC white paper #68) 

• For active IT equipment typically found in a wiring closet, this 
temperature is usually 104°F (40°C). This is the maximum 
temperature at which the vendor is able to guarantee performance 
and reliability for the stated warranty period. It is important to 
understand that although the maximum published operating 
temperature is acceptable per the manufacturer, operating at that 
temperature will not generally provide the same level of availability 
or longevity as operating at lower temperatures. Because of this, 
some IT equipment vendors also publish recommended operating 
temperatures for their equipment in addition to the maximum 
allowed. Typical recommended operating temperatures from IT 
equipment vendors are between 70°F (21°C) and 75°F (24°C). 

http://www.nctu.edu.tw/
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Heat dissipates in a small confined space 
like an office or closet in five different ways 

• Conduction: Heat can flow through the walls of the 
space 

• Passive Ventilation: Heat can flow into cooler air via a 
vent or grille, without an air moving device 

• Fan-assisted Ventilation: Heat can flow into cooler air 
via a vent or grille that has an air moving device 

• Comfort Cooling: Heat can be removed by a 
building’s comfort cooling system 

• Dedicated Cooling: Heat can be removed by a 
dedicated air conditioner 

http://www.nctu.edu.tw/
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General guideline for cooling strategies 
based on room power and target 

room temperature 
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Comfort cooling 
• Many buildings have an existing air conditioning system or combined 

heat and air conditioning system for creating a comfortable 
environment for personnel. These comfort cooling systems typically 
have air handling ductwork. It appears attractive to take advantage of 
this system by installing additional ducting to closets, in the same 
way that ducts are added when new offices or rooms are added. 
However, simply adding ducts rarely solves closet cooling problems 
and often makes them worse. 

• Comfort cooling systems cycle on and off. A thermostat placed 
somewhere in the zone, but not in the closet.  

• Furthermore, best practice for comfort cooling systems involves 
turning up the temperature set points on week nights and weekends 
to help conserve electricity. Some are actually shut off completely.  

• By simply adding ductwork, one is forced to choose between wasting 
electricity on nights and weekends and making the temperature 
swings in the wiring closet even worse. 

http://www.nctu.edu.tw/
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Dedicated air conditioner is appropriate 
When.. (even when ventilation appears)  

• The ventilation air outside the closet contains 
significant dust or other contaminants 

• The ventilation air outside the closet is subject 
to excessive temperature swings 

• Practical constraints such as leases or 
cosmetics make it impossible to add 
ventilation ducts 

http://www.nctu.edu.tw/
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• When a UPS is installed, the IT equipment will continue to 
create heat during a power outage. Therefore the cooling 
system must continue to operate. If the backup time of the 
UPS is less than 10 minutes, the thermal mass of the air and 
wall surfaces within the closet will keep the temperature 
within reasonable limits and no precautions need to be 
taken. How ever, if the UPS is designed to provide runtime in 
excess of 10 minutes, then the cooling system must continue 
to operate during this period. This means that if fan-assisted 
ventilation or air conditioning is used, the fan or air 
conditioner must be powered by the UPS. The need to power 
the fan or air conditioner must be taken into consideration 
when sizing the UPS. In the case of fan-assisted ventilation, 
this is not a significant problem, but for air conditioners this 
may require a much larger UPS and battery. 
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Computer rooms 
 

• Computer rooms (1-5 rack enclosures or equivalent 
using 3-30 kW of total electricity) are often reused 
office space with varying levels of available space 
and ventilation. For rooms with very small electrical 
loads the building air conditioning system may be 
sufficient provided adequate ventilation is provided 
to the room. 

• Most computer rooms require multiple portable or 
ceiling mounted systems and some heavily loaded 
rooms work well with a large floor mounted system 
if floor space is available. 

http://www.nctu.edu.tw/
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Small data centers 
 

• Small data centers (5-20 rack enclosures or 
equivalent using 7-100 kW of total electricity) are 
usually purpose-built rooms with sufficient space 
and ventilation for IT equipment. If the amount of 
electricity consumed by IT equipment is high (more 
than 3 kW per rack enclosure) then more space may 
have to be devoted to the room’s cooling solution. 
Most small data centers use ceiling mounted and 
large floor mounted cooling systems. Portable 
systems are used as needed for hot spots and 
temporary cooling. 

http://www.nctu.edu.tw/
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Large data centers 
 

• Large data centers (> 100 rack enclosures or 
equivalent using >200 kW total electricity) are 
purpose-built rooms optimized for the 
availability of IT equipment. Rising power 
densities are forcing increased space 
allocation for cooling solutions. Large data 
centers use multiple large floor mounted 
cooling systems or very large custom rooftop 
central cooling systems (not shown in the 
diagrams below). 
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The nine types of cooling systems 

• Every cooling distribution system has a supply 
system and a return system. The supply 
system distributes the cool air from the CRAC 
unit to the load, and the return system takes 
the exhaust air from the loads back to the 
CRAC. For both the supply and the return, 
there are three basic methods used to convey 
air between the CRAC and the load, which are: 

– Flooded 

– Locally Ducted 

– Fully Ducted 

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


• In a Flooded distribution system, the CRAC and the loads eject or 
draw in bulk air from the room, without any special ductwork in 
between them. In a Locally Ducted distribution system, air is 
provided or returned via ducts which have vents located near the 
loads. In a Fully Ducted system, supply or return air is directly ducted 
into or out of the loads. 

• A critical goal of a data center cooling system is to separate the 
equipment exhaust air from the equipment intake air in order to 
prevent equipment from overheating. This separation also 
significantly increases the efficiency and capacity of the cooling 
system. When equipment power density increases, the 
corresponding increase in exhaust air volume and intake air volume 
makes it more difficult to prevent equipment from drawing exhaust 
air from itself or neighboring equipment into its intake. For this 
reason partial or complete ducting of the supply air to the equipment 
intake or return air from the equipment exhaust becomes necessary 
as power density increases. 

http://www.nctu.edu.tw/
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• APC white 
paper #55 
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Types of cooling in the raised-floor 
environment 

• The raised floor approach is applicable when: 

– There is already an existing raised floor in the 
facility that can be reused 

– Mainframe computers with under floor air intake 
are being installed 

– There is a need to run significant amounts of 
water piping throughout the computing area 

http://www.nctu.edu.tw/
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Cooling system design 
considerations 

• Once the appropriate type of cooling system is 
selected, there are other elements that must 
be integrated into the system design. These 
include the following factors 

– Layout of racks in alternating rows 

– Location of CRAC units 

– Quantity and location of vents 

– Sizing of ductwork  

–  Proper internal configuration of racks 

http://www.nctu.edu.tw/
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Flooded supply ducted return 
components 
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Custom CRAH Unit (Large) 
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• 34% less water flow 
• 13% less fan energy 

– More if you consider the supply air temperature and 
airflow issues 

• Excess fan capacity on new units 
• 36% higher cost for units, but 

– Fewer piping connections 
– Fewer electrical connections 
– Fewer control panels 
– No need for control gateway 
– Can use the existing distribution piping and pumps (case 

study) 
– Can use high quality sensors and place them where they 

make sense 

• Possibly less turbulence at discharge? 
 
 

Example CRAH Unit Comparison 

http://www.nctu.edu.tw/
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Efficiency 
improvements of 

AC system 

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


On refrigeration effect and 
refrigeration capacity  

• The refrigeration capacity of the compressor Q 
is given by: (qe = h1 – h4)  

http://www.nctu.edu.tw/
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On work of compression and 
power requirement  

• The power input to the compressor is given by:    

•  (Δhc = h2-h1) 

• For a given clearance ratio and condenser temperature, the 
volumetric efficiency and hence the mass flow rate becomes 
zero at a lower limiting value of evaporator temperature (Te = 
Te,lim).  
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On COP and volume flow 
rate per unit capacity  

• As evaporator temperature increases 
the specific volume of the refrigerant at 
compressor inlet reduces rapidly and 
the refrigerant effect increases 
marginally. Due to the combined effect 
of these two (and volumetric 
efficiency), the volume flow rate of 
refrigerant per unit capacity reduces 
sharply with evaporator temperature 
as shown in the following. This implies 
that for a given refrigeration capacity, 
the required volumetric flow rate and 
hence the size of the compressor 
becomes very large at very low 
evaporator temperatures.  

http://www.nctu.edu.tw/
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Effect of condenser temperature 

• Atmospheric air is the cooling medium for most of 
the refrigeration systems. Since the ambient 
temperature at a location can vary over a wide range, 
the heat rejection temperature (i.e., the condensing 
temperature) may also vary widely. This affects the 
performance of the compressor and hence the 
refrigeration system. The effect of condensing 
temperature on compressor performance can be 
studied by keeping evaporator temperature constant.  

http://www.nctu.edu.tw/
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On volumetric efficiency and 
refrigerant mass flow rate  

• At a constant evaporator temperature as the condensing temperature 
increases, the pressure ratio increases, hence, both the volumetric 
efficiency and mass flow rate decrease as shown in the figure. 
However, the effect of condensing temperature on mass flow rate is 
not as significant as the evaporator temperature as the specific 
volume of refrigerant at compressor inlet is independent of 

condensing temperature.  

http://www.nctu.edu.tw/
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On refrigeration effect and 
refrigeration capacity  

• Since the evaporator enthalpy remains constant at a constant 
evaporator temperature, the refrigeration effect decreases with 
increase in condensing temperature as shown in Figure. The 
refrigeration capacity (Qe) also reduces with increase in condensing 
temperature as both the mass flow rate and refrigeration effect 
decrease as shown.  

http://www.nctu.edu.tw/
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On work of compression 
and power requirement  

• The work of compression is zero when the condenser 
temperature is equal to the evaporator temperature, on the 
other hand at a limiting condensing temperature the mass 
flow rate of refrigerant becomes zero as the clearance 
volumetric efficiency becomes zero as explained before. 

http://www.nctu.edu.tw/
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On COP and volume flow 
rate per unit capacity  

• As condensing temperature increases the refrigeration effect 
reduces marginally and work of compression increases, as a result 
the COP reduces as. Even though the specific volume at compressor 
inlet is independent of condensing temperature, since the 
refrigeration effect decreases with increase in condensing 
temperature, the volume flow rate of refrigerant per unit capacity 
increases as condenser temperature increases as shown.  

http://www.nctu.edu.tw/
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Compressor discharge temperature 
• If the compressor discharge temperature is very high then it may 

result in breakdown of the lubricating oil, causing excessive wear 
and reduced life of the compressor valves (mainly the discharge 
valve). In hermetic compressors, the high discharge temperature 
adversely affects the motor insulation (unless the insulation is 
designed for high temperatures). 

 

• Then the discharge temperature,  

      T is given by: 

http://www.nctu.edu.tw/
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Actual compression process  

• Actual compression processes deviate from 
ideal compression processes due to:  

– Heat transfer between the refrigerant and 
surroundings during compression and expansion, 
which makes these processes non-adiabatic  

– Frictional pressure drops in connecting lines and 
across suction and discharge valves  

– Losses due to leakage  

http://www.nctu.edu.tw/
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Monitoring Index 
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Data center Energy 
Monitoring Index  

• DCiE (Data center infrastructure efficiency 

 

 

– One benefit of using the DCiE rather than the PUE 
is that it has an easily understood scale of 0-100% 

• PUE (Power usage effectiveness) 

ASHRAE Transactions 2010, 

Vol. 116, Part 1. pp. 9-23 
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Losses.. 
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Data center Energy Monitoring Index 
Conti.. 

• RCI (RACK COOLING INDEX) 

– RCI is a measure of how effectively equipment 
racks are cooled within a given thermal guideline, 
both at the high end and at the low end of the 
temperature range. 

– ASHRAE recommended the allowable temperature 
ranges 64.4–80.6°F (18–27°C) and 59.0–89.6°F 
(15–32°C), respectively. 

– The RCI “compresses” the equipment intake 
temperatures into two numbers—the RCIHI and 
the RCILO. 

http://www.nctu.edu.tw/
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RTI  
(RETURN TEMPERATURE INDEX) 

 – A measure of the net level of by-pass air or net 
level of recirculation air in the equipment room. 
Both effects are detrimental to the overall energy 
and thermal performance of the space. 

– By-pass air does not contribute to the cooling of 
the electronic equipment, and it depresses the 
return air temperature. 

– Recirculation is one of the main reasons for hot 
spots or areas significantly hotter than the 
ambient temperature. 

http://www.nctu.edu.tw/
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Three key factors in lowering energy usage 
and maximizing performance  

HVAC&R Res. J. 9, No. 2, 137–152 (2003) 

• Minimize the infiltration of hot air into the 
rack inlets. 

• Minimize the mixing of hot return air with 
cold-air streams prior to return to the CRAC 
units. 

• Minimize the short-circuiting of cold air to the 
CRAC inlet. 

http://www.nctu.edu.tw/
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• The typical temperature difference in DP (data 
processing) equipment and CRAC units is 10 C.  

• To maintain the 10 C air temperature difference 
as the power dissipation of the DP racks 
increases, the flow rate through the rack must 
increase in direct proportion. This is not always 
the case since many DP racks with higher heat 
loads are now experiencing temperature 
differences as high as 15 C to 20 C. 

• For a rack heat load of 4 kW, the resulting flow 
rate was 20 m3/min to maintain the 10 C 
temperature difference across the DP rack. 

http://www.nctu.edu.tw/
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Perforated tile flow rates (m3/min) to 
maintain an average inlet air temperature 

of 10 C 
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Cooling Technology in Datacom 

• Air cooling 

 

 

 

• Liquid cooling 
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Liquid Cooling Overview 
 – The coolants 

• FluorinertsTM (fluorocarbon liquids) 

• Water (or water/glycol mixtures) 

• Refrigerants (pump & vapor compression 
systems) 

http://www.nctu.edu.tw/
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Comparison of Cooling Fluids Based on 
Cooling Solution Requirements 

 

ASHRAE Transactions 2010, Vol. 116, Part 1, pp. 24-31 
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Economizer (free cooling) 
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Economizer mode 

• In an economizer mode, the compressor function is 
fully or partially bypassed, eliminating or reducing its 
energy use. The compressor is used to move heat 
from within the data center to the outdoor 
environment when the outdoor temperature is 
greater than the data center temperature. 

• Economizer modes are sometimes referred to as 
“free cooling”. Most systems using economizer 
modes spend most of the time in a partial bypass 
mode, so part of the cooling energy is saved, but the 
cooling is not “free”. 

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


• The operation of data center at partial loads increases the benefit 
of economizer modes, and more designers recognize that data 
centers spend a considerable fraction of their life at light load 

• The trend toward operation of data centers at higher IT air return 
temperatures has a dramatic effect on the percent of time 
economizer mode operation is possible, especially in warmer 
climates. 

•  Most new implementations of economizer modes can now operate 
in a “partial”  economizer mode, which greatly increases the 
amount of energy saved in almost all cases. 

• The tools available for quantifying the energy saved by 
implementing economizer modes are now improved and frequently 
predict significant savings possibilities with excellent ROI. 

• Real-world experience with economizer modes and improvement 
of controls and monitoring systems, have increased confidence that 
these modes do not adversely affect the reliability of data centers. 

http://www.nctu.edu.tw/
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Series / Parallel Operation for Economizer  

• In a series configuration, the component that bypasses the 
compressor (e.g. plate-and-frame heat exchanger) is installed 
in series with the compressor. This configuration allows for 
partial economizer mode where the heat exchanger “pre-
cools” the air or water. This reduces the total heat energy that 
the compressor must reject, saving a significant amount of 
energy. 

• In a parallel configuration, the component that bypasses the 
heat pump is installed in parallel with the heat pump. This 
configuration prevents the ability to operate in partial 
economizer mode. This “all or nothing” approach fails to 
capitalize on the significant energy savings available by 
operating in partial economizer mode. 

http://www.nctu.edu.tw/
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Typical Airside economizer 
The concept of an airside economizer is to capture outside 
air with low heat content to replace internal heat gain from 
occupants, lighting and equipment when outdoor weather 
condition are favorable. 

http://www.nctu.edu.tw/
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Air-side economizer 
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Air-Side Economizer Design 
conditions 
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Air conditioner bypass via direct 
fresh air 

• A fresh air economizer mode (sometimes 
referred to as direct air) uses fans and louvers 
to draw a certain amount of cold outside air 
through filters and then directly into the data 
center when the outside air conditions are 
within specified set points. 

http://www.nctu.edu.tw/
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Air conditioner bypass via air heat 
exchanger 

• An air conditioner bypass via air heat 
exchanger mode (sometimes referred to as 
indirect air) uses outdoor air to indirectly cool 
data center air when the outside air 
conditions are within specified set points. 

http://www.nctu.edu.tw/
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Air conditioner bypass via heat 
wheel 

• An air conditioner bypass via heat wheel 
mode uses fans to blow the cold outside air 
through a rotating heat exchanger which 
preserves the dryer air conditions of the data 
center space 

http://www.nctu.edu.tw/
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Chiller bypass via heat exchanger 

• A chiller bypass via heat exchanger economizer mode 
uses the condenser water to indirectly cool the data 
center chilled water when the outside air conditions 
are within specified set points. 

http://www.nctu.edu.tw/
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Chiller compressor bypass via 
chiller internal thermo-siphon 

• Some chillers offer a thermo-siphon economizer 
mode option that allows the compressor to be 
turned off when the outside air conditions are within 
specified set points. In this mode, the chiller acts like 
a simple heat exchanger. The principle of thermo-
siphon causes the hot refrigerant to naturally move 
toward the cold condenser coil where is it cooled. 
The cold refrigerant then relies on gravity or a pump 
to travel back to the evaporator coil where it cools 
the data center chilled water. 

http://www.nctu.edu.tw/
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Packaged chiller bypass via dry 
cooler (or via evaporative cooler) 

• A packaged chiller bypass via dry cooler economizer 
mode uses a heat exchanger known as a dry cooler to 
directly cool the data center chilled water when the 
outside air conditions are within specified set points. 

http://www.nctu.edu.tw/
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CRAC compressor bypass via 
second coil 

• In this type of economizer mode, the direct 
expansion (DX) CRAC includes an independent 
second coil that uses the condenser water 
during economizer mode operation. 

http://www.nctu.edu.tw/
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Comparison of the different 
economizer modes 
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Economics of 
evaporative assist 

 • The cost of evaporative coolers and evaporative assist in 
general include the material cost, water usage, and water 
treatment. 

• These costs must be considered when deciding upon a data 
center cooling system. 

• Evaporative assist is most effective in dry climates such as Las 
Vegas and Dubai. The cost of an evaporative cooler must be 
balanced against its effectiveness in climates that are more 
humid.  

• It is possible to spend more on evaporative cooling than is 
saved on cooling system energy. 
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Water side economizer 
The basic principle of waterside economizer is to pre-cool some or 

all of the return water in a chilled water loop with the cooling tower, 

substantially reducing or even eliminating the need of mechanical 

cooling. Through the use of plate and frame heat exchangers, 

building heat is transferred from the chilled water loop into the 

cooling tower loop and eventually dissipated into the atmosphere. 

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


Water-Side Economizer 
Integrated 

Heat 

Exchanger in 

series with 

chillers on 

CHW side 
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Typical parallel waterside economizer (PWSE) flow diagram in normal 
operation (left) and economizer operation (right). 
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Typical series waterside economizer (SWSE) flow diagram in 
normal operation (left) and economizer operation (right) 
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Economizer Summary 

Air-Side Economizers 
• Provides free cooling when dry-

bulb temperatures are below 
78°F-80°F. 

• May increase particulates (LBNL 
research indicates this is of little 
concern). 

• Should be integrated to be most 
effective. 

• Improves plant redundancy! 
• Can work in conjunction with 

water-side economizers on data 
centers! 

• Need to incorporate relief. 

Water-Side Economizers 
• Provides low energy cooling when 

wet-bulb temperatures are below 
55°F-60°F. 

• Avoids increased particulates 
(and low humidity if that 
concerns you). 

• Should be integrated to be most 
effective (see previous slide). 

• Improves plant redundancy! 
• Can work in conjunction with air-

side economizers on data 
centers! 
 
 

Both are proven technologies on data centers! 
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Study on Free Cooling Systems for 
Data Centers in Japan 
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Energy Efficient Free Cooling 
System for Data Centers 

 2011 Third IEEE International Conference on Cloud Computing Technology 

and Science 
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Liquid Cooling 
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Liquid Cooling 
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Basic Piping Architecture 

• Direct return 
– The most basic type featuring  

    reduced number of connection pt. 

http://www.nctu.edu.tw/
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• Reverse return 
– Create a network with self-balancing 
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Single ended loop with direct feed 

• Loop piping main allow a section in the main 

     to be maintained and repaired 
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Single ended with 
common cross branch  

• Allow bi-direction flow in the main and cross branch 
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Double ended with direct feed 

• Two connections to the plant, avoid the single 
point failure 
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Double ended with cross branch 
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Overview of coolant 
distribution unit (CDU) 
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Characteristics of traditional hard 
piping methods 
APC white paper #131 

• Carbon steel pipe schedule 40 and hard copper pipe 
type L or M are most commonly used. Hard piping 
requires the use of threaded, grooved, welded or 
brazed fittings at every turn, at every valve, at every 
branch to multiple air conditioners and at every 1.8 
or 6 meters (6 or 20 feet), depending on the available 
length of the pipe run. It is common to have multiple 
fittings in one pipe run from the chilled water source 
to the air conditioner. 
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Failure modes of hard piping 

• Leak 

• Galvanic Corrosion 

• Condensation 

• Mineral build-up (scaling) 
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Underfloor hard piping installation 
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Overhead hard piping installation 
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Flexible piping methodology 

• The flexible piping is a multi-layered composite 
tubing consisting of an aluminum tubing sandwiched 
between inner and outer layers of cross-linked 
polyethylene. This gives the piping flexibility to be 
routed through the data center with the rigidity to 
stay in place. The cross-linked polyethylene or PEX 
also offers excellent protection against corrosion and 
the smooth interior walls and chemical properties 
make it resistant to mineral buildup with hard or soft 
water eliminating the risk of pinholes. 
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Overhead flexible piping 
installation 
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Comparison Between Hard Piping and Flexible Piping 
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• The concern of water in the data center is also 
reduced with a flexible piping system for three 
reasons: 

– The overall piping system failure rate is greatly 
decreased due to the dramatic reduction in joints 

– The fundamental reliability of the base piping 
itself is higher 

– The potential for condensation is reduced by not 
having intermediate fittings or valves to insulate, 
which are the main points of condensation 
formation in a chilled water system. 

http://www.nctu.edu.tw/
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Air Cooling & 
Airflow Distribution 
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Basic airflow requirements 
(APC white paper #49) 

 • The airflow in and around the rack cabinet is critical 
to cooling performance. The key to understanding 
rack airflow is to recognize the fundamental 
principle that IT equipment cares about two things: 

– That appropriate conditioned air is presented at the 
equipment air intake 

– That the airflow in and out of the equipment is not 
restricted. 

• The two key problems that routinely occur and 
prevent the ideal situation are 

– The CRAC air becomes mixed with hot exhaust air before it 
gets to the equipment air intake 

– The equipment airflow is blocked by obstructions. 
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Air system design overview 

• Data center layout 

• Airflow configurations 
– Distribution: overhead or underfloor 

– Control: constant or variable volume 

• Airflow issues 

• Economizers 

• Humidity control issues 
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Air cooling issues 
• Limitations on the data densities served 

(~200 W/ft2) 
– Air delivery limitations 
– Real estate  

• Working conditions 
– Hot aisles are approaching OSHA (Occupational 

Safety & Health Administration) limits 

• Costly infrastructure 
• High energy costs 
• Management over time 
• Reliability 

– Loss of power recovery 
– Particulates 
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Wet Bulb Globe Temperature 
(WBGT) 

• A composite temperature used to estimate the effect of 
temperature, humidity, wind speed (wind chill) and solar 
radiation on humans. It is used by industrial hygienists, athletes, 
and the military to determine appropriate exposure levels to high 
temperatures. It is derived from the following formula:  

 
• Where 

• Tw = Natural wet-bulb temperature (combined with dry-bulb temperature indicates 
humidity) 

• Tg = Globe thermometer temperature (measured with a globe thermometer, also 
known as a black globe thermometer, to measure solar radiation) 

• Td = Dry-bulb temperature (actual air temperature) 

• Temperatures may be in either Celsius or Fahrenheit 

• Indoors, or when solar radiation is negligible, the following formula is used:  
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APC white paper #123 
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Airflow with constant volume systems 

• Hot spots 

• Higher hot aisle 
temperature 

• Possible equipment 
failure or degradation 




 ServersSupplyHVAC VV _

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


 Least hot spots 

 Higher air velocities 

 Higher fan energy 

 Reduced economizer 

effectiveness (due to 

lower return temperatures) 

  




 ServersSupplyHVAC VV _

Airflow with constant volume systems 

http://www.nctu.edu.tw/
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• Note most of these observations apply to 
overhead and underfloor distribution 

• With constant volume fans on the servers you 
can only be right at one condition of server 
loading! 

• The solution is to employ variable speed 
server and distribution fans… 

Airflow with constant volume systems 

http://www.nctu.edu.tw/
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Partial flow condition 

 Best energy performance 

but difficult to control 

  




 ServersSupplyHVAC VV _

Airflow with variable volume systems 
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How Do You Balance Airflow? 

• Spreadsheet 

• CFD 

• Monitoring/Site 
Measurements 

 

Image from TileFlow 

http://www.inres.com/Products/TileFlow/tileflow.html,  

Used with permission from Innovative Research, Inc.  

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


What’s the server airflow? 

SUN SUN DELL DELL

V490 V240 2850 6850

num fans 9 3 n/a n/a

total CFM (max) 150 55.65 42 185

total CFM (min) 27 126

fan speed single speed variable 2 speed 2 speed

fan control n/a inlet temp. 77F inlet 77F inlet

Form Factor (in U's) 5 2 2 4

heat min config (btuh) 798          454          

heat max config (btuh) 5,459           1,639       2,222       4,236       

heat max (watts) 1,599           480          651          1,241       

dT min config -               13            -           3              

dT max config 33                27            48            21            

servers per rack 8 21 21 10

CFM/rack (hi inlet temp) 1,200           1,169       882          1,850       

CFM/rack (low inlet temp) 1,200           567          1,260       

max load / rack (kW) 13                10            14            12            

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


Best air delivery practices 
(short summary) 

• Arrange racks in hot aisle/cold aisle configuration 
• Try to match or exceed server airflow by aisle 

– Get thermal report data from IT if possible 
– Plan for worst case 

• Get variable speed or two speed fans on servers if possible 
• Provide variable airflow fans for AC unit supply 

– Also consider using air handlers rather than CRACs for improved 
performance  

• Use overhead supply where possible 
• Provide aisle capping (preferably cold aisles, refer to LBNL 

presentation for more details) 
• Plug floor leaks and provide blank off plates in racks 
• Draw return from as high as possible 
• Use CFD to inform design and operation 
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Short stops.. 

• Use air- or water-side economizers where 
possible 

• Consider personal grounding in lieu of 
humidification 

• Consider AHUs as an alternative to CRACs 
• Consider VSDs on fans, pumps, chillers and 

towers 
• Refer to ASHRAE, LBNL and Uptime Institute for 

more recommendations 
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Some data center airflow 
configurations 

(a) raised-floor supply;  

(b) raised-floor supply/ceiling return;  

(c) raised-floor supply/ceiling supply; 

(d) non-raised floor/ceiling supply 

http://www.nctu.edu.tw/
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Server airflow front to 

back or front to back and 

top are recommended 

©  2004, American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. (www.ashrae.org). Reprinted by permission from 

ASHRAE Thermal Guidelines for Data Processing Environments. This material may not be copied nor distributed in either paper or digital form 

without ASHRAE’s permission. 

Data center layout 

Cold Aisle 

Hot Aisle 

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


Data center layout 

©  2004, American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. (www.ashrae.org). Reprinted by permission from 

ASHRAE Thermal Guidelines for Data Processing Environments. This material may not be copied nor distributed in either paper or digital form 

without ASHRAE’s permission. 

Underfloor Supply 

Cold Aisle 

Hot Aisle 

Only 1 pressure 

zone for UF! 
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Data center layout 

©  2004, American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. (www.ashrae.org). Reprinted by permission from 

ASHRAE Thermal Guidelines for Data Processing Environments. This material may not be copied nor distributed in either paper or digital form 

without ASHRAE’s permission. 

Overhead Supply 

Cold Aisle 

Hot Aisle 

You can 

incorporate VAV 

on each branch 

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


Elevation at a cold aisle looking at racks 

Typical temperature profile with UF supply 

Too hot Too hot 

Just right 

Too cold 

There are numerous references in ASHRAE.  See for example V. Sorell et al; “Comparison of 

Overhead and Underfloor Air Delivery Systems in a Data Center Environment Using CFD 

Modeling”; ASHRAE Symposium Paper DE-05-11-5; 2005 
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Elevation at a cold aisle looking at racks 

Too warm Too warm 

Just right 

Typical temperature profile with OH supply 
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Aisle capping 

©  2004, American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. (www.ashrae.org). Reprinted by permission from 

ASHRAE Thermal Guidelines for Data Processing Environments. This material may not be copied nor distributed in either paper or digital form 

without ASHRAE’s permission. 

Cold Aisle Caps 

End cap 

Hot aisle lid 

©  APC reprinted with permission 

Cold Aisle 

Hot Aisle 

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


Aisle capping 

©  2004, American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. (www.ashrae.org). Reprinted by permission from 

ASHRAE Thermal Guidelines for Data Processing Environments. This material may not be copied nor distributed in either paper or digital form 

without ASHRAE’s permission. 

Cold Aisle Caps 

LBNL has recently performed 

research on aisle capping 

Cold Aisle 

Hot Aisle 

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


Overhead (OH) vs. Underfloor (UF) 

Issue Overhead (OH) Supply Underfloor (UF) Supply

Capacity Limited by space and aisle velocity. Limited by free area of floor tiles.

Balancing Continuous on both outlet and branch. Usually limited to incremental changes by 

diffuser type.  Some tiles have balancing 

dampers.  Also underfloor velocities can 

starve floor grilles!

Control Up to one pressure zone by branch. Only one pressure zone per floor, can 

provide multiple temperature zones.

Temperature 

Control

Most uniform. Commonly cold at bottom and hot at top.

First Cost Best (if you eliminate the floor). Generally worse.

Energy Cost Best. Worst.

Aisle Capping Hot or cold aisle possible. Hot or cold aisle possible.

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


• Prevention of hot and cold air mixing is a key to all 
efficient data center cooling strategies. 

• Both HACS and CACS offer improved power density and 
efficiency when compared with traditional cooling 
approaches. A hot-aisle containment system (HACS) is a 
more efficient approach than a cold-aisle containment 
system (CACS) because it allows higher hot aisle 
temperatures and increased chilled water temperatures 
which results in increased economizer mode hours and 
significant electrical cost savings. Cooling set points can 
be set higher while still maintaining a comfortable 
temperature in the uncontained area of the data center. 

http://www.nctu.edu.tw/
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APC white paper #46 
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Room, row, and rack based cooling 
architectures 

APC White paper #130 
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• Room-oriented: Supplying a room but primarily 
serving a low density area of mixed equipment such 
as communication equipment, low density servers, 
and storage. Target: 1-3 kW per rack, 323-861 W/m2 
(30-80 W/ft2) 

• Row-oriented: Supplying a high density or ultra-high 
density area with blade servers or 1U servers. 

• Rack-oriented: Supplying isolated high density racks, 
or ultra-high density racks. 

http://www.nctu.edu.tw/
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Room-oriented architecture 

• In room-oriented architecture, the CRAC units 
are associated with the room and operate 
concurrently to address the total heat load of 
the room. A room-oriented architecture may 
consist of one or more air conditioners 
supplying cool air completely unrestricted by 
ducts, dampers, vents, etc. or the supply 
and/or return may be partially constrained by 
a raised floor system or overhead return 
plenum. 

http://www.nctu.edu.tw/
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• The room-oriented design is heavily affected by the 
unique constraints of the room, including the ceiling 
height, the room shape, obstructions above and 
under the floor, rack layout, CRAC location, the 
distribution of power among the IT loads, etc. The 
result is that performance prediction and 
performance uniformity are poor, particularly as 
power density is increased.  

• Computational fluid dynamics (CFD) may be required 
to help understand the design performance of 
specific installations.  

http://www.nctu.edu.tw/
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• Another significant shortcoming of room-oriented 
architecture is that in many cases the full rated 
capacity of the CRAC cannot be utilized. This 
condition is a result of room design and occurs when 
a significant fraction of the air distribution 
pathways from the CRAC units bypass the IT loads 
and return directly to the CRAC. This bypass air 
represents CRAC airflow that is not assisting with 
cooling of the loads; in essence a decrease in overall 
cooling capacity. The result is that cooling  
equipments of the IT layout can exceed the cooling 
capacity of the CRAC. 

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

http://www.nctu.edu.tw/
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Rack-oriented architecture 

• The CRAC units are associated with a rack and are 
assumed to be dedicated to a rack for design 
purposes. The CRAC units are directly mounted to or 
within the IT racks. Compared with the room-
oriented or row-oriented architecture, the rack-
oriented airflow paths are even shorter and exactly 
defined, so that airflows are totally immune to any 
installation variation or room constraints. All of the 
rated capacity of the CRAC can be utilized, and the 
highest power density (up to 50 kW per rack) can be 
achieved. 

http://www.nctu.edu.tw/
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• The rack-oriented 
architecture has 
other unique 
characteristics in 
addition to extreme 
density capability. 
The reduction in the 
airflow path length 
reduces the CRAC fan 
power required, 
increasing efficiency. 

http://www.nctu.edu.tw/
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Mixed architecture 
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Benefit comparison of cooling 
architectures 

• Agility 

• System availability 

• Lifecycle costs (TCO) 

• Serviceability 

• Manageability 

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


 

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


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


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


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


 

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


Row based cooling can improved 
Cooling efficiency (APC white paper #126) 
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Row based cooling 
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Redundancy 
 • Redundancy is necessary in cooling systems to 

permit maintenance of live systems and to ensure 
the survival of the data center mission if an air 
conditioning device fails.  

• Power systems often use dual path feeds to IT 
systems to assure redundancy. This is because the 
power cords and connections themselves represent a 
potential single point of failure. 

• In the case of cooling, N+1 designs are common 
instead of dual path approaches because the 
common air distribution paths, being simply open 
air around the rack, have a very low probability of 
failure.  

http://www.nctu.edu.tw/
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Redundancy  for  
rack-oriented architecture 

• There is no sharing of cooling between racks, and no 
common distribution path for air. Therefore, the only 
way to achieve redundancy is to provide a full 2N 
dual path CRAC system for each rack: essentially 2 
CRAC systems per rack.  

• This is a severe penalty when compared with the 
alternative approaches. However, for isolated high 
density racks this is very effective as the redundancy 
is completely determined and predictable and 
independent of any other CRAC systems. 

http://www.nctu.edu.tw/
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Redundancy  for  
room-oriented architecture 

• In principle, redundancy to be provided by introducing a 
single additional CRAC, independent of the size of the room. 
This is the case for very low densities, and gives this approach 
a cost advantage at low densities. However, at higher 
densities the ability of a particular CRAC to make up for the 
loss of another is strongly affected by room geometry. For 
example, the air distribution pattern of a specific CRAC cannot 
be replaced by a backup CRAC unit that is remotely located 
from the failed unit.  

• The number of additional CRAC units that are required to 
establish redundancy increases from the single additional unit 
required at low densities to a doubling of CRAC units at 
densities greater than 10 kW per rack. 

http://www.nctu.edu.tw/
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Redundancy  for  
row-oriented architecture 

• Row-oriented architecture provides redundancy at the row 
level. This requires an additional or N+1 CRAC unit for each 
row. Even though the row CRAC units are smaller and less 
expensive than room units, this is a significant penalty at 
light loads of 1-2 kW per rack. However, for higher density 
this penalty is eliminated and the N+1 approach is sustained 
up to 25 kW per rack. This is a major advantage when 
compared with either room or rack-oriented designs, which 
both trend to 2N at higher densities. The ability to deliver 
redundancy in high density situations with fewer additional 
CRAC units is a key benefit of the row-oriented architecture 
and provides it a significant total cost of ownership (TCO) 
advantage. 

http://www.nctu.edu.tw/
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High-Density Zones in a 
Low-Density Data Center (APC white paper #134) 

• High-density equipment such as blade servers, 1U servers, and 
multi-core high-end servers provide more computing per watt 
compared to previous generation servers. However, when 
consolidated, this new generation of equipment requires 
concentrated power and cooling resources. Data center 
operators and IT executives are often uncertain about the 
capability of their existing data center and whether a new data 
center must be built to support higher rack densities. 
Fortunately, a simple solution exists that allows for the rapid 
deployment of high-density racks within a traditional low-density 
data center. A high-density zone, as illustrated in the Figure, 
allows data center managers to support a mixed-density data 
center environment for a fraction of the cost of building an 
entire new data center. 

http://www.nctu.edu.tw/
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The problem:  
unmanaged high density 

• Traditional data center design uses a raised floor to distribute 
cooling to low-density IT equipment (Figure 2a). However, 
when high-density equipment is randomly installed 
throughout a low-density data center the cooling stability is 
upset and hot spots begin to appear (Figure 2b). 

http://www.nctu.edu.tw/
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The solution: 
high density zones 

• This “drop in” solution eliminates the hot spots in Figure 2b by 
simply moving high-density equipment into the zone. The 
heat generated from the high-density IT equipment within 
this zone is rejected to the outdoors with no impact to the 
existing data center cooling system or the surrounding low-
density IT racks. 

http://www.nctu.edu.tw/
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• The system in Figure 4 integrates a cluster of high-density IT 
racks with a high-density row based cooling system and high-
density UPS and power distribution system in a  
remanufactured, pre-tested zone. 
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High-density zone 
containment methods 
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Uncontained zones  
• Rely on the standard layout and widths of the common hot 

aisle and cold aisle arrangement to keep hot and cold air 
streams from mixing. For this reason, uncontained zones 
depend on multiple racks in a row and are not effective in 
cooling stand-alone IT racks. The hot and cold aisles formed 
by rows of racks (and in some cases walls) are what isolate the 
hot and cold air streams as illustrated in Figure 6. 

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


• When to use this method: 

– When IT racks designated for the zone are moved 
and relocated frequently 

– When IT racks are used form a variety of different 
vendors 

• Trade-offs: 

– More row-based air conditioners required at 
lower densities in order to properly capture hot 
exhaust air from all IT racks. 

http://www.nctu.edu.tw/
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APC White Paper #135 
Hot-aisle vs. Cold-aisle Containment 
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Benefits of Containment 
APC white paper #135 

• Cooling systems can be set to a higher supply 
temperature (thereby saving energy and 
increasing cooling capacity) and still supply the 
load with safe operating temperatures.  

• Elimination of hot spots.  

• Economizer mode hours are increased.  

• Humidification / dehumidification costs are 
reduced.  

• Better overall physical infrastructure utilization, 
which enables right-sizing –which, in turn, results 
in equipment running at higher efficiencies. 
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Hot aisle containment 

• Hot aisle containment zones are identical to 
uncontained zones except for the fact that the hot 
aisle in every pair of rows is contained. 
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Cold Aisle Containment 
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Cold Aisle Containment – 
 efficiency limitation in Room based approach  
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Cold Aisle Containment – 
 efficiency limitation in Room based approach  
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Cold Aisle Containment – 
 efficiency limitation in row based approach  
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Cold Aisle Containment – 
 efficiency limitation in row based approach  
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• When to use this method: 

– In cases where floor space must be conserved. This method is 
popular because it consumes the same space as two rows of 
low-density racks. 

– In data centers with hot aisle / cold-aisle layouts 

• Trade-offs: 

– Hot aisle containment panels increase capital cost 

– Hot aisle containment may exceed work environment policies 
due to high temperature 

– Incompatible with some types of cabling, power strips, labels, 
and other materials that are not rated for high temperatures 

– Not possible with a single row of racks 

– Authority having jurisdiction (AHJ) may require fire 
suppression in hot aisle 
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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. 
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• When to use this method: 
– In cases where hot aisle containment is the preferred method, but a 

single odd row is left uncontained 

– When frequent access to and easy management of communication 
cables is required 

– For complete isolation in cases such as stand-alone open data center 
environments or mixed layouts – only when optional front containment 
is used   

– In wiring closets that lack any form of cooling, exposing high-density 
equipment to high temperatures – only when optional front 
containment is used 

– When sound attenuation is required – only when optional front 
containment is used 

• Trade-offs: 
– Front and rear containment panels increase capital cost 

– In a single rack configuration, cost increases substantially when cooling 
redundancy is required 
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Additional high density 
zone benefits 

• Standardization of design elements 

• Compatibility with any data center, new or 
existing 

• Configurability with dedicated UPS and power 
distribution 

• Configurability with any level of redundancy 

• Configurability with any number of IT racks 
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Containment Advantages 

• Energy savings in servers.  

• Energy savings in the facility chilling process 

• Energy savings in the facility air handling units 
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Row Layout Improvements 

 

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


Summary and analysis 

• The modular rack-oriented architecture is the most 
flexible, fast to implement, and achieves extreme 
density, but at the cost of additional expense. 

• Room-oriented architecture is inflexible, time 
consuming to implement, and performs poorly at 
higher density but has cost and simplicity advantages at 
lower density. 

• The modular row-oriented architecture provides many 
of the flexibility, speed, and density advantages of the 
rack-oriented approach, but with a cost similar to the 
room-oriented architecture. 
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Usable Capacity 

• Most users naturally assume that if they have 
500 kW of cooling units installed, they can 
install and cool 500 kW of IT loads. This is 
simply not the case. While a group of air 
conditioning units taken together may have in 
total the claimed capacity, this does not mean 
that they are able to deliver this cooling to the 
load. The fraction of the actual capacity that 
can be obtained in the real world cooling IT 
loads is called the “usable capacity”. 
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Typical Usable Capacity 
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• The usable capacity in a room-oriented architecture 
appears on the surface to be 100%, because it appears 
that all the capacity is pooled and sharable at the room 

level. In fact, at very low power densities such as 1-
2kW per rack, this is a reasonable assumption as 
shown in the Figure 5. However, this assumption 

breaks down quite dramatically as the power density 
increases. This loss of capacity is due to the inability of 
the system to deliver the required cool air to the load. 

The result is that the system must be oversized 
compared with the load, resulting in a reduction in the 
effective usable capacity. The lack of predictability of 

the room oriented architecture creates a practical 
cutoff of around 6 kW per rack as shown in Figure 5. 
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• Row-oriented offers the highest usable capacity across the 
broadest power density range. Due to the close coupling of the 
CRAC units to the load, all of the capacity can be delivered to 
the load up to power densities on the order of 25 kW, or 
approximately 4X the practical density capacity of room-
oriented architecture. In addition, CRAC units can share cooling 
with nearby racks, which reduces the stranded capacity 
problem discussed earlier which is associated with rack-
oriented architecture. However, the usable capacity of row 
oriented architecture falls at very low power densities, 
because air conditioning units must be assigned to every row 
no matter how low the density becomes. The unusual jagged 
nature of the usable capacity curve for the row-oriented 
architecture is due to quantization effects, due to finite row 
lengths combined with the need to assign CRAC units to specific 
rows and the lack of fractional sizes for the CRAC units.  
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• The usable capacity in a rack-oriented architecture is 
typically significantly less than 100%. In this 
architecture, each rack has a dedicated air conditioner 
and therefore dedicated capacity. Whenever the actual 
load in a rack is less than the rated capacity of that rack, 
the remainder of the capacity of that rack is not utilized, 
and furthermore cannot be utilized by any other rack. For 
example, if a rack has 10 kW of cooling but only a 6 kW 
IT load, the rack has 4 kW of stranded capacity that 
cannot be used by any other rack. This stranded capacity 
cannot be borrowed by neighboring racks for redundancy 
maintenance, or any other purpose. Since real-world 
racks vary significantly in power density, usable capacity 
may be 50% or even lower of the rated capacity. 
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Typical Electricity Usage 
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Five strategies for deployment of high 
density enclosures and blade servers 

APC White paper #46 

• 1. Load spreading.  

• 2. Rules-based borrowed cooling.  

• 3. Supplemental cooling.  

• 4. Dedicated high-density areas.  

• 5. Whole-room cooling.  
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• Cooling requirement Cooling an ultra-high 
density enclosure is a much more difficult 
problem than providing power. The blade 
server system described above would require 
approximately 2,500 cfm (cubic feet per 
minute) (1,180 L/s cool air at the intake (based 
on a common value of 20°F [11°C] exhaust air 
temperature rise) and would exhaust the 
same amount of heated air from the rear of 
the enclosure. 
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4 key elements in design blade 
server 

• Supply 2,500 cfm (1,180 L/s) of cool air to the 
enclosure 

• Remove 2,500 cfm (1,180 L/s) of hot exhaust 
air from the enclosure 

• Keep the hot exhaust air out of the intake 

• Provide all of these functions in a redundant 
and uninterrupted manner 
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Method 1: Load spreading  
 

• Provide the room with the capability to power and 
cool to an average value below the peak potential 
enclosure value, and spread out the load of any 
proposed enclosures whose load exceeds the design 
average value by splitting the equipment among 
multiple rack enclosures. 

– This is the most popular solution for incorporating high-
density equipment into today’s data centers. Fortunately, 
1U servers and blade servers do not need to be installed 
closely spaced in the same enclosure, and can be spread 
out across multiple racks. By splitting equipment among 
racks no rack need ever exceed the design power density 
and consequently cooling performance is predictable.  
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Method 2: Rules-based borrowed cooling  

 • Provide the room with the capability to power and 
cool to an average value below the peak enclosure 
value, and use rules to allow high density racks to 
borrow adjacent underutilized cooling capacity. 

– This approach takes advantage of the fact that some racks 
draw less power than the average design value. The 
cooling delivery and return capacity that was available to 
the underutilized enclosures is available to other 
enclosures in the same vicinity. A simple rule like “do not 
locate high density racks near each other” has some 
beneficial effect, but more sophisticated rules can be put 
in place that can reliably and predictably permit enclosures 
to be cooled to over twice the average design value.  
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Method 3: Supplemental cooling  
 

• Provide the room with the capability to power 
and cool to an average value below the peak 
enclosure value, and use supplemental cooling 
equipment to cool racks with a density greater 
than the design average value. 

– This solution normally requires that the 
installation be planned in advance to be able to 
utilize supplemental cooling equipment when and 
where needed. When a room has been planned in 
this way, a variety of techniques can be used to 
supplement rack cooling.  
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• A variety of techniques can be used to 
supplement rack cooling. These include: 

– Installation of specialty (grate-type) floor tiles or 
fans to boost the cool air supply from the CRAC to 
an enclosure  

– Installation of specialty return ducts or fans to 
scavenge the hot exhaust air from an enclosure 
for return to the CRAC  

– Installation of special racks or rack mounted 
cooling devices with the capability to provide the 
required cooling directly from the rack  
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Method 4:  
Dedicated high-density area  

 

• Provide the room with the capability to power 
and cool to an average value below the peak 
enclosure value provide a special limited area 
within  density enclosures to that area. 

– This approach requires prior knowledge of the 
fraction of high density enclosures, and the ability 
to segregate those enclosures into a special area, 
and under these constraints can achieve optimal 
space utilization.  
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Method 5: Whole-room cooling  
 

• Provide the room with the capability to power 
and cool any and every rack to the peak 
expected enclosure density. 

– This is conceptually the simplest solution but is 
never implemented because data centers always 
have substantial variation in per-rack power and 
designing for the worst case is consequently 
wasteful and cost prohibitive. Furthermore, to 
design for an overall rack power density of over 6 
kW per rack requires extremely complex 
engineering and analysis.  
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Practical strategy to optimize cooling when 
deploying high density computing equipment 
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Physical design of data center systems 
(IBM J. RES. & DEV. VOL. 49, 2005, pp. 709-723) 

• Layout of computer rack equipment 

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

• Air distribution configurations 

– Hot rack exhaust air recirculation—A major 
cooling problem. 
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APC white paper #49 
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APC white paper #49 
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APC white paper #49 
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APC white paper #49 
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Air velocity from floor grilles 
• It is important to understand that the cooling 

capacity of the cabinet is directly related to the 
airflow volume delivery stated in CFM (cubic feet per 
minute). IT equipment is designed to raise the 
temperature of the supply air by 20-30°F (11-17°C). 
Using the equation for heat removal, the amount of 
airflow required at a given temperature rise can be 
quickly computed. 
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• Variations in tile airflow are undesirable but some averaging 
and sharing of airflow do take place within the data center; for 
this reason, individual tile airflow variations of 30% should be 
considered acceptable. However, the huge variations shown 
for grate-tiles in Figure 4 are not acceptable since a fraction of 
rack locations would not receive sufficient cooling capacity.  

APC white paper #46 
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Air cooling for datacenter cooling 
- common questions 

• 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 optimum 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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Raised Floor Design 

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


Elements of the raised floor 
 

• The raised floor was developed and 
implemented as a system intended to provide 
the following functions: 

–  A cold air distribution system for cooling air  
Tracks, conduits, or supports for data cabling 

– Conduits for power cabling  

– A copper ground grid for grounding of equipment 

– A location to run chilled water or other utility 
piping 
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The problems of using a raised floor 
(APC white paper #19) 

• Earthquake 

• Floor loading 

– The buckling (lateral) strength of the floor depends on the 
presence of the tiles. Routinely pulled in a data center when 
frequently required cabling changes or maintenance is 
performed. This situation can give rise to unexpected 
catastrophic collapse of the raised floor. 

• Access 

– Modern data center is around two years gives rise to the 
situation where data and power cabling is subject to nearly 
continuous change. The difficulty of access to this cabling when 
it is under the raised floor results in delay and costs associated 
with changing needs. 
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• Headroom 

– The loss of headroom for some data centers is not 
acceptable. 

– In Japan, it is common for the floor of the next overhead 
level of the building to be cut out to create the headroom 
required. 

• Conduit 

– When cabling is run under a raised floor it becomes 
subject to special fire regulations. consider a fire in an air 
plenum to be a special risk. Therefore, cabling under the 
raised floor is required to be enclosed in fire-rated conduit, 
which may be metal or a special fire rated polymer. The 
result is costly and complex to install this conduit, and a 
particularly difficult problem when conduit changes are 
required in an operating data center. 
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• Power distribution 

– The number of branch circuits per square foot in the modern data 
center is much greater than. The density of the resulting conduits 
associated with this dramatic increase in branch circuits represent 
a serious obstacle to underfloor air flow. This can require a raised 
floor height of 4 feet (1.2 meters) to ensure the needed airflow. 
Increasing the height of the raised floor compromises the 
structural integrity and compounds cost, floor loading, and 
earthquake issues. 

• Security 

– The raised floor is a space where people or devices may be 
concealed.  

– In the case of data centers which are partitioned with cages, such 
as co-location facilities, the raised floor represents a potential way 
to enter and access caged areas. This is a reason why many co-
location facilities do not use raised floor systems. 
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• Cost 

– The raised floor represents a significant cost. 

• Cleaning 

– The raised floor is an area which is not convenient to 
clean. Dust, grit, and various items normally accumulate 
under the raised floor and are typically abandoned there 
since the difficulty and accident risk associated with 
cleaning this area are considered to be serious obstacles. 

• Safety 

– A tile left open poses a severe and unexpected risk to 
operators and visitors moving in the data center. 
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Modifications of raised floor design 
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Local Distribution Design 
• Introduce cold air to the aisle as close as possible 

• Reduce poor air distribution and mixing 

 

• Cooling @ exhaust is preferred to eliminate condensate carryover 
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Overhead Design 

• Overhead design provide a 
higher static pressure which 
normally give rise to a better 
air flow distribution. 
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• Cabinet fan in Figures 3 and 4 
lend themselves to the “hot 
aisle/cold aisle” solution and 
were designed with that 
concept in mind.   

 

• Cabinet  arrangements in 
Figures 2, 5, and 6 lend 
themselves to the use of the 
ceiling plenum space as a return 
air plenum. 

Some Typical Cabinets Designs 
ASHRAE Transactions, 2005, Vol. 111, pt. 2, pp. 715-724 
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Data center air stream 

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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• CRAC flow (Mc): total air-flow rate produced by all 
operating CRAC units in the data center. This air flow rate is 
normally much more than what is needed by the servers. 

• Negative pressure flow (Mn): air that is induced into the 
floor void due to Venturi. With negative static pressure 
under the floor, air will be induced into the floor void from 
the space above 

• Bypass air flow (Mbp): this is air that leaves the floor grills 
and returns directly to the CRAC unit without cooling 
servers. 

• Recirculation airflow (Mr): air that is discharged from 
servers, which returns and mixes with air entering the 
servers to cool them. 
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Typical temperatures for 
a legacy data center : 

• Tr = 21°C [69.8°F], return air temperature to CRAC (at 
CRAC), normally the CRAC return air set point  

• Tc = 14°C [57.2°F], discharge air temperature from CRAC (at 
CRAC) 

• Tf = 14.1°C [57.4°F], floor void temperature (after room air 
is drawn in), very close to Tc 

• Ts = 21°C [69.8°F], server inlet air temperature (mixture of 
grill and recirculation air) 

• Th = 28°C [82.4°F], server outlet air temperature (before 
cold air mixes with it) 
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Bypass Air: 
Methods to reduce 

• Seal air gaps in the raised floor, particularly cable 
cutouts within cabinets at the discharge side of 
servers 

• Locate floor air grills so that they supply the inlet of 
servers, i.e. remove floor air grills from hot aisles and 
other areas where cooling isn’t required 

• Ensure air velocities from floor grills are not too high, 
which can cause air to overshoot the top of the 
cabinet 

• CRAC units turned off are a source of air bypass 
(consider air isolation with dampers) 
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Recirculation Air: 
Some methods for improvement 

 • Fit blanking plates in cabinets where servers are not installed 

• Close gaps between cabinets (where warm air can make its way 
to the server inlet) 

• Ensure as best as possible the adequate supply of cold air to the 
server inlets 

• Ensure air velocities and flows from floor grills are sufficient to 
reach the top of cabinet servers 

• Review air return path to CRACs and consider return air plenum 
or ductwork if necessary 

• Consider means to physically isolate the supply (cold) and return 
(hot) air streams 

• Remove obstructions under the floor that restrict cold air to 
supply the server inlets 
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Diagram of a Data Center 

Curtains containing the 

airflow in the Cold Aisles  

Diagram of a Data Center with mixing of 

hot and cold air - a very common cause of 

power loss. 
Cold Aisle Containment 
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Conventional vs. Modern Hot aisle 
Containment Design (APC white paper #123) 
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Ventilation Design 
Some guidelines 

• The best ventilation scheme is a raised floor 
for chilled air supply (Figure 1b) with exhaust 
hot air removal from vents in the ceiling or 
top parts of the walls or venting via CRAC 
units (Figure 1a) that reside on the raised 
floor.  

• The worst ventilation scheme is with 
overhead chilled-air supply (Figure 1c) with 
exhaust vents at the floor or at the bottom 
part. 

• The typical underfloor supply design (Figure 
1a) can result in hot spots at the very top part 
of the rack inlet.  Which is due to hot air 
recirculation patterns. This does not occur in 
overhead supply designs. where the chilled air 
is supplied from the top, leading to good 
mixing at the top of the rack 

ASHRAE 
Transactions, 2007, 
pt. 1, pp. 206-218. 
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Ventilation Design 
Some guidelines (Conti..) 

• If hot exhaust air from equipment and cabinets can 
be directed upward into a ceiling return plenum, this 
may be superior to simply having a 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. 
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Raised Floor Plenum Height 
 • 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 from a large number of perforated tiles can be made 
uniform if perforated tiles of varying percent openings. 

• 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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Room Ceiling Height 
- some guidelines 

 • The ceiling height will depend on the type of ventilation system 
that is chosen. 

• When the supply chilled air from the perforated tiles exceeds the 
rack flow rates (110%), then increasing the ceiling height reduces 
the datacom equipment intake temperatures for three cases: 
– underfloor chilled air supply and room CRAC hot air return with a hood at 

the top of the CRAC. 

– underfloor air supply and ceiling hot air return that vents to the CRAC.  

– Overhead air supply and room CRAC hot air return at the bottom of the 
CRAC. 

• For flows from the perforated tiles equal to or less than the 
datacom 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. 
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Room Ceiling Height 
- some guidelines (Conti..) 

• 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 (42.8°F to 53.6°F) in hot spot 
regions, with small impact (inconsistent) in lower flux 
regions for 6 ft (1.83 m) tall racks arranged in a hot 
aisle/cold aisle fashion on a raised floor. 

• 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 for racks arranged 
in a hot aisle/cold aisle fashion on a raised floor with 
underfloor supply and room CRAC return. 
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Effect of Rack Placement 
- some guidelines 

• 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. 
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Effect of Rack Placement 
- some guidelines (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 as measured by Thermal Guidelines for 
Data Processing Environments (ASHRAE 2008, 2nd. Ed.) are much 
less than those required by the manufacturer, 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. 
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Detrimental Underfloor Blockages 
- some guidelines 

• If possible, 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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Reduce blockage effect 

 

Seal cable cutouts 

 

 

 

Cable management 
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APC white paper #119 
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CRAC Unit Placement and Configuration 
– some guidelines 

• If flexibility exists in the placement of the CRAC units. 
place them 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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• 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. 

CRAC Unit Placement and Configuration 
– some guidelines (Conti..) 
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• Racks that have a clear path of hot air back to the intakes 
of the CRAC units generally show low rack air 
temperatures. 

• 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 set point  temperatures can be 
changed via controlling the condenser conditions of the 
CRAC unit. 

CRAC Unit Placement and Configuration 
– some guidelines (Conti..) 
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Effect of Aisle Spacing 
- some guidelines 

• The most commonly found aisle spacings are 4 
ft (1.22 m) aisles that are consistent with two 
floor tiles for the hot aisle and cold aisle. 

• With the increased server rack powers, Beaty 
and Davidson (2005) suggest that the aisle 
widths be increased to allow for more air in 
the vicinity of the IT equipment and at a 
possible reduced velocity. 
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Effect of Aisle Spacing 
- some guidelines 

• 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. 

– 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. 

• Wider cold aisles will increase chilled air to the 
servers and lower the velocity exiting the tiles, 
thereby eliminating a potential "blow by" of the 
high-velocity chilled air. 
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Partitions: At the End of Aisles, Above 
Racks, Within Racks, and Between Racks 

• Placed ceiling partitions may help prevent recirculation of the 
hot exhaust air into the inlets of the servers, but consideration 
in the placement of these partitions must take into account local 
fire codes. 

• To prevent recirculation within a rack, it is important to install 
blanking panels for those areas of the rack that do not have 
servers installed and also in those areas where there is a clear 
path to the front of the servers of hot air from the rear. Gap 
partitioning between the different units in a rack is helpful in 
reducing rack inlet temperature. 

• Gaps between low-powered racks may be acceptable, since not 
much airflow is needed for low-powered racks and most if not 
all the air can come from the perforated tiles. 
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• 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. 

• For data centers with lower-powered racks (1.5 kW/rack), the 
facility's air-conditioning efficiency can be improved by about 5% by 
restricting the rack air intake opening to the bottom one-third potion 
of the front of the rack. Thus, the location of the intake and exit 
openings can influence energy efficiency. 

• For data centers with lower-power racks (1-3 kW/rack), using fully 
populated racks results in less hot exhaust air recirculation than 
using partially filled. 

Partitions: At the End of Aisles, Above 
Racks, Within Racks, and Between Racks 
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Partitions: At the End of Aisles, Above 
Racks, Within Racks, and Between Racks 

 

Schematic of the effects of gaps and blanking panels 
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Localized Cooling 

• Placing the cooling near the source 
of heat shortens the distance the air 
must be moved. This increases the 
capacity, flexibility, efficiency, and 
scalability of the cooling. 
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NON-RAISED-FLOOR DESIGNS 
EFFECT OF VARIOUS PARAMETERS 

• Use ~30° diffusers to reduce the temperatures at the top of 
the racks, and do not use diffusers (blowing air straight 
down) if the temperatures at the bottom of the racks need 
to be cool. 

• Using the air supply diffuser close to the top of the racks 
helps the bottom of the racks, and a larger clearance helps 
the tops of the racks. 

• High rack heat loads can mean high rack flow rates and 
better mixing, and this can sometimes drop the inlet air 
temperature to the rack. 

• The air at the top of the rack is usually hotter than at the 
bottom, even though this effect is not as pronounced as in 
underfloor air supply. 
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DATA CENTER ENERGY 
MANAGEMENT AND EFFICIENCY 

• Use an air-side economizer when outside air is cooler than 
data center hot exhaust air to the CRAC unit. 

• Using centralized air handlers means using larger sized, more 
efficient fans. Centralized units can also respond better to the 
varying thermal needs of different parts of the building and 
can also simplify the implementation of air-side economizers. 

• Optimize the refrigeration plant using higher building chiller 
water set points, variable-flow evaporators and staging 
controls, lower condenser water temperature set points, high-
efficiency variable-frequency drives in chiller pumps, and 
thermal storage units to handle peak loads. 
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DATA CENTER ENERGY 
MANAGEMENT AND EFFICIENCY, Conti.. 

• Localize liquid cooling of racks to augment air-handling 
capabilities  of existing cooling infrastructure. 

• Use free cooling via a water-side economizer to cool building 
chilled water in mild outdoor conditions and bypass the 
refrigeration system. 

• Use humidification control to prevent over-control of 
humidity and use a wide set point range of 30%-70% RH. 
Humidity control is very energy intensive and is not really 
needed in current day servers. It is also difficult to sustain due 
to susceptibility to sensor drift. Waste heat in the return 
airstream can be used for adiabatic humidification. 

• A common control signal can be used to ensure all CRAC units 
are set to the same humidity set point. 
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• Use high-efficiency power supplies and do not oversize the units. This 
could result in savings. 

• Power supplies need to meet the requirements of the Server System 
Infrastructure (SSI) Initiative, which is an industry-wide initiative to 
promote standardization of interfaces between server components 
such as the board., the chassis, and the power supplies. 

• Use high-reliability generation units as the primary power source with 
the grid as backup, and also use waste heat recovery systems such as 
adsorption chillers. This can allow the elimination of backup power 
sources such as uninterruptible power supplies (UPSs). 

• Use high-efficiency UPS systems. For battery-based power backup, use 
as high a load factor as possible with at least 40% or higher of the 
rated capacity. This may require the use of smaller battery-operated 
UPS systems in parallel. 

• Use power conditioning to operate the system in the most line-
efficient mode for line reactive systems. 
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Effect of ancillary equipment 
APC white paper #139 

• ancillary equipment: any stand-alone equipment not 
arranged in standard alternating hot aisle / cold aisle 
rows. 

• In typical data centers, this equipment includes devices 
such as switches, storage equipment, networking gear, 
and power distribution equipment. This equipment is 
generally lower in power density and accounts for 
approximately 5-10% of the IT load power for most data 
centers; however, depending on the business 
application, (e.g., a company whose primary application 
is data storage), this can be significantly higher. 
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• The temperature distribution remains fairly uniform 
after the ancillary equipment is added. While there 
are the expected hot areas at the exhaust locations 
of the ancillary equipment, the intake air remains 
relatively cool as denoted by the light blue areas. 
The ancillary equipment is being effectively cooled 
by the row cooling units. 
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• The placement of the ancillary loads have an impact on 
the temperature of the ancillary area. 

• When the room is oriented like option “d”, the ancillary 
equipment is more isolated (in an alcove) from the main 
row-based area. In this case, the aspect ratio, or ratio of 
the width (W) to length (L) has a significant impact on 
the temperature in this area. 

• For the other three layouts, the aspect ratio has 
negligible impact. 
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Effect of blanking Panels 

• In the case of front-to-back airflow, the rack, the equipment, 
and the blanking panels provide a natural barrier, which 
greatly increases the length of the air recirculation path and 
consequently reduces the equipment intake of hot exhaust air 
as illustrated in Figure 3B. However, these key functions do 
not hold for equipment with side-to-side airflow. 
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Cooling Options for Rack Equipment with 
Side-to-Side Airflow (APC white paper #50) 

• Frequently, equipment with side-to-side airflow is mounted in 
open-frame racks to facilitate cooling. However, this has a 
very serious consequence when racks are placed in a row with 
equipment in adjacent racks. Under this condition equipment 
may have its air intake in direct alignment with the exhaust of 
adjacent equipment. 
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Open rack frames with increased 
inter-rack spacing 

• Open frame racks are 
commonly used for 
equipment with side-to-
side airflow. However, 
they do not prevent 
airflow from adjacent 
equipment from entering 
air intakes, and they do 
not provide any 
significant separation of 
the exhaust air from the 
intake. 
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Dispersion Effect 
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Typical side air distribution 
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Guidelines specific to cooling  
from various switch and router 

• Have a minimum air space of 6 inches between walls 
and the chassis air vents. 

• Have a minimum horizontal separation of 12 inches 
between two chassis is required. 

• Avoid placing the chassis in an overly congested rack. 

• Do not place equipment near the bottom of the rack, 
because it might generate excessive heat that is 
drawn upward and into the intake ports of the 
equipment above, leading to over temperature 
conditions in the chassis at the top or near the top of 
the rack. 
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Guidelines specific to cooling  
from various switch and router (Conti..) 

• Never install the chassis in an enclosed rack that is not 
properly ventilated or air-conditioned. 

• Install the chassis in an enclosed rack only if it has 
adequate ventilation or an exhaust fan; use an open rack 
whenever possible. 

• Use baffles inside the enclosed rack to assist in cooling the 
chassis. 

• Planning the proper location and layout of your equipment 
rack is essential for successful system operation. 

• Unit is intended for installation in restricted access areas. 
A restricted access area can be special tool, lock and key or 
other means of security. 
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Some Thermal 
Measurements  

Guidelines 
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Environmental classifications 
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Controlled Environment 

• Control of humidity within the data center is 
essential to ensuring proper operation of the 
IT equipment. 

• Humidity levels that are too low can cause a 
static electric discharge. 

• Humidity levels that are too high can cause 
media failures in tape devices and other types 
of equipment failures 
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Why humidity control? 
(APC white paper #58) 

• The low humidity cooling air moving 
throughout the data center itself can be a 
source of static electricity every time it moves 
across an ungrounded insulated surface and 
must be guarded against by maintaining 
proper humidity levels. 
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HUMIDIFICATION CONTROLS 
 

• Data centers often over-control humidity, 
which results in no real operational benefits 
and increases energy use, as humidification 
consumes large amounts of energy.  
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PRINCIPLES 
 

– Humidification is very energy intensive. Dehumidification 
incurs even higher energy costs since the air is usually 
cooled to below 45°F to condense out water and then is 
reheated by an electric heater to ensure the supply air is 
not too cold. 

– Modern servers do not require extremely tight humidity 
control and typical data centers cannot actually provide 
tight humidity control due to sensor drift. 

– Centralized humidity control can keep all units serving the 
same space in the same humidification mode, eliminating 
simultaneous humidification/dehumidification common 
when using independent Computer Room Air Conditioners 
(CRACs) controls. 
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– Utilize adiabatic humidifiers and evaporative cooling for 
humidification whenever possible. Waste heat in the 
return air stream can be used to drive adiabatic 
humidification ‘for free’ when the outside air is too cold 
for adiabatic systems. 

– Computers do not emit humidity, nor do they require 
‘fresh’ outdoor ventilation air, so a well designed and 
controlled data center should have minimal humidity 
loads. Ensure outside air economizer, if present, is properly 
controlled to prevent unnecessary humidification loads. 
Provide a tight architectural envelope and optimized 
pressurization controls to minimize humid or dry outside 
air (OSA) infiltration. 
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Lower humidity limit 

• Mitigate electrostatic discharge (ESD) 
– Recommended procedures 

• Personnel grounding 
• Cable grounding 

– Recommended equipment 
• Grounding wrist straps on racks 
• Grounded plate for cables 
• Grounded flooring 
• Servers rated for ESD resistance 

– Industry practices 
• Telecom industry has no lower limit 
• The Electrostatic Discharge Association has removed humidity control as a primary 

ESD control measure in their ESD/ANSI S20.20 standard 

– Humidity controls are a point of failure and are hard to maintain 
– Many data centers operate without humidification 
– This needs more research 

• And for some physical media (tape storage, printing and bursting) 
– Old technology not found in most data centers 
– It is best to segregate these items rather than humidify the entire data center 
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Humidification 

• The integration of humidification equipment into air 
conditioners as is commonly done is fundamentally 
flawed, and that humidification should be separate from 
air conditioning equipment and done at the room level. 
This is for three reasons: 
– Higher density installations may have a large number of CRAC 

units no matter which architecture is chosen; there is no 
technical need to have as many humidification units and there 
are many practical disadvantages, such as maintenance, of having 
large numbers of them. 

– When a room has a number of humidifiers it is difficult to 
coordinate their operation, resulting in a waste of water and 
electricity. 

– Cold air can accommodate less moisture and attempting to force 
moisture into the cold air output stream of an air conditioner is 
inefficient or not possible depending on saturation. 
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ESD control: floor grounding 

Image from Panduit, reprinted with permission 
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IT equipment and environment 
humidity guidelines 
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Humidity Control 

• The best way to control humidity in the IT 
environment is to minimize the things that 
cause humidity levels to change and maximize 
the performance of the systems designed to 
regulate humidity. 

– Minimizing factors external to the IT environment 
that affect humidity 

– Minimizing factors internal to the IT environment 
that affect humidity 
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Three commonly installed types 
of humidification systems  

• Steam canister humidifiers introduce liquid water into a canister 
containing electrodes. When the electrodes are powered water is 
boiled and steam (water vapor) is produced. The steam is introduced 
via a tube into the air stream to be humidified. 

• Infrared humidifiers suspend quartz lamps over an open pool of 
water. The effect of the intense infrared light on the surface of the 
water is the release of water vapor that migrates into the air stream 
requiring humidification. 

• Ultrasonic humidifiers rapidly vibrate water to create a fog or mist 
that is introduced into the air stream requiring humidification. 
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Humidity Measurement 

• The single most important place to maintain 
proper relative humidity is at the cooling air 
intake opening on IT equipment. 
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• Most computer room air 
conditioners and air handlers 
measure the humidity level of 
data center air as it returns into 
the unit from the IT environment. 
Figure 3 shows the monitoring 
points on a down flow unit. 

• This data is used to control the 
operation of humidifiers if they 
are installed within the unit. The 
standard user interface on most 
precision cooling units provides 
readout of the relative humidity 
when requested. 
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CRAC Monitoring 
APC white paper #40 
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Testing the airflow of a vented 
floor tile 
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Thermal Measurements - Guidelines 
Thermal guidelines for data processing environments 2nd. Ed., ASHRAE 2009 
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Equipment Monitoring positions  
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Equipment room airflow 
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Some 

calculations/verifications 

from existing publications  
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Journal of Electronic 

Packaging,  MARCH 2011, Vol. 133 / 

011004-1 
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Factors Affecting the Airflow Distribution 
Journal of Electronic Packaging,  MARCH 2011, Vol. 133 / 011004-1 

• 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.  

– plenum height 

– open area of perforated tiles 
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Airflow and Cooling in a Data Center 
Journal of Heat Transfer, JULY 2010, Vol. 132 / 073001-1 
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Base Case 
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Effect of the Plenum Height 
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Effect of open area 

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


Effect of Under-Floor Obstructions 
Effect of a Circular Pipe as an Obstruction 

 
– 6 in. pipe @ 12 in. plenum 
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Effect of Under-Floor Obstructions 
Inclined partition 
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Effect of Under-Floor Obstructions 
perforated partitions 
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Our experiences to improve  
mal-distributions 

 

Pump Filter Magnetic flow meter

T

Water thermostat

Tank

T

DP9

P

3-way

valve

DP1

DPt

Pressure tap

hole 0.5mm

Inlet header

Outlet header

5
0

 m
m

5
0

 m
m

1
0

0
D

NO.1NO.9

Distance between

two adjacent tubes
are 10mm

D

 

Z-type
U-type

Table 1. The geometric sizes of the test sections. 

 

D 

mm 
H (mm) W ( mm) AR (mn) t ( mm) b (mm) L (mm) 

3 

12 12 0.442 18.5 6 120 

9 9 0.785 

18.5 

5 

120 

13.5 110 

3.5 90 

7 7 1.298 18.5 5 120 

2 

12 12 0.196 19 6 120 

9 9 0.349 19 5 120 

7 7 0.557 19 5 120 
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End Effects 

• Insufficient cooling occurs 
near and far away from the 
CRAC.  

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


End effects (Conti..) 

• The former is due to mal-distribution near 
the CRAC location. 

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

IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS, VOL. 19, pp. 1458-1472, 2008 
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Gaps Between the Racks 

• Normally, the racks are placed in a row in a 
contiguous manner. However, occasionally, there 
may be gaps between them. For example, in 
practice, gaps are created by removing a rack 
from a row. It is 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. 
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High-Velocity Flow Through 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%. 
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Use of Above-Floor Partitions 

• The success of datacenter cooling 

– keeping the hot air away from the inlets of the 
server racks. 
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Dropped ceiling & ducted rack  
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Concerns About the Ducted Solutions 

• Originally, the attractions of the raised-floor design were its simplicity and 
flexibility. One could easily move server racks to new locations and simply 
place perforated tiles next to them to provide cooling air. No ducting was 
involved. The use of a drop ceiling requires ducting of the return airflow to 
the CRAC units. This makes it difficult to relocate the CRACs. 

• Moving any racks to new locations requires the relocation of the vents on the 
drop ceiling in addition to the movement of perforated tiles. 

• The use of ducted racks presents additional problems. Relocating the racks is 
now even more difficult. Further, the flow rate provided by the CRAC blowers 
should match the flow rate demanded by the internal fans in the server racks. 

• The most serious concern is what happens when one or more CRAC units fail. 
Then the above-mentioned matching of the flow rates does not hold any 
more. Since the airflow exhausted by the server fans cannot be handled by 
the remaining CRAC units, hot air will flow from the space above the drop 
ceiling into the room below through the extra vents provided. This hot air can 
directly enter the server racks causing a catastrophic failure. 
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Short Summary 
• Significant progress had been made for datacenter 

thermal managements during the past decades. 
• Some guidelines are available but normal designs are 

still in a “case by case” basis for complex interactions 
amid building configuration, heat transfer, air flow, IT 
equipment and zoom layout.  

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

• Flow distribution is the most crucial problems in 
thermal managements, it depends on various 
parameters. This is especially critical for a air cooling 
system. 

• CFD is a viable tool in thermal management of 
datacenter. 
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Thank You 
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