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ABSTRACT

Energy consumption is a key concern in the lifetime of a
data center. Current efforts to reduce energy consumption
focus on the operation of the IT equipment and cooling systems
and include expansion of the operating temperature ranges for
IT equipment and the raising of cooling system setpoints.
Before these can be initiated, however, it is important to ensure
data center airflow is properly managed. Much energy is
wasted when air from CRAH (computer room air-handling)
units bypasses the IT equipment, returning directly to the air
handler without cooling any equipment. This wastage of
supplied air means that servers draw hot exhaust air to fulfill
their required airflow volumes. As this results in higher IT inlet
temperatures, CRAH setpoints are often reduced to compen-
sate, leading to higher energy consumption and inefficiency.
Appropriate air management minimizes bypass and recircu-
lation of air from server exhausts. Through continued moni-
toring of airflow, operators are able to target areas for
improvement and reduce energy consumption and risk. This
paper presents metrics for the air performance of data centers
and introduces the concept of air segregation efficiency (ASE),
a metric independent of IT and CRAH loads that looks at how
well air is segregated in the data center.

INTRODUCTION

The number of data centers continues to grow across the
globe. With this growing number of facilities, data center
energy consumption has also continued to grow due to the
increase in access to computers, mobile phones, and the Inter-
net, and the increasing intensity with which businesses and
individuals use IT. In 2013 it was estimated that United States

data centers used double the electricity consumed by all the
households of the city of New York (NRDC 2014).

As a result, owners and operators have become more
aware of their need to reduce energy consumption and their
impact on the environment. Indeed, the Natural Resources
Defense Council (NRDC) (2014) estimated that by removing
market barriers to energy efficiency—complicated CPU utili-
zation metrics, a lack of data center energy and carbon bench-
marking, and unintegrated IT and facilities teams—industry
best practices would be easier to implement and electricity
consumed by data centers could be reduced by as much as
40%. Historically, efforts have been focused on the energy
consumed by cooling systems, with a move towards higher IT
operating temperatures (ASHRAE 2012). However, to ensure
continued reliability of IT equipment, management of airflow
in the data center must be optimized.

Note, the metrics apply to both CRAH (computer room
air handler) and CRAC (computer room air conditioner) units.
CRAH is used throughout the paper to denote both unit types.
Please also note that although the metrics are described in rela-
tion to a raised floor environment, the model is also applicable
to facilities with a non-raised floor construction.

COOLING DELIVERY

CRAH units deliver cooled air to the data hall. This air is
usually drawn into the front of servers (or other IT equipment,
e.g. switches) and extracted at the rear before returning to the
CRAHs. The temperature of the air entering the servers is
dependent on the amount of air leaving the CRAHs that actu-
ally reaches the servers. Typically, a percentage of air bypasses
the servers altogether, returning to the CRAHs without cool-
ing any equipment. Servers therefore draw in hot air, either
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from their own exhaust or the exhaust of other servers back to
their inlet to satisfy required air volumes (recirculation). The
servers can therefore receive air at a temperature higher than
the desirable range. Targeted management of airflow in the
data center ensures that these effects are minimized. Rather
than appropriately addressing the issues of air management in
the facility, however, air is often oversupplied to compensate
and ensure adequate cooled air reaches the IT equipment. The
overall result is excessive energy consumption by the fans in
the CRAH units. Although IT manufacturers have started to
cover excursions into wider operating temperature ranges
under warranty, allowing opportunities to raise CRAH
setpoints, potential savings can only be realized with appro-
priate air management.

The amount of air supplied to, and demanded by, the IT
equipment can be quantified using air performance metrics,
defined previously by Tozer et al. (2009) and Flucker and
Tozer (2011) and summarized here. Using weighted average
temperatures to and from the CRAH units and IT equipment,
and applying mass flow balance equations, the average bypass
and recirculation air, and the resulting efficiencies of air
supply and demand can be determined.

With the temperatures measured at the CRAH and IT
equipment, average weighted temperatures are calculated for
Tci (air temperature entering cooling unit), Tco (air temperature
leaving cooling unit), Tii (air temperature entering IT equip-
ment), and Tio (air temperature leaving IT equipment). If the
hall contained a single CRAH and a single server, this weight-
ing would not be required, however, when using four average
temperatures to model a hall (with numerous CRAHs and
servers with different characteristics) the weighting becomes
complex. An approximate representation of the air perfor-
mance of a hall can be achieved using average nonweighted
temperatures, but for accuracy these temperatures need to be
carefully weighted in terms of their cold-airflow rates, which
is proportional to the IT load densities. Note the following
temperature calculations:

(1)

(2)

(3)

Bypass

Bypass flow (BP), shown in Figure 1 and Figure 4, refers
to cooled air that returns to CRAH units without cooling IT
equipment and is the ratio of the difference in temperature
between the IT exhaust and CRAH inlet to the maximum
temperature difference in the system. Note that unshaded
arrows are used to denote cold air and shaded arrows to denote
hot air. High bypass can lead to servers starved of cold air,
compounding recirculation (discussed next) as the server
draws in the air available, whether it is hot or cold. Bypass is
typically found at floor grilles in hot aisles; gaps in the raised

floor, such as cable cut-outs at the back of the rack; and floor
grilles oversupplying air in open cold aisles.

(4)

Recirculation

Recirculation flow (R), shown in Figure 2, refers to air
that is drawn from the IT equipment exhaust back to the server
inlet without returning first to the CRAH for cooling, resulting
in elevated server-inlet temperatures. This is mainly addressed
by ensuring sufficient cold air reaches the inlet to all IT equip-
ment and by installing rack blanking plates, and other best
practices set out in the European Code of Conduct for Data
Centers (European Commission 2015).

(5)

Negative Pressure

Negative pressure (NP) flow, shown in Figure 3, refers to
data hall air that is induced into the floor void due to the
Venturi effect. This is the result of high-velocity pressure
(proportional to the square of air velocity), which reduces the
static pressure (Bernoulli law of fluid dynamics). Once the
velocity pressure is higher than the total pressure (made up of
static and dynamic pressure), the static pressure at that point
becomes negative. With negative static pressure under the

T max T io T co–=

T c T ci T co–=

T i T io T ii–=
Figure 1 Bypass flow in the data center.
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Figure 2 Recirculation flow in the data center.
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floor, air will be induced into the floor void from the space
above. Negative flow and even low static pressure cause
considerable problems for racks in the immediate region, as
these will be starved of cold air. In practice, negative pressure
flow is low and even negligible, but is found near the CRAH
discharge where air velocities are high, i.e. floor grilles closest
to CRAHs. Unlike BP and R, which are almost impossible to
eliminate altogether, NP is not present in all data halls and is
difficult to measure. In air performance modeling, it is picked
up as a form of recirculation.

The resulting metrics described above enable operators to
pinpoint areas of data center operation where efficiency
measures should be applied. Figure 4 shows bypass, recircu-
lation, and negative pressure airflows.

Note the following temperature calculations and mass
flow of air:

• mc = mass flow of air from cooling units

• mi = mass flow of air to the IT equipment

• mf = mass flow of cold air to the IT equipment

AIR PERFORMANCE—

INSTALLED VERSUS SUPPLIED COOLING

Bypass and recirculation affect the amount of cold air that
reaches the servers. How well air is being transported in the
data center can be determined by comparing the amount of
cooling required by the IT equipment and the amount that
actually reaches the IT equipment, as opposed to the amount
of cooling that is installed. As described above, the supplied
cooling is dependent on the amount of bypass and recircula-
tion in the facility. The overall air performance can therefore
be defined by the performance of the supply and demand
airstreams. As previously noted, the following terms were
originally defined by Tozer et al. (2009) and refined later by
Flucker and Tozer (2011). Note, supply performance was orig-
inally referred to as flow performance and demand perfor-
mance as thermal performance (Flucker and Tozer 2011).

Supply Performance

Supply performance (supply) is a data hall metric of the
ratio of cooled air supplied to IT equipment to air produced by
CRAH units and is calculated as the difference in temperature
across the CRAH units to the maximum temperature differ-
ence in the system, i.e., between the server exhaust air and the
air supplied by the air handlers. A supply performance of 1
represents a data hall with no bypass and is defined by the
following equation:

(6)

Demand Performance

Demand performance (demand) is a data hall metric of the
ratio of cooled air supplied to IT equipment to the total air
supplied to IT equipment and is calculated as the temperature
change across the IT equipment to the maximum temperature
difference in the system (as above). A demand performance of
1 represents a data hall with no recirculation and is defined by
the following equation:

(7)

Availability of Flow

Availability of flow (Af) is a data hall metric of the ratio
of air supplied from the CRAH units to the amount of air
demanded by the IT equipment and shows whether sufficient
air is getting to the IT equipment. Altering fan speeds or
adding CRAH units can improve Af, which is often high when
a design has not been optimized for part load (Flucker and
Tozer 2013). An Af greater than 1 indicates an oversupply of
air, whilst a value less than 1 is an undersupply. An Af of 1
represents perfect airflow, although, in practice, a slight posi-
tive pressure (ensuring limited bypass) between cold and hot
airstreams is desirable to stop hot air recirculating back into

Figure 3 Cold-aisle section showing negative and low pres-
sure in the data center. Note, floor grilles are
located in front of each cabinet and where the hot
air enters the raised floor.

Figure 4 Data hall airflows in section for control on return
temperature with typical flow rates and tempera-
tures from and to CRAH units and servers.

supply 1 BP–
m f

mc
-------

T c

T max
----------------

T ci T co–

T io T co–
-----------------------= = = =

demand 1 R–
m f

mi
-------

T i

T max
----------------

T io T ii–

T io T co–
-----------------------= = = =
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the cold aisle. An Af of 1.1 is therefore more desirable than an
Af of 0.9, where some servers would run at slightly higher
temperatures. With Af at 1.1, the CRAH fans would use addi-
tional energy; at 0.9, some server fans would potentially be
operating at higher speed. Af is defined by the following equa-
tion:

(8)

Figure 5 represents the air management of a data center
where a facility in the top right-hand corner has ideal perfor-
mance.

Benefits of Monitoring Air Performance

In legacy facilities, data halls were flooded with cold air
without any effort to manage airflow. With low load densities
this was not a problem but, as they have increased, the need to
manage air and reduce energy consumption has become more
apparent. The parameters described above can be determined
using the Air Performance Tool (Operational Intelligence
2014), which enables users to understand the current perfor-
mance of their facility. Once the performance of air manage-
ment in the data center has been modeled, the operator is better
informed to target reduction of this energy and risk. It also
provides a basis for benchmarking and comparison of differ-
ent data centers and improvements made within individual
facilities. It also provides evidence for the effectiveness of
measures implemented to improve efficiency and can be used
to estimate energy savings and return on investment.

High bypass can be improved by the following:

• Ensuring floor grilles are located in the cold aisle and
not the hot aisle

• Ensuring air speeds are not so high that the air flows
over the top of the racks

• Blocking cable cut-outs in the floor
• Sealing gaps between racks in contained cold or hot

aisle arrangements

High recirculation can be improved by the following:

• Ensuring sufficient air reaches the IT equipment
• Installing rack blanking plates and blocking any gaps in

racks
• Ensure equipment with different airflow requirements

(e.g., front to back) are not located in the same racks
• Using rack doors (front and back) with high free area

(and avoid legacy glass doors)

Negative pressure can be improved by the following:

• Avoiding high air velocities under floor grilles, for
example, through ensuring minimal cable obstructions
in the raised floor

Air Performance Case Study 1

Figure 6 shows changes made to air performance in two
different facilities (previously shared in Tozer et al. 2009). The
changes to air management in case 1, with a load density of
550 W/m2 (50 W/ft2), are summarized in Table 1.

A f

mc

mi
------

T i

T c
----------

T io T ii–

T ci T co–
----------------------

demand

supply
--------------------= = = =

Figure 5 Air performance diagram. Figure 6 Air performance case studies.
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Negative pressure flow was found in this case due to air
induced into the floor void at almost all of the floor grilles
because of high floor velocities and resulted in recirculation.
Normally, NP is found close to the CRAH units, but velocities
were so high that the front of all the grilles were experiencing
it even though net flow was positive. Key air management
improvements implemented in the facility included the
following:

• General recommendations to block gaps in racks/raised
floor as discussed previously

• Replacement of two of the five CRAHs for slightly
larger units

• Removal of a flow divider in the floor void, which was
increasing the floor air velocities when one CRAH was
off

• Avoidance of the operation of adjacent CRAHs, which
was leading to high floor void air velocities

While the biggest improvement was recirculation (from
0.51 to 0.21), bypass was difficult to improve without using
variable-speed fans to reduce the CRAH airflow.

Air Performance Case Study 2

The changes to air management in case 2 of Figure 6, with
a load density of 291 W/m2 (27 W/ft2), are summarized in
Table 2.

The general data center layout in case 2 was back to front,
with some servers’ discharges and intakes on the same aisle.
The Af value indicates that inadequate airflow was reaching the
servers due to a fairly shallow raised floor void (0.45 m [1.5 ft]),
which was largely obstructed and restricted the flow rate signif-
icantly. The resulting low air velocities from floor grilles led to
starving cold air to servers at the top of racks. A mix of server
intakes and discharges in the same aisle caused further issues.
Key air-management improvements made to reduce recircula-
tion and increase balance included the following:

• Improved management of under floor obstructions
• A more efficient layout using a cold/hot aisle configura-

tion
• Installation of blanking plates in all the unused server

locations
• Installation of blanking panels between cabinets
• Installation of brush seals to all cable cut-outs

The results indicate a substantial improvement, and later
the client installed a return air plenum to reduce recirculation
further. However, the key remaining issue is low airflow deliv-
ered from the CRAH units (Af = 0.88). Potential solutions
include reducing air path resistance, increasing CRAH-unit
fan speeds, or adding additional units.

AIR CONTAINMENT AND ITS IMPACT ON

AIR PERFORMANCE

Traditional cooling systems in legacy data centers supply
cold air from CRAH units located on the perimeter of the room
to IT equipment via a raised floor. Air exhausted from the rear
of IT equipment returns to the CRAH unit having mixed with
the colder air of the data hall.As load densities have increased,
the haphazard nature of rack placement in non-hot/cold aisle
configurations and poor management of air have led to over-
sized cooling systems used to combat rising heat densities.
Segregation of hot and cold airstreams using air containment,
however, limits the opportunities for bypass and recirculation,
improving the efficiency of the cooling system.

The aim of containment is to segregate hot and cold
airstreams, providing opportunity to only supply the necessary
airflow and to raise CRAH setpoints, which are often reduced
to combat rising temperatures. Several types of containment
exist that enclose either the cold or hot aisles. Figure 7 shows
ideal segregation of hot and cold airstreams using cold-aisle
containment, but other options include semi-cold-aisle
containment (cold-aisle doors, no roof), hot-aisle contain-
ment, and chimney solutions with individual chimneys, rack
ducts, and row plenums.

Each solution has different advantages and disadvantages
and is usually chosen based on cost of implementation and
facility restrictions (when installed post-fit-out), as shown in
Table 3. The efficiency of segregation in each case is, however,
dependent on the quality of the installation.

AIR SEGREGATION EFFICIENCY

Air segregation efficiency (ASE) is concerned with the
effectiveness of hot- and cold-airstream separation in the data
center. The metric allows operators to monitor air manage-
ment independently of IT load and CRAH fan speeds and is
recommended as a management tool (alongside power usage
effectiveness, to which it is correlated) as the data center load
evolves. ASE is calculated using the following equation:

Table 1. Case Study 1: Key Characteristics

Before and After Air Management

Key Characteristics before
Air Management

Key Characteristics after
Air Management

Recirculation (R) = 0.51 Recirculation (R) = 0.21

Bypass (BP) = 0.61 Bypass (BP) = 0.48

Availability of flow (Af) = 1.22 Availability of flow (Af) = 1.52

Table 2. Case Study 2: Key Characteristics

Before and After Air Management

Key Characteristics before Air
Management

Key Characteristics after
Air Management

Recirculation (R) = 0.61 Recirculation (R) = 0.34

Bypass (BP) = 0.21 Bypass (BP) = 0.18

Availability of flow (Af) = 0.50 Availability of flow (Af) = 0.88
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(9)

Air Segregation Efficiency Case Studies

Ideal air segregation is when there is complete separation
of the hot and cold airstreams and bypass and recirculation are
both zero, as shown at the top right-hand corner of the air
performance diagram shown in Figure 8.

When improvements are made to air management and
bypass and recirculation are reduced, the characteristic point
on the air performance diagram moves diagonally toward the
top right corner. Af remains constant unless the flow rates of
the IT equipment or cooling units change, when the improved
state will move further along the same Af line.

Conversely, if no changes are made to air management,
but the airflow rate of the cooling units (or IT equipment) is
changed—by changing the fan speed or changing the number
of operating units—the characteristic point will move at 90° to
the Af line in an arc.

For the case studies in Figure 6, the air performance after
air management has not been fully optimized. In case 1, there
is still an oversupply of air. The site needs to incrementally
reduce CRAH fan speeds to move the point on the air perfor-
mance diagram along the current ASE curve towards Af = 1
(away from Af = 1.52). Recirculation will increase again but,
once temperatures have settled, further air management can be
implemented to improve ASE and move the data hall further
along the Af line toward the right-hand corner of the diagram.
This can include ensuring all gaps in floors and racks are
sealed, and the installation of appropriate air containment. In
case 2, there is an undersupply of air. In this case, CRAH fan
speeds need to be increased (or possibly additional units
installed) until the point on the air performance diagram
(moving along the same ASE line) is in a location where
Af1. Once the undersupply of air has been addressed, further
air-management improvements can be implemented. Once
these changes have been made, the facilities can then look at
raising setpoints.

Two further cases are indicated in Figure 8. In the top one,
the following steps were carried out:

1. Air management was improved.
2. Fan speed (and Af ) were reduced to save energy.

The lower case has a shortfall of air supply, with an Af of
around 0.3. Therefore the following steps were carried out:

1. Air volume was increased (through increasing fan speed or
adding CRAH units), increasing Af to approximately 1.2.

2. Air management improvements were implemented.

The Impact of Containment on ASE

Figure 9 shows the scatter of air performance results from
a range of facilities between the years of 2010 and 2014.
Circular points refer to noncontained legacy data halls and
diamond points to data halls with containment. The triangle
point indicates the average result.

In 2008, Tozer et al. found average bypass of 50% and
recirculation of 40%. The average results in Figure 9 show that
recirculation has improved while bypass has increased. This
suggests operators have made changes to air management, but
have not addressed the oversupply of air and that there is still
scope for improvement. Supply performance (1 – BP) differs
greatly between the facilities; however, the demand perfor-
mance (1 – R) results are more clustered into the top half of the

ASE 1 BP– 2 1 R– 2+
2

--------------------------------------------------=

Figure 7 Segregation of hot and cold air.

Table 3. Advantages and Disadvantages of

Different Containment Solutions

Containment
Type

Advantage Disadvantage

Cold-aisle
containment

Easier to fit in
existing hot/cold aisle

configurations

Most of the hall is
exposed to hot-aisle

temperature.
Lighting and fire

detection/suppression
may need modifying

Semi-cold-aisle
containment

Inexpensive.
Can be adapted to suit

existing fit out, e.g.
where cabinets have

different heights

Bypass air is not fully
eliminated

Hot-aisle
containment

Only the contained
aisle is hot

Harder to coordinate
with overhead services
in existing facilities.

High temperatures when
working in the hot aisle

Chimney-exhaust
containment

No hot air in the data
hall

Harder to coordinate
with overhead services
in existing facilities.

Limited rack choice—
possible densities

dependent on size of
chimney in relation to

rack(s)
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chart. In general, the contained systems (red) tend to have less
recirculation than the average, although the facility with the
least recirculation is one with cold-aisle semicontainment
(doors at end of aisle, no roof). In some cases, the bypass and
flow availability displayed by contained solutions are worse
than the average, indicating that a reduction in recirculation
has been achieved at their expense as load densities and
temperatures have increased. The majority of facilities are
oversupplying air, as shown by values of Af > 1, but in 15% of
cases, air is being undersupplied.

CONCLUSION

As awareness of the data center industry’s impact on the
environment and energy consumption continues to grow, it is
important that metrics are developed to more accurately moni-
tor and assess current efficiency measures. Implementing
facility upgrades without monitoring the resulting changes to
airflow performance may mean that the potential savings are
not achieved. The case studies show that ideal air performance
requires measures to optimize bypass, recirculation, availabil-
ity, or flow and air segregation efficiency. The metrics
described in this paper quantify these parameters, building
upon previous work in this area by providing more accurate
modeling through the use of weighted average temperatures
and providing a basis for future research. Importantly, the
metrics provide the ability to benchmark past behavior, moni-
tor current performance, and assess future changes. Further-
more, temperature readings are a simple, low-cost method
that, when appropriately weighted, provide a good diagnosis
of issues with air performance.

NOMENCLATURE

Af = airflow performance

Af,max = ideal airflow performance

ASE = air segregation efficiency

ASEmax = ideal air segregation efficiency

BP = bypass flow

mc = mass flow of air from cooling units

mf = mass flow of cold air to IT equipment

mi = mass flow of air to IT equipment

demand = demand performance

supply = supply performance

PUE = power usage effectiveness

R = recirculation flow to cooling units

Tii = air temperature entering IT equipment

Tio = air temperature leaving IT equipment

Tci = air temperature entering cooling unit

Tco = air temperature leaving cooling unit

Tc = cooling unit temperature difference

Ti = IT equipment temperature difference

Tmax = maximum temperature difference
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