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ABSTRACT

This paper presents a means to quantify air flow perfor-
mance of both traditional raised floor designs and non-raised
floor air-conditioning designs for data centers. Metrics are
developed that will readily permit owners, engineers and oper-
ators to measure and quantify the effectiveness of their data
center cooling systems or changes that they make to their cool-
ing systems to increase air cooling efficiency. The metrics
incorporate and integrate together the major factors that
decrease the effectiveness of computer room air cooling. These
factors, which are covered in the paper, include; negative pres-
sure flow rate (air induced into the floor void), bypass flow rate
(from floor void directly back to the air-conditioners without
cooling servers), recirculation flow rate (from server outlet,
back into server inlet) and the balance of CRAC and server
design flow rates. Examples of the application of these metrics
are also presented. 

INTRODUCTION

The latest publications by ASHRAE (2005 and 2006)
provide extensive guidance on the following: 

• Liquid cooling of computer equipment: dielectric fluids,
water and refrigerants

• Air distribution in equipment, cabinets and data center
(hot cold aisles, etc)

• Energy efficiency of plant and systems. 

There are also numerous valuable contributions on data-
center air-management metrics. These metrics, primarily
based on air recirculation (server exhaust to server inlet), show

how the efficiency of the mechanical cooling system can be
significantly improved.

Sharma et al introduce the concepts of supply and return
heat indexes that measure the extent of air recirculation
(2002). Schmidt et al define the Beta index that measures the
extent of increase of the inlet temperature to the server due to
air recirculation (2005). They correlate this to energy effi-
ciency. Boucher represents the supply heat index in terms of
temperatures (2006). Herrlin defines the rack cooling effec-
tiveness to measure the extent of rack inlet over-temperature
due to recirculation. 

This paper proposes data center air management metrics
that in addition to recirculation, also address negative pressure
flow, bypass flow and balance of server and CRAC unit flows
(Tozer 2006a). Defining three of these metrics e.g. recircula-
tion, bypass and negative pressure ratios, will establish the
overall air management performance of the data center. The
metrics are practical and simple to apply and can provide a
specific characteristic for each data center room (Tozer
2006b). 

DATA CENTER AIR MANAGEMENT METRICS

This section explains the basics of the air management
metrics which has been developed to establish how well the
cooled air from the CRAC units reaches the server inlets. The
main parameters are air mass flow rates and temperatures
which are used to express the quantity and quality of energy
supplied to the servers. These air management metrics are
based solely on the consideration of sensible loads. For this
conceptual model, the following flow rates are present. These
are indicated in the following Figure 1. 
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CRAC flow (Mc): total air-flow rate produced by all oper-
ating CRAC units in the data center. This air flow rate is
normally much more than what is needed by the servers, due
to part load operation of IT equipment, and redundant CRAC
units that are kept operational. 

Negative pressure flow (Mn): air that is induced into the
floor void due to Venturi effect. This is the effect of high veloc-
ity 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 floor, air will be induced into the floor void from the
space above. In practice negative pressure flow is low and even
negligible but is found near the CRAC discharge where air
velocities are high, i.e. floor grills, floor openings, tile edges,
and CRAC perimeter. 

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. 

For this conceptual model, average temperatures are used. 

(1)

Note: cp is specific heat

Typical temperatures for a legacy data center are provided
as an example in Appendix A. The temperatures are: 

• 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 (mix-
ture of grill and recirculation air)

• Th = 28°C [82.4°F], server outlet air temperature
(before cold air mixes with it)

Given these mass flow rates and temperatures, the follow-
ing mass (3 nodes) and heat balance equations can be written. 

Mass (m) equations:

(2)

(3)

(4)

Heat (Q) equations:

(5)

(6)

(7)

(8)

No energy is lost between the CRAC unit and the servers
if fabric gains / losses, etc are not considered. Therefore, the
4 (No) heat equations above are all equal. From these equa-
tions, the following data center air management metrics are
derived. 

Negative pressure ratio: Substituting the mass equations
into the ratio of equations [6] to [5] gives: 

(9)

Bypass ratio: Substituting the mass equations into the
ratio of equations [7] to [6] gives: 

(10)

Recirculation ratio: Substituting the mass equations into
the ratio of equations [7] to [8] gives: 

(11)

For sensible loads only and considering average temper-
atures, the recirculation ratio is equivalent to the Supply Heat
Index (SHI) (Sharma et al 2002).

Balance ratio: Substituting the mass equations into the
ratio of equations [5] to [8] with further derivation gives: 

(12)

Figure 1 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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Relationship between NP, BP, R and BAL: Using the
concept of equivalent balance between the floor flow (CRAC
flow plus negative pressure flow) to server flow, the following
expression is derived: 

(13)

If these mass flow rates are expressed in terms of bypass
and recirculation mass flow rates, and with further derivation
gives: 

(14)

This relationship is represented in the following Figure 2. 
In practical terms with Tr = 22°C [71.6°F], Tf = 14°C

[57.2°F] and Tc = 14°C [57.2°F], to obtain BP = R = 0.8, the
following temperatures are required:

Th = 53°C [127.4°F]
Ts = 45°C [113°F]
Note the condition that BP and R necessarily have to be

less than unity for cooling to take place. If BP = 1, all CRAC
cooling air would be bypassed, with no air available for serv-
ers. If R=1, all server air would be re-circulated, with no cool-
ing air entering from the CRAC units. 

Second Law Analysis

Other than heat gains or losses through the data hall
fabric, fresh air, lights and people loads, there is no energy lost
between the CRAC units and the servers, i.e. the CRAC cool-
ing load is equal to the IT equipment load. What is lost is the
quality of the cooling energy provided as it warms up,
bypasses and mixes before reaching the server inlets. There-
fore, the second law (exergy) is useful to identify and quantify
opportunities for energy savings. Quality of energy (Q):
exergy (B), which unlike energy is destroyed (Kotas 1995,
Bejan et al 1996, Moran 1989). Note To is the reference
temperature. 

(15)

(16)

(17)

(18)

Irreversibilities (Irr) indicate the loss of exergy, and there-
fore the main sources of thermodynamic inefficiencies. 

(19)

(20)

(21)

The ideal case with zero irreversibilities requires NP=0,
BP=0, R=0 and BAL=1. This in turn requires Tc=Tf=Ts,
Th=Tr, Mc=Mf=Mh=Ms and Mn=Mbp=Mr=0. While it is
extremely complex to express irreversibilities in terms of air
management metrics (NP, BP, R and BAL), the latter provides
practical metrics and goals. 

A legacy data center example calculation is provided in
Appendix A. Extending on this example, the following Figure
3 provides an overview of the total irreversibilities (where the
negative pressure flow is regarded as negligible). 

 (22)

Figure 3 indicates the double effect of air bypass, its direct
effect and its indirect effect on recirculation (by starving air to
servers). Therefore, measures that address reducing bypass air
flow will contribute to reducing recirculation. 

This analysis only considers inefficiencies. Thermo-
economics should be used if the costs of plant and energy are
to be considered (Valero and Lozano 1997, Tozer et al 1999).
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Figure 2 Data center air management metrics.

Figure 3 Air management irreversibilities.
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Energy Costs

Appendix B provides the detailed calculations of a mid-
range data center, which has both bypass and recirculation
factors of 0.5. The potential energy cost savings due to elim-
inating air flow bypass is 60kW of CRAC fan energy. By elim-
inating recirculation, compressor energy savings of 74kW are
possible, due to the evaporator operating at higher tempera-
tures. For a 1000m2 [11,000ft2] data center this can represent
a saving of £57k / year [$110k/year].

These are potential savings without considering free cool-
ing (economizer cycle). If free cooling is considered, the
above figures have the potential to increase significantly. 

PRACTICAL APPLICATIONS

Even if difficult to precisely measure NP, BP, R and BAL,
there is always a real specific value that is characteristic of
every data center. When present, negative pressure flows are
generally low (and therefore difficult to measure) but if
observed can be quantified through the use of CFD (Compu-
tational Fluid Dynamics). 

A measure to improve control of supply air temperatures
to servers is to control CRAC units on supply air (rather than
on return air). While this is currently good design practice, it
will not significantly modify the air management metrics. 

Making exact measurements in an operating data center
can be difficult. Nevertheless, representative indices were
obtained for different types of air management solutions. The
following Figure 4 indicates typical air management solu-
tions. 

Legacy data centers, particularly if not well managed, will
tend to have high levels of both bypass and recirculation flow
rates. Even more if subject to higher density loads. 

Cabinet inlet refers to closed cabinets with air entry from
below and with top cabinet extract fans. Often, in legacy data
centers there are no blanking plates within these types of cabi-
nets, and the cold air and hot air streams are not segregated,
which can produce high levels of recirculation. Bypass air is

better managed with this application, unless there are a large
number of floor grills, which would then bypass air back to the
CRAC units. 

Back to front arrangements tend to have low bypass but
high levels of recirculation from the back of the cabinets to the
front of the cabinets in the same aisle. 

Cold aisle – hot aisle arrangements, if properly designed
and operated, can address the main problems of recirculation.
However, particularly at low loads, there will be high levels of
bypass air, unless the CRAC units have some type of variable
air-flow control. 

The ideal solution will require both zero bypass and recir-
culation and also balance between the CRAC and server air
requirements, therefore BP=0, R=0, NP=0 and BAL=1. From
surveys and assessments carried out by the authors, the aver-
age data center has approximately BP=R=0.5. This means that
on average, half the air flow rate produced by the CRAC units
bypasses IT equipment and returns to the CRAC units without
doing any useful cooling. On the other hand, approximately
half the air intake to the IT servers is exhaust air from the serv-
ers.

From the practical applications the following is a list of
measure that the authors found to reduce the issues of poor air
management in decreasing order or impact and feasibility: 

Bypass Air: 

• Seal air gaps in the raised floor, particularly cable cut-
outs 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

Also

• 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 (con-
sider air isolation with dampers)

Recirculation Air: 

• 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 suf-
ficient to reach the top of cabinet servers

Also

• 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 streamsFigure 4 Air management solutions.
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• Remove obstructions under the floor that restrict cold air
to supply the server inlets

The following cases studies highlighted some further
particular issues though details of costs were not available at
the time: 

Case Study 1: The extensive measurements taken in this
legacy data center indicated the following air management
metric results, NP=0.03, R=0.51, BP=0.61 and BAL=1.22.
The load density was 550 W/m2 (50 W/ft2). While negative
pressure flow was low compared to bypass and recirculation it
was still relatively high. This was due to air induced by most
air grills where floor velocities were high and were not neces-
sarily only those close to the CRAC units. The floor grill was
split up into 16 (No) 150 x 150mm sections to measure each
section individually as indicated in Figure 5. 

Splitting each floor grill in 16 (No) sections provided
detailed measurements. In many floor grills far away from the
CRAC units, there was negative pressure flow in the first
sections of the grills, though the net flow was positive. The
following Figure 6 indicates how downward flow (negative
pressure flow) was partially present wherever the under floor
air velocities were high. 

In addition to the main generalized recommendations for
improving air management the following was suggested: 

• remove a flow divider located under the floor void
between two adjacent CRAC units as this served to
increase the floor air velocities, when one CRAC was off.

• avoid operating adjacent CRAC units as this led to high
floor void air velocities

Overall, the project team found these metrics (and repre-
sentation) easy to understand and the recommendations were
implemented together with the replacement of 2 (No) of the 5

(No) CRACs for slightly larger units. The new air manage-
ment metrics were NP=0, R=0.21, BP=0.48 and BAL=1.52.
While the biggest improvement was recirculation, not much
more could be achieved with bypass without reducing the
CRAC air flow. This increased more than the load explaining
the increase of air flow balance (BAL). 

Case Study 2: During an energy assessment of a 465m2
(5000 ft2) data center, measurements were acquired from over
20% of the servers present and all of the CRAC units. The
general data center floor layout is back to front with some serv-
ers’ discharges and intakes are even on the same side. Recir-
culation, bypass, and balance were calculated to be 0.61, 0.21,
and   0.50, respectively. The load density was 291 W/m2 (27
W/ft2). 

Interestingly, when these points were plotted on Figure 4
above, the point fell into the area marked by back to front. The
fact that BAL=0.5 indicates less than adequate air flow reaches
the servers. That was attributed to the fairly low height raised
floor (0.45 m, 1.5ft) with many obstructions resulting in low
air velocities from the floor grills that don’t reach the highly
positioned servers. Also, the fact that many of the servers’
intakes and discharges are located in the same aisle was
another contributor. 

To reduce recirculation and increase balance, the assess-
ment team recommended; better under floor obstructions
management; more efficient layout such as cold/hot aisle;
retrofitting the data center with a return air plenum; blanking-
off all the unused server locations, fitting blanking panels
between cabinets; and fittings brush seals at all cable cutouts.
Based on measurements provided by the client taken from the
data center at the same locations after implementing most of
the recommendations, new air management metrics were
NP=0 (assumed), R=0.34, BP=0.18 and BAL=0.88. The
numbers indicate a substantial improvement. However, client
is looking at installing a return air plenum at this point to
reduce the recirculation flow ratio to below 0.34. 

Figure 5 Floor grill measurement method. Figure 6 Floor grill velocities (far from CRAC).
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Lessons Learned: During the data center air manage-
ment assessment, the following lessons learned are considered
guidelines for the process. 

• For all temperature measurements use a simple, reliable
thermometer (no laser guns since they measure surface
temperatures and not air “ambient” temperature) 

• Measure and average the actual air outlet temperature
(supply from CRAC) and air inlet temperature (return to
CRAC) in couple of locations across the duct and not
only single point. In some cases, stratification may lead
to different temperature values.    

• Based on the number of CRAC units, the assessment
team needs to sample two to three times the number of
servers and measure the server air inlet temperature and
server air outlet temperatures 

• The server air inlet temperature should be taken with a
thermometer as close as possible to server grill inlet (not
at the rack or cabinet inlet) without touching surfaces.
 Similarly, server outlet temperature should be taken as
close as possible to the server without touching surfaces. 

• Server inlet and outlet temperatures should be taken at
the same level for the same server. If temperature is
measured at the server inlet located in the middle of the
rack, the server outlet temperature should be taken for
the same server at the same level 

• Should take readings from a mix of servers located at
the beginning of aisle, end of aisle, middle of aisle, bot-
tom of cabinets, middle of cabinets, and top of cabinets 

• Should take readings from several aisles and not just one
or two aisle 

• Should take measurements from several hot spots.
• It was found to be good enough to use average tempera-

tures than weighted with mass flow rate / size.

CONCLUSIONS

Adequate air management within data centers has the
potential to improve temperature control at the computers and
improve the energy efficiency of the cooling system. Energy
is never destroyed, but can be wasted if not used efficiently.
Second law analysis or thermo-economics are the tools to
analyze this. 

A useful and simple conceptual model has been devel-
oped that can be used by most current installations and design
processes. 

Bypass flow is more root cause than recirculation as it has
a dual effect:

• Direct effect: wastes fan energy
• Indirect effect: starves air to servers, which in turn

increases recirculation

As well as negative pressure flow (NP), bypass flow and
recirculation flow it is important to also address the balance of
CRAC and server air (BAL). This will require some method of
automatic balance of air to load.

Ideal air cooled solutions will require: 

• Variable CRAC air flow rate (as many servers now
incorporate)

• Segregation (guaranteed by design) between cold air to
servers and discharge warm air from servers, i.e. High
Density Heat Containment (ASHRAE 2008). 

NOMENCLATURE

B = Exergy (kW)
BAL = Balance Factor
BP = ByPass Factor
cp = Specific heat (kJ/kgK)
CRAC = Computer room air conditioning unit
Irr = Irreversibilities (kJ/kg)
M, m =  Mass flow rate (kg/s)
NP = Negative Pressure Flow Factor
Q = Thermal load (kW)
R = Recirculation Factor
s = Entropy (kJ/kgK)
t = Temperature (°C)
T = Absolute temperature (K)
Δ = Difference
η = Efficiency

Subscripts

b = bypass
c = CRAC (air lvg)
f = floor
h = hall
n = negative press.
r = return to CRAC
r = recirculation
s = entropy
s = server
ss = steady state
0 = reference state
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APPENDIX A: LEGACY EXAMPLE CALCULATION

Conditions: 

Th = 28°C [82.4°F]
Tr = 21°C [69.8°F] 
Ts = 21°C [69.8°F]
Tf = 14.1°C [57.4°F]
Tc = 14°C [57.2°F]
Too = 60°C [140°F] This represents the average server

chip heat sink temperature
mc*cp = 100 kW/K [189,500 BTU/h°F]

Calculations

NP = 0.014493
BP = 0.503597
R = 0.496403
BAL = 1
BAL(1+NP) = 1.014493
Bc = 102.45 kW/K [55.917 kW/°F]
Bf = 102.31 kW/K [56.839 kW/°F]
Bh = 92.87 kW/K [51.594 kW/°F]
Bs = 83.57 kW/K [46.428 kW/°F]

Note destruction of exergy as temperature approaches
reference at 60°C [140°F].
IRRnp = 0.14 kW/K [0.078 kW/°F]
IRRbp = 9.44 kW/K [5.244 kW/°F]
IRRr = 9.30 kW/K [5.167 kW/°F]

APPENDIX B: POTENTIAL ENERGY COST SAVINGS

Typical Data Center Design Conditions:

1000m2 [11,000ft2]
900 kW [255 TR]
CRAC numbers: 3+1 (duty plus redundancy)
It is assumed that duty and redundant CRAC units 
operate, i.e. hot standby
Installed CRAC capacity 1200kW [340 TR]
Actual load 600kW [170 TR]
Note actual load to installed load is 600 / 1200 = 0.5
(expected BP)
Delta T CRAC design = 10K [18°F]
Delta T CRAC actual = 10 *3 / 4 = 7.5K [13.5°F]
Mc*cp = DC load / DTcrac = 900 / 7.5 = 120 kW/K
[227,500 BTU/h°F]
Mc*cp = CRAC capacity / delta T crac design = 1200 / 10
= 120 kW/K [227,500 BTU/h°F]
Th = 30°C [86°F]
Tr = 22°C [71.6°F]
Ts = 22°C [71.6°F]
Tf = 14°C [57.2°F]
Tc = 14°C [57.2°F]
BP = 0.5
R = 0.5

Calculations

NP = 0
BP = 0.5
R = 0.5
BAL = 1
BAL(1+NP) = 1
Bc = 116 kW/K [64.444 kW/°F]
Bf = 116 kW/K [64.444 kW/°F]
Bh = 103 kW/K [57.222 kW/°F]
Bs = 91 kW/K [50.556 kW/°F]
IrrNP = 0 kW/K [0 kW/°F]
IrrBP = 12.25 kW/K [6.806 kW/°F]
IrrR = 12.25 kW/K [6.806 kW/°F]
Irr = 24.5 kW/K [13.611 kW/°F]

Fan Energy

1200kW 0.10 (kWfan / kWdc) 0.5 = 60kW
Compressor energy
600 kW 1.10 (3.5% x 8K) / (COP=2.5) = 74kW
Sum 134kW
At 5p/kWh [$0.10/kWh] (currently conservative in the
EU, high in the US)
134kW 0.05£/kWh 8760 h/yr = £57k/yr [$110k/yr]
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DISCUSSION

Christian Belady, Principal Power and Cooling Architect,
Microsoft, Redmond, WA: Why isn’t the requirement to
match CRAC airflow with server airflow?

Robert Tozer: There is a balance, but it is not BAL =1, as BAL
is not a constant but a variable.

The balance is in every node, i.e., three mass equations of
the model:

Mc + Mnp = Mf

Mf = Mbp + Mh

Ms = Mh + Mr

For a stationary data center operation, BAL can vary
between 0.25 to 4. For example, a hot-aisle/cold-aisle arrange-
ment with a relatively low load can easily have a BAL = 4, i.e.,
four times more airflow through the CRAC units than what is
required by the servers. You will get BAL = 4 for the following
temperatures:

Th (server exhaust) = 30°C

Tr (CRAC return) = 20°C

Ts (server supply) = 20°C

Tc (CRAC supply) = 17.5°C

NP (negative pressure flow) = 0
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