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Abstract

Data centre energy consumption has grown significantly in recent years; cooling
energy forms a substantial part of this and presents a significant opportunity for
efficiency improvements. Air management performance describes how effectively
conditioned air is employed to cool IT equipment in the data centre. By
understanding this, inefficient operation can be identified, quantified and targeted. A
set of metrics is described in the paper which characterise the air flows within the
data centre and how well these serve the cooling demand. These may be
determined by making a series of temperature measurements in various locations
within the space. Measured performance can be compared with optimal / ideal
performance and action taken, such as installation of air containment, to improve the
effectiveness of cooling delivery. These measures usually have a quick payback and
can enable the realisation of energy savings from fan speed reduction and an
increase in cooling set points, which increases refrigeration efficiency and the
availability of free cooling.
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1. Introduction

As demand for IT services has increased, so has data centre energy consumption.
Companies are under more pressure from consumers and governments to
demonstrate their commitment to the green agenda; this combined with increasing
energy prices has made data centre operators focus on how efficiently they run their
data centre facilities. In most legacy data centres, cooling energy represents the
largest component of the total energy consumption, after the IT energy. It is also the
area which presents the largest opportunity for energy saving. Most legacy designs
are not optimised for energy efficiency, particularly at part loads [71]. The concept of
flooding the data hall with cold air to prevent overheating and ensure reliability proves
ineffective as the supplied air is not directed to the heat loads and the return air not
separated, resulting in local areas of high temperatures supplied to IT equipment.
These cooling problems are often misunderstood; the Air Performance Metrics allow
operators to quantify the effectiveness of cooling in the data centre by taking a
sample of temperature measurements which can assist with problem diagnosis and
solution development. This paper develops some of the concepts presented in Air
Management Metrics in Data Centres (Tozer Robert, Salim Munther, Kurkjian Chris,
ASHRAE 2009) [2] and Global Data Centre Energy Strategy (Tozer 2009) [3]. The
ultimate objective is to minimise the cooling system energy consumption, increase
the data centre energy efficiency and minimise capital, operational and reliability
costs, i.e. total cost of ownership [4].
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2. Data centre cooling

In most data centres, air is used to dissipate heat from the IT equipment. Each
active IT device emits heat and contributes to the fluid dynamics of the air in the
room envelope. Most IT equipment draws air through at the front and rejects hot air
at the back. Rack mounted servers are installed in cabinets with front and rear doors
(normally open mesh) which are placed in rows, with aisles on either side.

Most data halls house a variety of IT equipment types; servers, storage and
networking devices which have different loads and air flows. Most devices have their
own fans to draw air through and these are often variable speed, ramping up with
higher inlet temperature. In new equipment this does not happen until temperatures
exceed above 35 deg C but in older equipment this could be at lower temperatures;
historically server acoustic tests are done at 25 deg C, when the fans are at low,
quiet speeds.

Data centre cooling systems are designed for an average load, expressed in W or
kW/m2 or kW per cabinet. As load is not uniformly distributed, the maximum kW per
cabinet is another important capacity limitation. The total IT load varies depending
on the IT workload. For some applications this may be relatively flat but others may
experience more noticeable peaks and troughs e.g. a data centre processing trading
transactions observes a load profile which follows the business day, spikes may be
seen over a weekend when IT backups run. These characteristic load profiles may
change as technologies which distribute IT workloads across different facilities are
employed e.g. grid / cloud computing.

Traditionally, a data centre cooling system design comprises CRAC / CRAH units
(Computer Room Air Conditioning / Computer Room Air Handling units) located
around the perimeter of the data hall which supply cooled air under the raised floor.
This air emerges from open floor grilles placed across the floor area. Each cooling
unit contains one or more cooling coils / fans. The compressor may be in the unit in
the case of a direct expansion (DX) system or found in a chiller located external to
the data hall in the case of a chilled water system. The cooling units typically control
to a set point of around 22 deg C, 50% RH on return temperature to the unit, at high
level, with narrow control bands; historically the term ‘close control unit’ was used.
The delta temperature (T) across the cooling unit is normally designed to around 10
deg C, hence the air temperature supplied from the unit is 12-14 deg C at full load.

However, the cooling requirement is to control the conditions of the air at the inlet to
the IT equipment which can vary greatly from the temperature observed at the CRAC
unit return; this is often not well understood in the industry. The data centre IT staff
are responsible for the ongoing availability of the IT services running on the IT
equipment and are dependent on the electrical and mechanical infrastructure and
facilities management (FM) team to provide continuous power and cooling.
Overheating can cause failures of IT equipment, so IT staff often react to this risk by
trying to run the data hall at very cold temperatures. The rationale is that in the event
of a cooling interruption (e.g. following a power cut), these low temperatures will help
to increase the time buffer before unacceptably high temperatures are reached.
There are more effective ways to improve reliability (described later in the paper) and
this unnecessary overcooling of the room has a high energy penalty. However, in
many organisations the FM or real estate department pays the energy bill, hence the
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incentive to operate with better energy efficiency does not impact the IT department
budget.

ASHRAE Technical Committee 9.9 (Mission Critical Facilities, Technology Spaces
and Electronic Equipment) has agreed a consensus with the IT hardware
manufacturers for the acceptable conditions that can be provided to the IT equipment
without breaching warranty. In 2004, ASHRAE published Thermal guidelines for
Data Centers and other Data Processing Environments [5], which stated
recommended and allowable ranges for Class 1 & Class 2 equipment at 20-25 deg C
(68-77 deg F), 40-55% RH and 18-32.2 deg C (64-90 deg F), 20-80%RH. In 2008,
the recommended envelope was expanded to 18-27 deg C (64.4-80.6 deg F) with
humidity range between 5.5°C dew point (41.9 °F) - 60% RH & 15°C DP (59 °F DP),
(ASHRAE Environmental Guidelines for Datacom Equipment -Expanding the
Recommended Environmental Envelope) [6].
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Figure 1- 2008 Class 1 ASHRAE recommended and allowable envelopes

The figure below illustrates an example of a data hall where the cooling units are
controlling to a return temperature of 21 deg C.
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Figure 2 — Example range of measured server inlet temperatures

Although the cooling units are working as designed, there is a wide range of air
temperatures observed at the inlet to IT equipment. Ten per cent of the sample size
is receiving air which is colder than required, representing an energy saving
opportunity and 5% of the sample is receiving air hotter than the upper allowable
limit, which potentially increases the risk of failures due to overheating. Rack Cooling
Index [7] provides users with a measure of the spread of server inlet temperatures.

3. What happens when air is not managed

Data halls are typically arranged in a hot aisle / cold aisle configuration with cabinet
rows placed front to front (cold aisle) and back to back (hot aisle). Vented floor tiles
or floor grilles are placed in the cold aisle, to deliver cold air to the front intake of the
cabinets and IT equipment; hot exhaust air is rejected into the hot aisle.

Some of the air supplied by the cooling unit reaches the IT equipment, some is
bypassed, i.e. returns to the cooling unit without passing through the IT equipment
and doing useful cooling. Where bypass (BP) is high, this prevents the full capacity
of the cooling units from being realised — the air available to cool the IT equipment
may be insufficient for the load.
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Figure 3 — Data hall air bypass

Sources of bypass flow include:

* Floor grilles in the wrong place i.e. in the hot aisle, not in the cold aisle
* Excess air supply through floor grilles

* Open cable cut-outs (in the floor beneath cabinets towards the rear)

* Gaps in the raised floor (bottom of empty racks, PDUs).

Bypass can be minimised by ensuring appropriate floor grilles are located where
needed and by sealing gaps in the floor.

Recirculation (R) flow is where IT equipment draws in warm air from IT equipment
discharge due to lack of cool air being supplied as a result of negative / low static
pressure or bypass air. Recirculation flow occurs both inside cabinets (particularly if
there are no blanking plates) and outside: over the top of racks and around the end
of a row of racks. Solutions include installing blanking plates, replacing solid rack
doors with perforated type and ensuring sufficient cold air is supplied to the IT
equipment inlet.
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Figure 4 — Vertical recirculation of air

Negative Pressure (NP) Flow occurs when high underfloor air velocities cause the
Venturi effect and air is drawn down into the raised floor via the floor grilles, rather
than the reverse. When total pressure is less than the velocity pressure (proportional
to the square of the velocity) static pressure is negative. This may be observed in
data halls with high air velocities at the cooling unit supply with floor grilles placed
close to these cooling units.

More commonly observed is low pressure, where high velocities under the floor
reduce the static pressure, resulting in a reduced volume of air delivered through the
floor grilles. This may mean that insufficient air is provided to meet the local cooling
demand. This can be easily checked on site by placing a sheet of paper above the
floor grilles and observing how high this floats or whether it is drawn down onto the
floor grilles.
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Figure 5 — Air pressures and impact in example cold aisle

The figure above illustrates the behaviour of the air pressures below the floor in a
cold aisle at increasing distances from the cooling unit and the impact on velocities,
volumes and temperatures. At the first floor grille, closest to the cooling unit, velocity
pressure is very high and static pressure is negative, causing air to be drawn down
into the floor. Resulting air supply temperatures are high, as these are from
recirculated warm air. Velocity and velocity pressure reduce as the distance from the
cooling unit increases, hence static pressure and air volume increase, delivering air
at the design supply temperature.

High dynamic pressures can be reduced by decreasing the air velocity, for example

by reducing the flow rate, re-distributing flows, installing baffle plates, removing
restrictions such as cable trays.
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4. Data centre air performance metrics
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Figure 6 — Section of data hall air flows

The above figure represents typical legacy data hall air flows shown in section, with
temperature indicated on the colour scale and the relative air volumes represented
by the thickness of the lines.

Air performance metrics of a data hall are based on the four characteristic weighted
average temperatures which are:

Tci  Temperature cooling unit (CRAH) in (example 22C)
Tco Temperature cooling unit (CRAH) out (example 17C)
Tii Temperature IT equipment in (example 21C)

Tio  Temperature IT equipment out (example 27C)

By considering the CRAH and IT loads to be equal, neglecting NP, and working with
mass and heat equations the following relationships are derived:

Flow performance, also equal to 1-BP, defines how much cooled air is actually being
used by IT equipment:

_ mf _ta T Tco
" fow = = T
c io — tco

Nnow = flow performance

m; = air mass flow rate from cooling units supplied to IT equipment
m = air mass flow rate through cooling units

T = temperature entering cooling unit (in)

Teo = temperature leaving cooling unit (out)
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T;; = temperature entering IT equipment (in)
Tio = temperature leaving IT equipment (out)

Thermal performance, also equal to 1-R, defines how much of the air used by IT
equipment actually comes from the cooling units (CRAHS):

77 _ mf _ T;‘o B T;‘i
thermal ~— -
ml’ T;'o - T;‘a

Nthermal = thermal performance
m; = air mass flow rate through IT equipment

Flow availability, ratio of CRACs to IT equipment air volumes:

A = mc = Tl"o - Tl"i = nthermal
flow T T
mi i teo 7’ flow

Asow = flow availability

There is one characteristic point for each data hall. For the example weighted
average temperatures provided above, the following air performance metrics result:
Flow performance (1-BP) = 0.50
Thermal performance (1-R) = 0.6
Availability of flow = 0.6 / 0.50 = 1.20

This unique point for each data hall can be represented on the following figure:
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Figure 7 — Thermal & flow performance

The results shown are typical for a legacy facility:

* half of all cold air supplied by the cooling units reaches the IT equipment, the
other half is wasted as bypass

* 60% of the air entering the IT equipment comes from the cooling units, the other
40% is recirculated warm air.
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The ideal case is with flow performance and thermal performance equal to one, at
the top right hand side of the diagram; it is possible to make improvements towards
this ideal by implementing best practice.

5. Best practice air management

Once hot spots have been discovered, where IT equipment receives higher
temperature air, a typical solution is to decrease the cooling unit set point. This does
not deal with the root cause of the problem and contributes to additional energy
wastage; it makes the overcooling issue worse.

By minimising bypass and recirculation, the range of temperatures supplied to the IT
equipment is reduced. This can be achieved through separation of hot and cold air
streams by using containment. There are various containment types:
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Figure 9 — Semi-containment Figure 11 — Direct rack containment

Cold aisle containment is the most common type, where the cold aisle is closed with
a roof and doors, normally fabricated from flame-retardant plastic. The rest of the
data hall is the same temperature is the hot aisle. Semi-containment is a variation on
this, where curtains (again in flame-retardant material) are fitted above the cold aisle,
blocking the air path from the hot aisle. This works well as a retrofit option,
particularly where there are cabinets of different heights. Hot aisle containment ducts
the air from the hot aisle back to the cooling units, usually by way of a ceiling plenum.
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The rest of the data hall is the same temperature as the cold aisle. This works best
for a new build as it requires coordination with other overhead services, such as
cable trunking. Direct rack containment employs special deeper cabinets which
include a chimney at the back to duct hot air back to the cooling units. This method
keeps the hot air outside of the room and may become more widely adopted as hot
aisle temperatures increase due to increasing IT equipment exhaust temperatures
and air supply temperatures.

Controlling on return air temperature at the cooling unit, even with the measures
above in place can still result in a range of temperatures delivered to the IT
equipment. This is due to the non-uniform nature of load distribution in most data
halls; each cooling unit will deliver a delta T proportional to its load and thus supply a
different temperature. Changing the cooling unit temperature control strategy to
supply air control allows this range to be minimised. This can be retrofitted on many
cooling units with an additional sensor.

These best practices and others can be found in the EU Code of Conduct for Data
Centres Best Practice Guidelines [8].

The improvement of air performance can be quantified by conducting a survey
collecting sample temperatures before and after these recommendations have been
implemented. The characteristic point on the flow and thermal performance plot
should move toward the top right of the chart; with flow and thermal performance
values of above 0.9 achievable where best practice measures are fully implemented.

6. Energy Savings

With best practice air management in place, it is possible to reduce airflow and
increase temperatures.

In many data halls air is oversupplied, which results in wastage of fan energy and
bypassing of excess air. The objective is to reduce the air volume to just what is
sufficient for cooling and slight pressurisation of the cold air stream, where contained.
This is best implemented by the use of variable speed drives which will vary the air
volume delivered in line with demand, e.g. as additional / higher density IT equipment
is installed / workload increases. The energy savings with variable speed fans are
particularly significant at part load and many data halls operate at part load for a
significant proportion of their life. It may take years until the full IT load is reached, if
ever and this is compounded by the increased cooling capacity available due to
redundant plant. The effectiveness of the control strategy should be examined to
determine whether this allows an optimum energy performance.

Once server air inlet temperatures are within a narrow range, close to the raised floor
supply temperature, it is possible to increase temperature set points with the
confidence that IT equipment receives air at an acceptable temperature. This allows
energy savings to be realised through more efficient refrigeration cycle operation and
increased opportunities to benefit from free cooling; in many cases it may be possible
to remove refrigeration altogether.
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There are several different methods for free cooling in data centres, which can be
used instead of / in conjunction with traditional refrigeration for full or partial free
cooling:

1. Direct air free cooling

Ambient air is treated (filtered, humidified and refrigerated where necessary) and
brought into the data hall. The cooling system (and therefore electrical plant) needs
to be sized for the worst case maximum refrigeration load.

2. Indirect air free cooling

Ambient air is passed through a heat exchanger and hot / cold air transferred with the
data hall internal air stream. Adiabatic humidification on the external air stream
allows evaporative cooling at hot dry ambient conditions. Any refrigeration capacity
required is minimal (supplementary only), allowing reduced sizing of mechanical and
electrical plant and therefore capital cost saving.

3. Quasi-indirect air free cooling (thermal wheel)
Similar to indirect air free cooling except constant volume of fresh air brought in to
data hall which requires treatment (more than required for pressurisation).

4. Water side free cooling

Heat is rejected to ambient without the use of a refrigeration cycle, for example using
cooling towers or dry coolers. This is often an easier retrofit option compared with air
side free cooling designs as this method usually requires modification to external
plant only and is typically less demanding in terms of plant footprint.
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In many climates 100% free cooling or zero refrigeration is possible which results in
significant operational and capital cost savings.

The typical approach (difference between ambient wet bulb condition and data hall
supply air temperature) is given for each of the free cooling methods in the table
below, along with the statistical maximum design ambient temperatures in different
locations and the resulting maximum data hall supply air temperatures. These
maximums are derived from historical data and do not take into account heat island
effects or global warming. Supply air temperatures exceeding the recommended and
allowable ranges are indicated.

Location Max wet bulb Max data hall supply air temperature (deg C)
temperature Indirect air side | High efficiency | Legacy water
(deg C) free cooling, water side free | side free
4K approach cooling 7K cooling 12K
approach approach
London 20.3 24.3 27.3
Birmingham 19.5 23.5 26.5 31.3
Edinburgh 18.3 22.3 25.3 30.3
Singapors |27 51 1 B— —
Singapore 27.9 31.9

Table 1 - Free cooling temperatures

The results indicate that using indirect air side free cooling, temperatures can be
supplied to the data hall within the ASHRAE recommended range for all of the
European locations given and within the ASHRAE allowable range in Singapore, i.e.
zero refrigeration is possible globally with this method.

With a high efficiency water side free cooling system (with larger heat exchange area
and footprint), in some UK locations zero refrigeration is possible whilst remaining in
the recommended range, however in warmer European climates supply
temperatures increase into the allowable range.

With a legacy water side free cooling system, refrigeration will be required in warmer
climates to keep supply temperatures within the allowable range, although not in
some cooler UK climates.

Based on the weather data for different locations, the total number of refrigeration
hours can be modelled, and hence the total energy consumption of all the data
centre plant for a given IT load. The most widely used and recognised metric for
data centre efficiency is PUE (Power Usage Effectiveness), a ratio of total data
centre energy consumed (including for cooling and power distribution losses) divided
by IT energy consumed. Data Centre Infrastructure Effectiveness or DCIE is the
inverse (The Green Grid [9]). Typical legacy data centres which do not use free
cooling have measured PUE values of 1.8, 2 or higher (DCIiE = 0.56, 0.5 or lower).
By minimising the refrigeration energy, using the techniques described in this paper,
significantly lower PUEs are achievable. An analysis was made to understand the
correlation between PUE and a range of psychrometric parameters, including dry
bulb temperature, wet bulb temperature, enthalpy, dew point temperature; averages,
maximums, standard deviations. Average wet bulb temperature was found to exhibit

Page 13 of 16



CIBSE Technical Symposium, DeMontfort University, Leicester UK — 6" and 7" September 2011

the best correlation; the results are shown below for different cooling systems,
assuming an electrical PUE, of 1.14 (DCIE. = 0.88).
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Figure 16 — Modelled PUE with direct and indirect air side free cooling systems
versus average wet bulb temperature
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Figure 17 - Modelled PUE with indirect and semi-indirect air side and water side
free cooling systems versus average wet bulb temperature

A data centre operator in the financial sector with an IT load of 2MW at their facility in
the London area used air performance metrics to analyse cooling effectiveness and
make the business case to implement best practice improvements. Their PUE
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reduced from 2.3 to 1.6 (DCIiE = 0.44 to 0.63), which resulted in a £1m annual energy
saving, with a payback of months on their investment.

7. The Future

Energy prices are predicted to continue to increase which puts more pressure on
data centre operators to reduce their energy consumption. There are huge energy
savings to be made in data centre cooling systems.

This year ASHRAE TC 9.9 have again published on expanded thermal envelopes,
helping to drive the trend for increasing operating temperatures [10].

Data centre cooling design is driven by the IT hardware it serves. It is difficult to
predict how this will change but trends suggest that densities and exhaust
temperatures will continue to increase, resulting in even hotter temperatures in the
hot aisle.

Air performance metrics are a useful tool to assist operators in their understanding of
the effectiveness of their data centre cooling system. They can be used to quantify
inefficiencies and to benchmark improvements and may be considered as a first step
towards optimisation.
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