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UPS RUNTIME, POSITION 1: 10 Minutes 
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METHODS AND SYSTEMIS FORMANAGING 
FACILITY POWER AND COOLNG 

RELATED APPLICATIONS 

0001. This application claims priority under 35 U.S.C. S 
119(e) to U.S. Provisional Application Ser. No. 60/938,034, 
entitled METHODS AND SYSTEMS FOR MANAGING 
FACILITY POWER AND COOLING, filed on May 15, 
2007, which is herein incorporated by reference in its entirety. 

BACKGROUND OF INVENTION 

0002 1. Field of Invention 
0003 Embodiments of the invention relate generally to 
entity management, and more specifically to methods and 
systems for managing facility power and cooling. 
0004 2. Discussion of Related Art 
0005 Centralized data centers for computer, communica 
tions and other electronic equipment have been in use for a 
number of years, and more recently with the increasing use of 
the Internet, large scale data centers that provide hosting 
services for Internet Service Providers (ISPs), Application 
Service Providers (ASPs) and Internet content providers are 
becoming more prevalent. Typical centralized data centers 
contain numerous racks of equipment that require power, 
cooling and connections to external communications facili 
ties. In modern data centers and network rooms, the increased 
density of computing equipment used in these facilities has 
put strains on the cooling and power systems of the facilities. 
In the past, typical power consumption for each equipment 
enclosure in a data facility was on the order of 1 kW. With the 
use of server blades and other high power density equipment 
in equipment racks, it is not uncommon for an equipment rack 
to have a power draw of 10 kW or even as high as 25 kW. 
0006 Typically, the power consumed by computer equip 
ment is converted to heat and typically, the cooling require 
ments of a facility are determined based on the power require 
ments of the facility. Typical data centers utilize air plenums 
under raised floors to distribute cooling air through a data 
center. One or more computer room air conditioners 
(CRACs) or computer room air handlers (CRAHs) are typi 
cally distributed along the periphery of the data room, and 
these units draw return air from the room or a ceiling plenum 
and distribute cooling air beneath the raised floor. Perforated 
tiles may be placed in front or beneath racks of equipment to 
be cooled to allow the cooling air from beneath the floor to 
cool equipment within the racks. 
0007. Several tools are available to assist a data center 
designer in configuring a layout of a data center to provide 
necessary power and cooling to equipment to be located in the 
data center. These tools typically assist a designer in deter 
mining total power requirements and accordingly overall 
cooling requirements for a data center. In addition, these tools 
may assist a designer in determining optimum equipment 
layout and proper sizing of power cabling and circuit break 
CS 

0008 While existing tools provide a designer with 
detailed layout information regarding power distribution, 
these tools typically provide far less help in determining 
cooling needs for a facility. Advanced programs that use 
computational fluid dynamics (CFD) may be used to model 
the cooling design of a facility, but the use of such programs 
is extremely limited due to the complexity of the programs, 
which results in their use being prohibitively expensive and 
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time consuming. U.S. Patent Application US2003/0158718 
A1 to Nakagawa et al describes an automated system for 
designing a cooling system for a facility. In the system of 
Nakagawa, the facility is divided into a number of pre-char 
acterized cells (such as a cluster of racks) over which the 
response of various parameters, such as maximum tempera 
ture, are known based on key parameters. The system uses 
built-in cell to cell interaction rules to predict overall thermal 
performance and to optimize equipment layout. While this 
system may offer some improvements in speed over a full 
CFD analysis, it is limited to the use of pre-characterized 
cells, and does not provide analysis below the cell level. Also, 
the cells must be characterized using, for example, a CFD 
analysis or physical testing. 
0009 Programs and systems such as those described 
above provide idealized results for the cooling performance 
of a facility and often fail to account for situations which often 
occur in real life installations, which can dramatically affect 
the cooling performance of a data center. For example, in a 
facility using a raised floor, the absence of one or more floor 
panels, or the misplacement of one or more perforated floor 
panels can greatly affect the cooling performance of the data 
center and cause the actual performance to vary greatly from 
a calculated idealized performance. Further, the degradation 
in performance of one or more air conditioning units can 
drastically change airflow and cooling characteristics of a 
facility. 
0010. The inability to properly analyze the cooling perfor 
mance of a facility typically causes a data center designer to 
over design the facility from a cooling perspective, which 
results in the facility to be more expensive and less efficient. 
0011. In existing data centers, it is often desirable to 
replace equipment with upgraded equipment and/or add new 
equipment to existing enclosures in the facility. Several tools 
exist which enable a manager of a data center to monitor 
power usage in a facility. These tools include the InfrastruX 
ure(R) Manager and/or InfrastruXure(R) Central product avail 
able from American Power Conversion Corporation of West 
Kingston, R.I. 
0012. With the increasing cooling and power requirements 
of computer equipment, it is desirable for a data center man 
ager to determine if there is adequate power and cooling 
available in the facility before new or replacement equipment 
may be added. Typically, a data center manager may know, or 
can determine, if the total cooling capacity of the data center 
is sufficient for the total power draw. However, hot spots in a 
facility may develop, particularly where high power density 
equipment is used, and it may not be enough to merely ana 
lyze cooling capacity at the facility level. To attempt to iden 
tify hot spots, a data center manager may resort to manual 
temperature measurements throughout a facility and try to 
implement fixes to correct the hot spots. Such fixes may 
involve a rearrangement or replacement of perforated floor 
panels, a rearrangement of enclosures, and/or adding addi 
tional cooling capacity. In any case, these fixes are typically 
done on a trial and error basis, and while some hot spots may 
be eliminated, the fixes may cause other hot spots to arise due 
to a redirection of the cooling air in the facility. This trial and 
error approach can lead to unexpected failures of equipment, 
which is unacceptable in critical data centers. To avoid Such 
failures, data center managers typically over design facilities 
and fail to use facilities to their full capacity. 

SUMMARY OF INVENTION 

0013 Aspects of the present invention relate generally to 
management of data center entities and their associated 
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resources. Embodiments of the invention provide systems 
and methods for determining data center cooling and power 
requirements and for monitoring performance of cooling and 
power systems in data centers. At least one embodiment pro 
vides a system and method that enables a data center operator 
to determine available power and cooling at specific areas and 
enclosures in a data centerto assist in locating new equipment 
in the data center. 

0014. One aspect is directed to a method that includes 
determining cooling capacity of a number of equipment 
enclosures in a data center, determining cooling requirements 
of each of the number of equipment enclosures, and providing 
an indication of remaining cooling capacity for each of the 
number of equipment enclosures. 
0015 The method may further include developing a floor 
plan model of the data center, wherein the floor plan model 
includes a floor plan that indicates location of each of the 
number of equipment enclosures in the data center, and for 
each of the number of equipment enclosures, displaying on 
the floor plan, the indication of remaining cooling capacity. 
The indication of remaining cooling capacity may include an 
indication of additional power that can be drawn by each of 
the number of equipment enclosures based on the remaining 
cooling capacity. Determining cooling capacity may include 
calculating a predicted cooling capacity based on the floor 
plan model. Determining cooling capacity may include mea 
suring airflow at a first plurality of locations in the facility to 
obtain a measured cooling capacity. Determining cooling 
capacity may include measuring air temperature at a second 
plurality of locations in the facility. At least one of the first 
plurality of locations and the second plurality of locations 
includes at least one air ventofa raised floor. The method may 
further include comparing predicted cooling capacity with 
measured cooling capacity to obtain a comparison result and 
providing an indication when the comparison result is greater 
than a threshold. The method may further include adjusting 
the predicted cooling capacity based on measured airflow. 
The method may further include determining placement of 
new equipment in an equipment enclosure in the data center 
by comparing power ratings of the new equipment with cool 
ing capacity of the equipment enclosure. The method may 
further include, for each of the number of equipment enclo 
Sures, determining electrical power capacity and remaining 
electrical power availability, and displaying on the floor plan 
remaining electrical power availability. In the method, deter 
mining remaining electrical power availability may include 
measuring at least one parameter of electrical power provided 
to at least one of the number of equipment enclosures. In the 
method, determining cooling capacity of an equipment enclo 
Sure may include estimating available cooling air at the equip 
ment enclosure using a weighted Summation of available 
airflows from a plurality of airflow sources, the weights used 
in the weighted Summation may decrease with distance from 
the equipment enclosure to each of the airflow sources, and 
the weights may be based on mechanical characteristics of the 
plurality of airflow sources. The method may further include 
determining available airflow of at least one of the plurality of 
airflow devices using at least one of specifications of the at 
least one of the plurality of airflow devices and measured data 
for the at least one of the plurality of airflow devices in the 
data center. The method may further include determining 
available airflow of at least a second one of the plurality of 
airflow devices based on the measured data for the at least one 
of the plurality of airflow devices. In the method, determining 
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cooling capacity may include using Superposition to combine 
airflows. In the method, determining airflow into and out of 
each of a plurality of sides of each control volume may 
include computing airflows using equations based on at least 
one of conservation of mass and conservation of momentum. 
Further, determining airflow into and out of each of a plurality 
of sides of each control Volume may include determining 
airflows using empirical rules derived from CFD, physical 
measurement, or any other means. 
0016. Another aspect of the invention is directed to a sys 
tem for managing a data center. The system includes at least 
one input to receive data related to equipment and equipment 
enclosures and to receive data related to cooling characteris 
tics of the data center, a controller operatively coupled to the 
input and configured to determine cooling capacity of each 
equipment enclosure, and at least one output operatively 
coupled to the controller that provides an indication of 
remaining cooling capacity for each of the equipment enclo 
SUCS. 

0017. The system may further include an output device 
coupled to the at least one output, wherein the system is 
configured to display a floor plan of at least a portion of the 
data centerindicating location of at least one of the equipment 
enclosures in the data center and indicating the remaining 
cooling capacity for the at least one of the equipment enclo 
Sures. The output device may be configured to include an 
indication of additional power that can be drawn by the at 
least one of the equipment enclosures. The system may fur 
ther include at least one airflow monitor operatively coupled 
to the controller to provide data related to at least one airflow 
in the data center. The system may further include at least one 
air monitor operatively coupled to the controller to provide 
data related to air temperature at a location in the data center. 
The controller may be configured to compare a predicted 
cooling capacity with a measured cooling capacity to obtain a 
comparison result and to provide an indication when the 
comparison result is greater thana threshold. The system may 
further include at least one power monitor operatively 
coupled to the controller, and at least one airflow controller 
operatively coupled to the controller and responsive to signals 
from the controller to alter cooling airflow in the data center. 
The system may further include at least one power controller 
operatively coupled to the controller and responsive to signals 
from the controller to alter at least one characteristic of power 
in the data center. 

0018. Another aspect of the invention is directed to a sys 
tem for managing a data center. The system includes at least 
one input to receive data related to equipment and equipment 
enclosures and to receive data related to cooling characteris 
tics of the data center, and means, coupled to the at least one 
input, for determining remaining cooling capacity for each of 
the number of equipment enclosures and providing an indi 
cation of remaining cooling capacity. 
0019. The system may further include means for provid 
ing an indication of additional power that can be drawn by 
each of the equipment enclosures and means for updating the 
indication of remaining cooling capacity based on measured 
airflows in the data center. The system may still further 
include means for determining placement of equipment in the 
data center based on remaining cooling capacity, and means 
for estimating available cooling air of at least one of the 
equipment enclosures using a weighted Summation of avail 
able airflows from a plurality of airflow sources. 
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0020. Another aspect of the invention is directed to a com 
puter-implemented method of managing power and cooling 
capacity of a data center. The method includes receiving data 
center parameters, determining an equipment layout in the 
data center, the equipment layout identifying a location of 
each of a plurality of devices in the data center, based on the 
location, determining available power and available cooling 
in the data center for each of the plurality of devices, com 
paring the available power and available cooling with power 
requirements and cooling requirements of each of the plural 
ity of devices to obtain a cooling comparison result and a 
power comparison result for each of the plurality of devices. 
0021. The method may further include comparing each of 
the comparison cooling results and the power cooling results 
with thresholds and providing at least one recommendation 
for correcting an out of tolerance condition. The at least one 
recommendation may include adding an in-row cooling unit 
in a row of equipment of the data center along with a proposed 
location for the in-row cooling unit. The method may further 
include determining at least one of stranded cooling capacity 
and stranded power capacity in the data center and providing 
recommendations for reducing at least one of the stranded 
power capacity and the stranded cooling capacity in the data 
center. The method may further include displaying a floor 
plan model of the data center, wherein the floor plan model 
includes a floor plan that indicates a location of each of the 
plurality of devices in the data center, and for each of the 
plurality of devices, displaying on the floorplan an indication 
of remaining cooling capacity. The method may include dis 
playing on the floor plan an indication of remaining power 
capacity for each of the plurality of devices. The method may 
still further include setting a redundancy level for at least 
some of the plurality of devices, and wherein the available 
power and available cooling are determined to meet the 
redundancy level. In the method, the act of determining the 
equipment layout may include arranging the plurality of 
devices in at least two substantially parallel rows with a hot 
aisle formed between the two rows, and the method may 
further include conducting a cooling analysis by analyzing 
airflows in the hot aisle. The method may include selecting at 
least one in-row cooling unit to be placed in the layout in one 
of the at least two substantially parallel rows. At least one of 
the plurality of devices is an equipment rack, and the method 
may include determining a capture index for the at least one 
in-row cooling unit and the equipment rack. The method may 
further include on a display Screen, simultaneously display 
ing a first floor plan model of the data center and a second 
floorplan model of the data center, wherein the first floorplan 
model includes at least a partial view of the data center and the 
second floorplan model includes a full view of the data center. 
The second floor plan model may include an indication of a 
portion of the data center that is shown in the first floor plan 
model. The method may further include displaying a three 
dimensional view of at least a portion of the data center. The 
method may include selecting a camera location for use in the 
data center and displaying a three dimensional view of a 
viewing area of the camera. The method may further include 
selecting a Subset of the plurality of devices and defining a 
power Zone for each device of the subset of the plurality of 
devices, wherein each power Zone includes at least one UPS. 
In the method, each of the plurality of devices may be an 
equipment rack, and the method may further include selecting 
components for each of the plurality of devices from a dis 
played list of components. The method may further include 
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determining operational power costs and operational cooling 
costs for a subset of the plurality of devices, and the opera 
tional power costs and operational cooling costs may be 
determined in terms of kilowatts. The method may further 
include transferring an electronic file containing data for the 
equipment layout from a design system to a management 
system. The method may also include displaying measured 
data for the data center on a display of a layout of the data 
Center. 

0022. Another aspect of the invention is directed to a com 
puter-implemented method for designing a layout of a data 
center. The method includes receiving information from a 
user regarding parameters of the data center, determining an 
equipment layout for the data center, the equipment layout 
identifying a location of each of a plurality of devices in the 
data center, and on a display screen, simultaneously display 
ing a first floor plan model of the data center and a second 
floorplan model of the data center, wherein the first floorplan 
model includes at least a partial view of the data center and the 
second floorplan model includes a full view of the data center. 
0023. In the method, the second floor plan model may 
include an indication of a portion of the data center that is 
shown in the first floor plan model. The method may further 
include determining available power and available cooling in 
the data center for each of the plurality of devices, and com 
paring the available power and available cooling with power 
requirements and cooling requirements of each of the plural 
ity of devices to obtain a cooling comparison result and a 
power comparison result for each of the plurality of devices. 
The method may include, for each of the plurality of devices, 
displaying on the first floor plan model an indication of 
remaining cooling capacity, and displaying on the first floor 
plan model an indication of remaining power capacity for 
each of the plurality of devices. 
0024. Another aspect of the invention is directed to a sys 
tem for use with a data center. The system includes an input to 
receive instructions from a user, an output to provide output 
data to a display device, and a controller coupled to the input 
and to the output and configured to determine an equipment 
layout of a data center, the equipment layout identifying a 
location of each of a plurality of devices in the data center. The 
controller is further configured to, based on the location, 
determine available power and available cooling in the data 
center for each of the plurality of devices, and compare the 
available power and available cooling with power require 
ments and cooling requirements of each of the plurality of 
devices to obtain a cooling comparison result and a power 
comparison result for each of the plurality of devices. 
0025. In the system, the controller may be configured to 
compare each of the comparison cooling results and the 
power cooling results with thresholds, and based on at least 
one of the cooling comparison result and the power compari 
son result, provide at least one recommendation for correct 
ing an out of tolerance condition. The at least one recommen 
dation may include adding an in-row cooling unit in a row of 
equipment of the data center, and the at least one recommen 
dation may include a proposed location for the in-row cooling 
unit. The controller may be configured to determine at least 
one of stranded cooling capacity and stranded power capacity 
in the data center, and to provide recommendations for reduc 
ing at least one of the stranded power capacity and the 
Stranded cooling capacity in the data center. The controller 
may be further configured to provide data to the output for 
displaying a floor plan model of the data center, wherein the 
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floorplan model includes a floorplan that indicates a location 
of each of the plurality of devices in the data center, and 
provide data to the output for displaying on the floor plan an 
indication of remaining cooling capacity. The controller may 
be further configured to provide data to the output for dis 
playing on the floor plan an indication of remaining power 
capacity for each of the plurality of devices, and the controller 
may be configured to determine the available power and 
available cooling based on a user-selected redundancy level. 
The controller may be configured to arrange the plurality of 
devices in at least two substantially parallel rows with a hot 
aisle formed between the two rows, and to conduct a cooling 
analysis by analyzing airflows in the hot aisle. The controller 
may be configured to select at least one in-row cooling unit to 
be placed in the layout in one of the at least two substantially 
parallel rows. At least one of the plurality of devices may be 
an equipment rack, and the controller may be configured to 
determine a capture index for the at least one in-row cooling 
unit and the equipment rack. The controller may be config 
ured to provide data to the output to simultaneously display a 
first floorplan model of the data center and a second floorplan 
model of the data center, wherein the first floor plan model 
includes at least a partial view of the data center and the 
second floorplan model includes a full view of the data center. 
The second floorplan model may also include an indication of 
a portion of the data center that is shown in the first floor plan 
model. The controller may be configured to provide data to 
the output to display a three dimensional view of at least a 
portion of the data center, and to provide data to the output to 
display a three dimensional view of a viewing area of a 
camera to be located in the data center. The controller may be 
further configured to select a subset of the plurality of devices 
and define a power Zone for each device of the subset of the 
plurality of devices, wherein each power Zone includes at 
least one UPS. The system may further include a database 
module containing data for components to be loaded into the 
plurality of devices, and the controller may be configured to 
provide data to the output for displaying a list of the compo 
nents. The controller may be configured to determine opera 
tional power costs and operational cooling costs for a Subset 
of the plurality of devices, and the operational power costs 
and operational cooling costs may be determined in terms of 
kilowatts. The controller may also be configured to provide an 
output electronic file containing data for the equipment lay 
out. The controller may also be configured to, based on at 
least one of the cooling comparison result and the power 
comparison result, provide at least one recommendation for 
placement of rack mount equipment. 
0026. Another aspect of the invention is directed to a com 
puter-implemented method for designing a layout of a data 
center. The method includes receiving information from a 
user regarding parameters of the data center, determining an 
equipment layout for the data center, the equipment layout 
identifying a location of each of a plurality of devices in the 
data center, including identifying a row location for each of a 
plurality of equipment racks with a first subset of the plurality 
of equipment racks being included in a first row; and on a 
display screen, displaying a rack view of the data center 
showing a front view of each of the plurality of equipment 
racks of the first subset in the first row. 

0027. In the method, displaying a rack view may include 
displaying a front view of a second subset of the plurality of 
equipment racks of a second row along with the front view of 
the first subset of the plurality of equipment racks. In the 
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method, displaying a rack view may include displaying a 
front view of a second subset of the plurality of equipment 
racks of a second row along with the front view of the first 
subset of the plurality of equipment racks. The first row may 
include additional equipment, with the additional equipment 
not included in the rack view. The method may further include 
simultaneously displaying on the display screen the rack view 
and a full room view of the equipment layout for the data 
center. The method may also include, in response to selection 
of a selected equipment rack in the full room view by a user, 
displaying the selected equipment rack in the rack view, and 
displaying the selected equipment rack in the rack view may 
include displaying a front view of the selected equipment 
rack. 

0028. Another aspect of the invention is directed to a com 
puter-implemented method for evaluating the cooling perfor 
mance of a cluster of equipment racks in a data center, 
wherein the cluster of equipment racks includes at least a first 
row of racks and a second row of racks separated by a cool 
aisle, with each of the equipment racks being configured to 
draw cooling air from the cool aisle. The method includes 
obtaining at least one of power data and airflow data for each 
of the equipment racks, obtaining cool airflow data for cool 
air supplied to the cool aisle from a source of cool air, and 
conducting an analysis of airflows in the cool aisle to deter 
mine a recirculation index for at least one of the equipment 
racks, wherein the recirculation index is indicative of a quan 
tity of recirculated air included in an input airflow of the at 
least one equipment rack. 
0029. In the method, the recirculation index may be equal 
to a ratio of recirculated air to total air in the input airflow of 
the at least one equipment rack, and the method may further 
include determining a recirculation index for each of the 
equipment racks. In the method, the act of obtaining cool 
airflow data may include obtaining cool airflow data for an 
in-row cooling unit included in the cluster of racks. In the 
method, the act of obtaining cool airflow data may include 
obtaining cool airflow data of at least one perforated tile 
included in the cool aisle. In the method, the act of conducting 
an analysis may include defining a plurality of control Vol 
umes in the cool aisle, and the method may further include 
determining airflows in the cool aisle by determining airflow 
into and out of at least one of the control volumes. The method 
may further include comparing the recirculation index for 
each of the plurality of equipment enclosures with a thresh 
old. The method may further include determining a cooling 
capacity for each of the equipment enclosures based on the 
recirculation index for each of the equipment enclosures, and 
displaying the cooling capacity for each of the equipment 
enclosures along with a representation of a data center con 
taining the cluster. In the method, the act of conducting an 
analysis may include assigning different chemical concentra 
tion identifiers to the airflows for at least two of the plurality 
of equipment racks. In the method, the act of conducting an 
analysis may include importing empirical data and determin 
ing end of aisle airflows using the empirical data. In the 
method, the act of conducting an analysis may include deter 
mining cool aisle airflows in isolation from the data center to 
obtain isolated results, and combining the isolated results 
with the empirical data. 
0030. Another aspect of the invention is directed to a com 
puter-implemented method for evaluating the cooling perfor 
mance of a cluster of equipment racks in a data center, 
wherein the cluster of equipment racks includes at least a first 
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row of racks and a second row of racks separated by a hot 
aisle, with each of the equipment racks being configured to 
exhaust air into the hot aisle. The method includes obtaining 
at least one of power data and airflow data for each of the 
equipment racks, obtaining airflow data for at least one air 
removal unit contained in one of the first row of equipment 
racks and the second row of equipment racks, and conducting 
an analysis of airflows in the hot aisle to determine a capture 
index for at least one of the equipment racks, wherein the 
capture index is indicative of a fraction of air that is exhausted 
by the at least one of the equipment racks and captured by the 
at least one air removal unit. 

0031. In the method, the at least one air removal unit may 
include an in-row cooling unit, and the capture index may be 
equal to a ratio of captured air to total air exhausted by the at 
least one equipment rack. The method may further include 
determining a capture index for each of the equipment racks. 
In the method, the act of conducting an analysis may include 
defining a plurality of control Volumes in the hot aisle, and the 
method may further include determining airflows in the hot 
aisle by determining airflow into and out of at least one of the 
control volumes. The method may further include comparing 
the capture index for each of the plurality of equipment enclo 
sures with a threshold. The method may include determining 
a cooling capacity for each of the equipment enclosures based 
on the capture index for each of the equipment enclosures, 
and displaying the cooling capacity for each of the equipment 
enclosures along with a representation of a data center con 
taining the cluster. In the method, the act of conducting an 
analysis may include assigning different chemical concentra 
tion identifiers to the airflows for at least two of the plurality 
of equipment racks. In the method, the act of conducting an 
analysis may include importing empirical data and determin 
ing end of aisle airflows using the empirical data. The act of 
conducting an analysis may include determining hot aisle 
airflows in isolation from the data center to obtain isolated 
results, and combining the isolated results with the empirical 
data. In the method, the act of conducting an analysis may 
include importing empirical rules, and determining the cap 
ture index using the empirical rules, and the empirical rules 
may include coefficients for use in determining at least one 
capture index. 
0032. Another aspect of the invention is directed to a com 
puter-readable medium encoded with instructions for execu 
tion on a computer system. The instructions, when executed, 
perform a method comprising acts of obtaining at least one of 
power data and airflow data for a plurality of equipment racks 
arranged in a cluster, wherein the cluster of equipment racks 
includes at least a first row of racks and a second row of racks 
separated by a cool aisle, with each of the equipment racks 
being configured to draw cooling air from the cool aisle, 
obtaining cool airflow data for cool air supplied to the cool 
aisle from a source of cool air, and conducting an analysis of 
airflows in the cool aisle to determinea recirculation index for 
at least one of the equipment racks, wherein the recirculation 
index is indicative of a quantity of recirculated air included in 
an input airflow of the at least one equipment rack. 
0033. The recirculation index may equal to a ratio of recir 
culated air to total air in the input airflow of the at least one 
equipment rack, and the acts may further include determining 
a recirculation index for each of the equipment racks. The act 
of obtaining cool airflow data may include obtaining cool 
airflow data for an in-row cooling unit included in the cluster 
of racks. The act of obtaining cool airflow data may include 
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obtaining cool airflow data of at least one perforated tile 
included in the cool aisle. The act of conducting an analysis 
ma include defining a plurality of control Volumes in the cool 
aisle, and wherein the method further includes determining 
airflows in the cool aisle by determining airflow into and out 
of at least one of the control volumes. The acts may further 
include comparing the recirculation index for each of the 
plurality of equipment enclosures with a threshold, and deter 
mining a cooling capacity for each of the equipment enclo 
Sures based on the recirculation index for each of the equip 
ment enclosures. The acts may further include displaying the 
cooling capacity for each of the equipment enclosures along 
with a representation of a data center containing the cluster. 
The act of conducting an analysis may include assigning 
different chemical concentration identifiers to the airflows for 
at least two of the plurality of equipment racks. The act of 
conducting an analysis may include importing empirical data 
and determining end of aisle airflows using the empirical 
data. The act of conducting an analysis may include deter 
mining cool aisle airflows in isolation from the data center to 
obtain isolated results, and combining the isolated results 
with the empirical data. 
0034. Another aspect of the invention is directed to a com 
puter-readable medium encoded with instructions for execu 
tion on a computer system. The instructions when executed, 
perform a method comprising acts of obtaining at least one of 
power data and airflow data for a plurality of equipment racks 
arranged in a cluster, wherein the cluster of equipment racks 
includes at least a first row of racks and a second row of racks 
separated by a hot aisle, with each of the equipment racks 
being configured to exhaust air into the hot aisle, obtaining 
airflow data for at least one air removal unit contained in one 
of the first row of equipment racks and the second row of 
equipment racks, and conducting an analysis of airflows in 
the hot aisle to determine a capture index for at least one of the 
equipment racks, wherein the capture index is indicative of a 
fraction of air that is exhausted by the at least one of the 
equipment racks and captured by the at least one air removal 
unit 

0035. In the method, the at least one air removal unit may 
be an in-row cooling unit, and the capture index may be equal 
to a ratio of captured air to total air exhausted by the at least 
one equipment rack. The acts may further include determin 
ing a capture index for each of the equipment racks. The act of 
conducting an analysis may include defining a plurality of 
control volumes, and wherein the method further includes 
determining airflows in the hot aisle by determining airflow 
into and out of at least one of the control volumes. The acts 
may further include comparing the capture index for each of 
the plurality of equipment enclosures with a threshold. The 
acts may further include determining a cooling capacity for 
each of the equipment enclosures based on the capture index 
for each of the equipment enclosures, and displaying the 
cooling capacity for each of the equipment enclosures along 
with a representation of a data center containing the cluster. 
The act of conducting an analysis may include assigning 
different chemical concentration identifiers to the airflows for 
at least two of the plurality of equipment racks. The act of 
conducting an analysis may include importing empirical data 
and determining end of aisle airflows using the empirical 
data. The act of conducting an analysis may include deter 
mining hot aisle airflows in isolation from the data center to 
obtain isolated results, and combining the isolated results 
with the empirical data. The act of conducting an analysis 
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may include importing empirical rules, and determining the 
capture index using the empirical rules. The empirical rules 
include coefficients for use in determining at least one capture 
index. 

0036. According to one aspect of the present invention, a 
computer-implemented method for providing a representa 
tion of capacity of a data center resource is provided. The 
method comprises acts of determining a first indication of 
excess capacity of a first data center resource that is unusable 
due to insufficient capacity of at least one other data center 
resource associated with the first data center resource, and 
providing the first indication of excess capacity of the first 
data center resource to an external entity. According to one 
embodiment of the present invention, the act of determining 
the first indication of excess capacity includes an act of deter 
mining an amount of excess capacity of the first data center 
resource that is unusable due to insufficient capacity of the at 
least one other data center resource associated with the first 
data center resource. According to another embodiment of the 
invention, the act of determining the first indication of excess 
capacity includes an act of determining an indication of 
excess capacity at a location in a rack. According to another 
embodiment of the invention, the act of determining the first 
indication of excess capacity at the location in the rack 
includes an act of determining an indication of excess capac 
ity at a U spaceposition. According to another embodiment of 
the invention, the act of determining the first indication of 
excess capacity includes an act of determining an indication 
of excess capacity of rack space that is unusable due to insuf 
ficient capacity of power. 
0037 According to one embodiment of the present inven 

tion, the act of determining the first indication of excess 
capacity includes an act of determining an indication of 
excess capacity of power that is unusable due to insufficient 
capacity of cooling. According to another embodiment of the 
invention, the act of determining the first indication of excess 
capacity includes an act of determining an indication of 
excess capacity of power distribution that is unusable due to 
insufficient capacity of power available for distribution. 
According to another embodiment of the invention, the act of 
determining the first indication of excess capacity includes an 
act of determining an indication of excess capacity of physi 
cal space that is unusable due to insufficient capacity of 
cooling. According to another embodiment of the invention, 
the act of determining the first indication of excess capacity 
includes an act of determining an indication of excess capac 
ity of power distribution that is unusable due to insufficient 
capacity of network connectivity. According to another 
embodiment of the invention, the act of determining the first 
indication of excess capacity includes an act of determining 
an indication of excess capacity of Uspace that is unusable 
due to insufficient capacity of weight Support. 
0038 According to one embodiment of the present inven 

tion, the act of providing the first indication of excess capacity 
includes an act of providing the indication to another system 
element. According to another embodiment of the invention, 
the act of providing the first indication of excess capacity 
includes an act of presenting the first indication to a user of a 
computer system. According to another embodiment of the 
invention, the act of presenting the first indication to the user 
of the computer system includes an act of presenting, to the 
user of the computer system, an amount of excess capacity of 
the first data center resource that is unusable due to insuffi 
cient capacity of the at least one other data center resource 
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associated with the first data center resource. According to 
another embodiment of the invention, the act of presenting, to 
the user of the computer system, the amount of excess capac 
ity includes acts of presenting, to the user of the computer 
system, an identifier that identifies the first data center 
resource and presenting, to the user of the computer system, 
an identifier that identifies the at least one other data center 
resource. According to another embodiment of the invention, 
the method further comprises determining a configuration of 
data center equipment that minimizes, relative to at least one 
other configuration, the excess capacity of the first data center 
resource, and providing the configuration of data center 
equipment to an external entity. 
0039. According to one embodiment of the present inven 
tion, determining the configuration of data center equipment 
includes determining a location for at least one element of 
data center equipment. According to another embodiment of 
the invention, the method further comprises determining a 
second indication of excess capacity of a second data center 
resource that is unusable due to insufficient capacity of at 
least one other data center resource associated with the sec 
ond data center resource determining a configuration of data 
center equipment that minimizes, relative to at least one other 
configuration, an aggregate of the first indication and the 
second indication, and providing the configuration of data 
center equipment to an external entity. 
0040. According to one aspect of the present invention, a 
computer-implemented method for providing a representa 
tion of a data center resource is provided. The method com 
prises acts of determining a status of capacity for the data 
center resource provided to either a rack or a location in a 
rack, and providing the status to an external entity. According 
to another embodiment of the invention, determining the 
status of capacity for the data center resource includes deter 
mining a status for the data center resource provided to a U. 
space position. According to one embodiment of the present 
invention, the act of determining the status of capacity for the 
data center resource includes an act of determining a status of 
capacity of power. According to another embodiment of the 
invention, the act of determining the status of capacity for the 
data center resource includes an act of determining a status of 
capacity of cooling. According to another embodiment of the 
invention, the act of determining the status of capacity for the 
data center resource includes an act of determining a status of 
capacity of physical space. According to another embodiment 
of the invention, the act of determining the status of capacity 
for the data center resource includes an act of determining a 
status of capacity of weight Support. According to another 
embodiment of the invention, the act of determining the status 
of capacity for the data center resource includes an act of 
determining a status of available capacity. According to 
another embodiment of the invention, the act of determining 
the status of capacity for the data center resource includes an 
act of determining a status of utilized capacity. 
0041 According to one aspect of the present invention, a 
computer-implemented method for providing a representa 
tion of a data center resource is provided. The method com 
prises acts of determining a rate of change of a utilized capac 
ity of the data center resource based at least in part on changes 
to a data center configuration, and providing a predicted uti 
lization of the data center resource based at least in part on the 
rate of change. According to another embodiment of the 
invention, determining the rate of change of utilized capacity 
of the data center resource includes determining the rate of 
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change using linear regression. According to another embodi 
ment of the invention, the data center resource includes 
power. According to another embodiment of the invention, 
the data center resource includes cooling. 
0042. According to one aspect of the present invention, a 
system for providing a representation of a capacity of data 
center resource is provided. The system comprises an input 
configured to receive a capacity of a first data center resource 
and a capacity of at least one other data center resource, an 
output configured to provide an amount of excess capacity of 
the first data center resource, and a controller coupled to the 
input and the output and configured to determine an amount 
of excess capacity of the first data center resource that is 
unusable due to insufficient capacity of the at least one other 
data center resource. 
0043. According to one aspect of the present invention, a 
system for providing a representation of a data center 
resource is provided. The system comprises an input config 
ured to receive capacity information for a data center 
resource, an output configured to provide a status of capacity 
for the data center resource, and a controller coupled to the 
input and the output and configured to determine the status of 
capacity for the data center resource at either a rack or a 
location in a rack. 
0044 According to one aspect of the present invention, a 
system for providing an evaluation of a data center resource is 
provided. The system comprises an input configured to 
receive changes in a data center configuration, an output 
configured to provide a predicted utilization of the data center 
resource based on a rate of change of utilized capacity of the 
data center resource, and a controller configured to determine 
the rate of change of the utilized capacity of the data center 
resource based on the changes in a data center configuration. 
0045. According to one aspect of the present invention, a 
computer-implemented method for distributing data describ 
ing models of data center equipment is provided. The method 
comprises acts of indicating a first group of the data describ 
ing models of data center equipment, the first group identify 
ing standard models of data center equipment, indicating a 
second group of the data describing models of data center 
equipment, the second group identifying models approved for 
use in a first data center, indicating a third group of the data 
describing models of data center equipment, the third group 
identifying models preferred for use in the first data center, 
providing the second group to a first remote computing device 
located in the first data center, and providing the third group 
to the first remote computing device located in the first data 
center. According to one embodiment of the present inven 
tion, the act of providing the second group comprises an act of 
providing data including at least one of the group comprising 
data center equipment manufacturer, data center equipment 
model, data center equipment power plug type, data center 
equipment number of plugs required, data center equipment 
power required, data center equipment airflow required, data 
center equipment network connectivity required, data center 
equipment weight Support required, data center equipment 
cooling required, and data center equipment physical space 
required. According to another embodiment of the invention, 
the method further comprises an act of providing the third 
group from the first remote computing device to a second 
remote computing device. 
0046 According to one embodiment of the present inven 

tion, the act of providing the third group from the first remote 
computing device includes an act of providing the third group 
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to a mobile computing device. According to another embodi 
ment of the invention, the act of indicating a first group 
includes storing an indicator of the first group in a database 
hosted by a system provider. According to another embodi 
ment of the invention, the method further comprises an act of 
receiving first non-standard data describing models of data 
center equipment from the first remote computing device. 
According to another embodiment of the invention, the 
method further comprises an act of receiving non-standard 
data describing models of data center equipment from an 
external entity. According to another embodiment of the 
invention, the act of receiving non-standard data includes 
receiving additional data from a data center equipment manu 
facturer. According to another embodiment of the invention, 
the method further comprises acts of indicating a fourth group 
of the data describing models of data center equipment, the 
fourth group identifying models approved for use in a second 
data center, indicating a fifth group of the data describing 
models of data center equipment, the fifth group identifying 
models preferred for use in the second data center, providing 
the fourth group to a third remote computing device located in 
the second data center, and providing the fifth group to the 
third remote computing device located in the second data 
center. According to another embodiment of the invention, 
the method further comprises an act of receiving second 
non-standard data describing models of data center equip 
ment from the third remote computing device. 
0047 According to one aspect of the present invention, a 
computer-implemented method for maintaining a data center 
equipment database is provided. The method comprises acts 
of receiving a set of configuration management data from 
each of a plurality of data centers, each set of configuration 
management data identifying one of the plurality data centers, 
a capacity for power of the identified data center, a capacity 
for cooling of the identified data center and at least one 
element of data center equipment disposed within the identi 
fied data center. According to one embodiment of the present 
invention, the acts of receiving include acts of receiving con 
figuration management data including at least one of the 
group comprising data center physical dimensions, data cen 
ter equipment location within the data center physical dimen 
sions, data center power distribution provided to the data 
center equipment location, data center cooling distribution 
provided to the data center equipment location, data center 
network connectivity provided to the data center equipment 
location, data center equipment manufacturer, and data center 
equipment model. According to another embodiment of the 
invention, the method further comprises acts of receiving a set 
of data center resource consumption and production data 
from each of the plurality of data centers, each set of data 
center resource consumption and production data identifying 
one of the plurality of data centers and being associated with 
at least one element of data center equipment disposed within 
the identified data center. 

0048. According to one embodiment of the present inven 
tion, the acts of receiving a set of data center resource con 
Sumption and production data from each of the plurality of 
data centers include acts of receiving data center resource 
consumption and production data including at least one from 
the group comprising data center equipment identity, data 
center equipment manufacturer, data center equipment 
model, data center equipment power plug type used, data 
center equipment number of plugs used, data center equip 
ment power used, data center equipment airflow used, data 
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center equipment network connectivity used, data center 
equipment weight Support used, data center equipment cool 
ing used, and data center equipment physical space used. 
According to another embodiment of the invention, the acts of 
receiving a set of data center resource consumption and pro 
duction data from each of the plurality of data centers include 
acts of receiving data center resource consumption and pro 
duction data including at least one from the group comprising 
data center equipment identity, data center equipment manu 
facturer, data center equipment model, data center equipment 
power plug type provided, data center equipment number of 
plugs provided, data center equipment power provided, data 
center equipment airflow provided, data center equipment 
network connectivity provided, data centerequipment weight 
Support provided, data center equipment cooling provided, 
and data center equipment physical space provided. 
0049 According to one aspect of the present invention, a 
computer-implemented method for distributing data describ 
ing models of data center equipment is provided. The method 
comprises acts of receiving, from a first remote computing 
device, a first group of the data describing models of data 
center equipment, the first group identifying models 
approved for use in a data center, receiving, from the first 
remote computing device, a second group of the data describ 
ing models of data center equipment, the second group iden 
tifying models preferred for use in the data center, and pro 
viding the second group to a second remote computing 
device. According to one embodiment of the present inven 
tion, the method further comprises acts of receiving, from an 
external entity, non-standard data describing models of data 
center equipment that are not approved for use in the data 
center, and providing the non-standard data to the first remote 
computing device. 
0050. According to one aspect of the present invention, a 
system for managing equipment data describing models of 
data center equipment is provided. The system comprises an 
input configured to receive data associated with the equip 
ment data, an output configured to provide data associated 
with the equipment data, and a controller coupled to the input 
and the output and configured to allow an external entity to 
indicate that a first group of the equipment data describes 
standard models of data center equipment; to indicate that a 
second group of the equipment data describes models of data 
center equipment approved for use in a data center, to indicate 
that a third group of the equipment data describes models of 
data center equipment preferred for use in the data center and 
further configured to provide, via the output, the second group 
to a remote computing device located in the data center and to 
provide, via the output, the third group to the remote comput 
ing device located in the data center. 
0051. According to one aspect of the present invention, a 
system for managing equipment data describing models of 
data center equipment is provided. The system comprises a 
computer readable medium, an input configured to receive 
data associated with the equipment data, an output configured 
to provide data associated with the equipment data, and a 
controller coupled to the input, the output and the computer 
readable medium and configured to store, in the computer 
readable medium, an first indication that a first group of the 
equipment data describes models of data center equipment 
approved for use in a data center and to store a second indi 
cation that a second group of equipment data describes mod 
els of data center equipment preferred for use in the data 
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center and further configured to provide, via the output, the 
second group to a remote computing device located in the 
data center. 

0.052 According to one aspect of the present invention, a 
system for maintaining a data center equipment database is 
provided. The system comprises an input configured to 
receive a set of configuration management data from each of 
a plurality of data centers, each set of configuration manage 
ment data identifying one of the plurality data centers, a 
capacity for power of the identified data center, a capacity for 
cooling of the identified data center and at least one element 
of data center equipment disposed within the identified data 
center, and a controller coupled to the input and configured to 
store, in the data center equipment database, each set of 
configuration management data. 
0053 According to one aspect of the present invention, a 
computer-implemented method for managing a data center 
configuration is provided. The method comprises acts of 
receiving, from a user, a proposed change to the data center 
configuration though an interactive representation of a layout 
of an identified space in a data center, the proposed change 
including data identifying at least one element of data center 
equipment to be provisioned in the data center, the at least one 
element of data center equipment having a plurality of data 
center resource requirements, determining at least one loca 
tion in the data center having a plurality of data center 
resources that satisfy the plurality of data center resource 
requirements of the at least one element of data center equip 
ment, and storing the at least one location on a computer 
readable medium. According to one embodiment of the 
present invention, the act of receiving, from the user, the 
proposed change to the data center configuration includes an 
act of receiving data identifying at least one element of floor 
mounted data center equipment to be provisioned in the data 
center. According to another embodiment of the invention, 
the act of receiving, from the user, the proposed change 
includes an act of receiving, from the user, the proposed 
change to the data center configuration though an interactive 
representation of a layout of a data center room. According to 
another embodiment of the invention, the act of receiving, 
from the user, the proposed change includes an act of receiv 
ing, from the user, the proposed change to the data center 
configuration though an interactive representation of a layout 
of a rack. According to another embodiment of the invention, 
the act of receiving, from the user, the proposed change to the 
data center configuration includes an act of receiving infor 
mation regarding at least one element of data center equip 
ment represented in the interactive representation. 
0054 According to one embodiment of the present inven 
tion, the act of receiving, from the user, the proposed change 
to the data center configuration includes an act of scanning a 
barcode. According to another embodiment of the invention, 
the act of determining the at least one location includes an act 
of determining at least one location in near real-time. Accord 
ing to another embodiment of the invention, the act of deter 
mining the at least one location includes an act of receiving, 
from an external entity, data identifying at least one location 
in the data center for the at least one element of data center 
equipment having a plurality of data center resources. 
According to another embodiment of the invention, the act of 
determining the at least one location includes an act of deter 
mining a location that minimizes, relative to at least one other 
location, an amount of excess data center resource capacity 
that is unusable due to insufficient associated capacity of at 
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least one other data center resource, and the method further 
comprises providing the at least one location to an external 
entity. According to another embodiment of the invention, the 
act of providing the at least one location further includes an 
act of presenting the at least one location to a user of a 
computer system. According to another embodiment of the 
invention, the act of determining the at least one location 
includes an act of determining a series of locations arranged 
consecutively according to an amount of excess data center 
resource capacity that is unusable due to insufficient associ 
ated capacity of at least one other data center resource and the 
method further comprises providing the series of locations to 
an external entity. 
0055 According to one embodiment of the present inven 

tion, the act of providing the at least one location includes an 
act of presenting the series to a user of a computer system. 
According to another embodiment of the invention, the 
method further comprises an act of presenting, to the user, 
information regarding the proposed change to the data center 
configuration, the information including a representation of 
at least one element of data center equipment that is disposed 
in a rack. According to another embodiment of the invention, 
the act of presenting, to the user, the information regarding the 
proposed change to the data center configuration includes an 
act of presenting, to the user, a representation of the at least 
one element of data center equipment as placed in inactive 
storage, and the method further includes an act of recording 
the at least one element of data center equipment as placed in 
inactive storage. According to another embodiment of the 
invention, the act of presenting, to the user, the information 
regarding the proposed change to the data center configura 
tion includes an act of presenting, to the user, an interactive 
representation that is updated based on the proposed change. 
According to another embodiment of the invention, the act of 
presenting, to the user, the interactive representation that is 
updated based on the proposed change includes an act of 
presenting, to the user, the interactive representation updated 
in near real-time. According to another embodiment of the 
invention, the method further comprises generating a work 
order identifying a set of tasks required to complete the pro 
posed change, and presenting the set of tasks via an output of 
a computer system. According to another embodiment of the 
invention, the method further comprises acts of detecting a 
change in the power demanded at power distribution device 
associated with the work order, and recording the work order 
as completed based on the change in power demanded. 
According to another embodiment of the invention, the 
method is performed using a remote computing device. 
0056. According to one aspect of the present invention, a 
computer-implemented method for managing a data center 
configuration is provided. The method comprises acts of 
receiving at least one policy identifying at least one charac 
teristic of a data center resource as provided to at least one 
element of data center equipment, receiving a proposed 
change to the data center configuration, and determining a 
compliance result that indicates whether the data center con 
figuration, including the proposed change, complies with the 
at least one policy. According to one embodiment of the 
present invention, the act of receiving the at least one policy 
includes an act of receiving at least one policy identifying a 
redundancy level. According to another embodiment of the 
invention, the act of receiving the at least one policy includes 
an act of receiving at least one policy identifying a runtime 
requirement. According to another embodiment of the inven 
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tion, the act of receiving the at least one policy includes an act 
of receiving at least one policy identifying a security require 
ment. According to another embodiment of the invention, the 
act of receiving the at least one policy includes an act of 
receiving at least one policy identifying a requirement of 
cooling. According to another embodiment of the invention, 
the act of receiving the at least one policy includes an act of 
receiving at least one policy identifying a requirement of 
network connectivity. According to another embodiment of 
the invention, the act of receiving the at least one policy 
includes an act of receiving at least one policy identifying a 
requirement of power. According to another embodiment of 
the invention, the act of receiving the at least one policy 
identifying a requirement of power includes an act of receiv 
ing at least one policy identifying a requirement of power 
distribution. 

0057 According to one aspect of the present invention, a 
computer-implemented method for designing a data center is 
provided. The method comprises acts of receiving at least one 
policy identifying at least one characteristic of a data center 
resource as provided to at least one element of data center 
equipment, receiving data identifying at least one location in 
the data center for at least one element of data center equip 
ment, the at least one location having a plurality of data center 
resources and the at least one element of data center equip 
ment having a plurality of data center resource requirements, 
and determining at least one element of data centerequipment 
that satisfies the policy when located at the at least one loca 
tion, wherein the plurality of data center resources of the at 
least one location satisfy the plurality of data center resource 
requirements of the at least one element of data center equip 
ment. 

0.058 According to one aspect of the present invention, a 
system for managing a data center configuration comprising 
an input configured to receive, from a user, a proposed change 
to the data center configuration though an interactive repre 
sentation of a layout of an identified space in a data center, an 
output configured to provide a set of tasks to a user, and a 
controller coupled to the input and the output and configured 
to generate a work order identifying the set of tasks required 
to complete the proposed change and to provide the set of 
tasks to the output. According to one embodiment of the 
present invention, the system further comprises a computer 
readable medium coupled to the controller and wherein the 
input is further configured to receive status information asso 
ciated with the work order and the controller is further con 
figured to record the status information in the computer read 
able medium. According to another embodiment of the 
invention, the system further comprises an input configured to 
receive, from a user, status information associated with the 
work order and wherein the controller is further configured to 
provide the status information to the output. 
0059. According to one aspect of the present invention, a 
system for managing a data center configuration comprises a 
first input configured to receive at least one policy identifying 
at least one characteristic of a data center resource as provided 
to at least one element of data center equipment, a second 
input configured to receive a proposed change to the data 
center configuration, and a controller coupled to the first and 
second inputs and configured to determine a compliance 
result that indicates whether the data center configuration, 
including the proposed change, complies with the at least one 
policy. 
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0060 According to one aspect of the present invention, a 
system for designing a data center is provided. The system 
comprises an first input configured to receive at least one 
policy identifying at least one characteristic of a data center 
resource as provided to at least one element of data center 
equipment, a second input configured to receive data identi 
fying at least one location in the data center for at least one 
element of data center equipment, the at least one location 
having a plurality of data center resources and the at least one 
element of data center equipment having a plurality of data 
center resource requirements, and a controller coupled to the 
first and second inputs and configured to determine at least 
one element of data center equipment that satisfies the policy 
when located at the at least one location, wherein the plurality 
of data center resources of the at least one location satisfy the 
plurality of data center resource requirements of the at least 
one element of data center equipment. 
0061 According to one aspect of the present invention, a 
remote computing device for navigating a representation of a 
data center is provided. The remote computing device com 
prises an interface configured to present, to a user, an inter 
active representation of a layout of an identified space in a 
data center and to receive, from the user, an identifier of at 
least one element of data center equipment located in the data 
center, a memory configured to store information regarding 
data center equipment represented by the interface, and a 
controller coupled to the interface and memory and config 
ured to retrieve information regarding the identified at least 
one element of data center equipment from the memory and 
provide the information to the interface. 
0062 According to one aspect of the present invention, a 
computer-implemented method for managing data center 
resource redundancy is provided. The method comprises acts 
of determining a redundancy level of a data center resource at 
a location in a rack, and providing the redundancy level of the 
data center resource. According to one embodiment of the 
present invention, the act of determining the redundancy level 
of the data center resource includes an act of determining a 
redundancy level of cooling. According to another embodi 
ment of the invention, the act of determining the redundancy 
level of the data center resource includes an act of determin 
ing a redundancy level of network connectivity. According to 
another embodiment of the invention, the act of determining 
the redundancy level of the data center resource includes an 
act of determining a redundancy level of power. According to 
another embodiment of the invention, the act of determining 
the redundancy level of the data center resource includes an 
act of determining a redundancy level of power distribution. 
According to another embodiment of the invention, the act of 
determining the redundancy level of the data center resource 
at a location in a rack includes an act of determining a redun 
dancy level of a data center resource at a U space position. 
According to another embodiment of the invention, the act of 
providing the redundancy level includes an act of presenting, 
to a user of a computer system, a representation of the at least 
one location in a rack. According to another embodiment of 
the invention, the act of presenting, to the user of the computer 
system, the representation of the at least one location in the 
rack includes an act of presenting, to a user of a computer 
system, a representation at least one U space position in a 
rack. According to another embodiment of the invention, the 
act of presenting, to the user of the computer system, the 
representation of the at least one location in the rack includes 
an act of presenting, to a user of a computer system, a repre 
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sentation of a redundancy relationship between elements dis 
posed in a data center. According to another embodiment of 
the invention, the act of presenting, to the user of the computer 
system, a representation of a redundancy relationship 
between elements disposed in a data center includes an act of 
presenting, to a user of a computer system, a redundancy 
relationship between elements disposed in a rack. 
0063. According to one aspect of the present invention, a 
system for managing data center resource redundancy is pro 
vided. The system comprises a controller configured to deter 
mine the redundancy level of a data center resource at a 
location in a rack, and an output coupled to the controller and 
configured to provide a representation of the redundancy 
level of the data center resource. According to one embodi 
ment of the present invention, the location in the rack includes 
a U space position in a rack. According to another embodi 
ment of the invention, the system includes a remote comput 
ing device. 
0064. Further features and advantages of the present 
invention as well as the structure and operation of various 
embodiments of the present invention are described in detail 
below with reference to the accompanying drawings. In the 
drawings, like reference numerals indicate like or function 
ally similar elements. Additionally, the left-most one or two 
digits of a reference numeral identifies the drawing in which 
the reference numeral first appears. 

BRIEF DESCRIPTION OF DRAWINGS 

0065. The accompanying drawings, are not intended to be 
drawn to Scale. In the drawings, each identical or nearly 
identical component that is illustrated in various figures is 
represented by a like numeral. For purposes of clarity, not 
every component may be labeled in every drawing. In the 
drawings: 

BRIEF DESCRIPTION OF DRAWINGS 

0066. The accompanying drawings are not intended to be 
drawn to Scale. In the drawings, each identical or nearly 
identical component that is illustrated in various figures is 
represented by a like numeral. For purposes of clarity, not 
every component may be labeled in every drawing. In the 
drawings: 
0067 FIG. 1 is a top view of a data center of the type with 
which embodiments of the present invention may be used; 
0068 FIG. 2 is a side view of the data center of FIG. 1. 
0069 FIG. 3 is a functional block diagram of a system in 
accordance with one embodiment of the present invention; 
0070 FIG. 4 is a flowchart of a process that may be imple 
mented using the system of FIG. 3 in accordance with one 
embodiment of the invention; 
0071 FIG. 5 is a diagram showing facility information 
that can be displayed using at least one embodiment of the 
invention; 
0072 FIGS. 5A and 5B are diagrams showing additional 
information that can be displayed using embodiments of the 
invention; 
(0073 FIGS. 5C and 5D show graphical user interface 
screens that exhibit various aspects of the present invention; 
0074 FIG. 6 is a functional block diagram of a manage 
ment system in accordance with one embodiment of the 
invention; 
0075 FIG. 7 is a flow chart of a management process in 
accordance with one embodiment of the invention; 
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0076 FIG.8 shows a perspective view of a cluster of racks 
whose cooling performance can be analyzed using embodi 
ments of the invention; 
0077 FIG.9 shows a top view of a cluster of racks whose 
cooling performance can be analyzed using a control Volume 
analysis technique of at least one embodiment; 
0078 FIG.9A shows the cluster of racks of FIG.9 along 
with staggered control Volumes that may be used in the con 
trol Volume analysis technique; 
0079 FIG. 10 is a flow chart of a control volume analysis 
technique in accordance with one embodiment of the inven 
tion; 
0080 FIG. 11 is a diagram demonstrating a principle of 
Superposition used in one embodiment; 
0081 FIG. 12 is a graph used in determining airflows in 
one embodiment; 
0082 FIG. 13 is a diagram identifying airflows used with 
one analysis method of one embodiment; 
0083 FIG. 14 is a flow chart of a process for determining 
a recirculation index in one embodiment; 
0084 FIG. 15 is a schematic diagram showing a layout of 
equipment racks used in an analysis in one embodiment to 
determine a capture index; 
0085 FIG. 16 is a flowchart of a process for determining a 
capture index in accordance with one embodiment; 
I0086 FIG. 17 is a functional block diagram of a computer 
system that may be used in embodiments of the invention; 
0087 FIG. 18 is a functional block diagram of a storage 
system that may be used with the computer system of FIG. 17: 
I0088 FIG. 19 is a flowchart of a process that may be 
implemented using the system of FIG. 3 in accordance with 
one embodiment of the invention; 
0089 FIG. 20 shows graphical user interface screen that 
exhibits various aspects of the present invention; 
0090 FIG. 21 depicts another graphical user interface 
screens that exhibits various aspects of the present invention; 
0091 FIG. 22 illustrates another graphical user interface 
screen that exhibits various aspects of the present invention; 
and 
0092 FIG. 23 shows a representation used to analyze 
Stranded capacity according to an aspect of the present inven 
tion. 

DETAILED DESCRIPTION 

0093. This invention is not limited in its application to the 
details of construction and the arrangement of components 
set forth in the following description or illustrated in the 
drawings. The invention is capable of other embodiments and 
of being practiced or of being carried out in various ways. 
Also, the phraseology and terminology used herein is for the 
purpose of description and should not be regarded as limiting. 
The use of “including.” “comprising, or “having.” “contain 
ing.” “involving, and variations thereof herein, is meant to 
encompass the items listed thereafter and equivalents thereof 
as well as additional items. 
0094. Embodiments of the present invention may be used 
to design, manage and retrofit a data center, such as data 
center 100 which is shown in FIGS. 1 and 2 with FIG. 1 
showing a top view of the data center 100, and FIG.2 showing 
a side view of the data center 100. As discussed further below, 
the design of the layout of the data center 100, including 
various data center resources such as power and cooling con 
siderations may be performed using systems and processes of 
embodiments of the present invention. A data center resource 
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may include, for example, any characteristic of a data center 
that Supports and/or ensures data center equipment function 
ality. Examples of data center resources include power, cool 
ing, physical space, weight Support, remote equipment con 
trol capability, physical and logical security and physical and 
logical network connectivity. Power data center resources 
may include power distribution resources, such as transform 
ers, PDUs and outlets, and power available for distribution, 
Such as utility power Supplied to the data center, power gen 
erated by an onsite generator and power supplied by UPSs. 
Physical space resources in a data center may include data 
center floor space and rack U space. Cooling resources in a 
data center may include cooling distribution capacity and 
cooling generation capacity. Physical security resources in a 
data center may include security cameras and door locks. 
Logical network connectivity resources in a data center may 
include Virtual Local Area Networks, Domain Name Ser 
vices, and Dynamic Host Configuration Protocol Services. 
Physical network connectivity resources may include net 
work cabling and patch panels. Remote equipment control 
capability resources in a data center may include Keyboard 
Video Mouse services. 

0.095 Embodiments of the invention, however, are not 
limited for use with data centers like that shown in FIGS. 1 
and 2 and may be used with other facilities that do not include 
raised floors and may be used with facilities that house equip 
ment other than computing equipment, including telecommu 
nications facilities and other facilities. Further, embodiments 
of the invention may be used with raised floor and equipment 
layouts that are not neatly arranged in the manner shown in 
FIGS. 1 and 2. Embodiments of the present invention may use 
systems, devices and methods described in U.S. patent appli 
cation Ser. No. 10/038,106, filed Jan. 2, 2002, titled “Rack 
Power System and Method, incorporated herein in its 
entirety by reference. 
0096. The data center 100 includes rows of racks 102A, 
102B, 102C and 102D, cooling units 104A and 104B, and a 
raised floor 106. Each of the rows includes racks 108, at least 
a number of which draw coolair from the front of the rack and 
return warm air to the rear or top or rear and top of the rack. 
Each rack may contain U space positions designed to house 
rack mounted data center equipment. Such as, for example, 
servers, cooling equipment and network connectivity equip 
ment. 

0097. As understood by those skilled in the art, to optimize 
cooling performance in a data center, rows of racks are often 
positioned to create alternating cold aisles and hot aisles. In 
the configuration shown in FIGS. 1 and 2, aisles 110A, 110B 
and 110C are hot aisles and aisles 112A and 112B are cold 
aisles. To provide cooling to the racks, in front of each of the 
racks in the cold aisle, perforated floor tiles 114 are used to 
provide cooling air from under the raised floor. In the data 
center 100, in addition to the perforated floor tiles shown, the 
raised floor may include solid floor tiles. The cooling units 
104A and 104B are designed to provide cool air to the area 
under the raised floor and to receive return warm air from the 
space adjacent the ceiling of the data center. In other embodi 
ments, in addition to or in place of the cooling units 104A and 
104B, in-row cooling units, such as those available from 
American Power Conversion Corporation, may be used. Fur 
ther, in at least one embodiment, half-rack in-row cooling 
units may be used, as described in co-pending U.S. patent 
application Ser. No. 1 1/335,901, entitled COOLING SYS 
TEMAND METHOD, Attorney Docket No. A2000-704819, 
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by Neil Rasmussen et al., filed on Jan. 19, 2006, and incor 
porated herein by reference. As described in the referenced 
application, the half-rack, in-row units have a width of twelve 
inches, which is approximately half of that of a standard data 
center rack. 

0098. One embodiment of the invention, directed to a sys 
tem and a method for designing, monitoring, and upgrading 
the equipment installed in a data center, Such as data center 
100, will now be described with reference to FIG. 3. This 
equipment may include rack mounted equipment. Such as 
servers, storage devices, and network connectivity equip 
ment, and floor mounted equipment, such as three phase 
power distribution units and CRACs. FIG. 3 shows a func 
tional block diagram of a design and management system 
200. Embodiments of the invention are not limited to the 
functions provided by the functional blocks or the particular 
arrangement of the blocks. In addition, the functions provided 
by the system 200 need not be implemented on one computer 
system, but rather may be implemented using a number of 
networked devices as described further below that provide the 
functions described. Further, particular embodiments may 
have more or less functions and functional modules than 
those described below with reference to FIG. 3. In different 
embodiments, the functions described with reference to FIG. 
3 may be performed on one processor or controller or may be 
distributed across a number of different devices. 
0099. The system 200 includes an input module 202, a 
display module 204, a builder module 206, a facility manage 
ment module 208, an integration module 210, a database 
module 212, and a work order module 214. The input module 
202 provides an interface to allow users to enter data into the 
system 200. The input module may include, for example, one 
of a number of known user input devices for computer sys 
tems, and in addition, in at least one embodiment, electronic 
data regarding a facility and/or equipment to be loaded into a 
facility may be entered into the system through a network 
interface or using an electronic media storage reader. Infor 
mation may flow between these modules using any technique 
known in the art. Such techniques include passing the infor 
mation over the network via TCP/IP passing the information 
between modules in memory and passing the information by 
writing to a file, database, or other storage entity, such as a 
storage device, disk or other type of storage entity. 
0100. The display module includes a display interface and 
may include a graphical display to display output data to a 
user. In addition, the display module may include an interface 
for one or more printers that provide a hard copy of output 
data. 

0101. The builder module 206 includes routines for 
designing optimal layout of equipment in a facility, determin 
ing data center resource requirements, such as power require 
ments and cooling requirements, for electronic enclosures 
and/or equipment racks, ensuring that the placement of equip 
ment, cooling units and power distribution branches in the 
facility allow the data center resource requirements, such as 
power and cooling requirements, to be met, and calculating 
for each electronic enclosure, and/or equipment rack, the 
remaining data center resource capacity. Such as power 
capacity and cooling capacity, available based on the layout 
of equipment in the facility. 
0102. In another embodiment, builder module 206 
exposes interfaces that allow for entry of data center resource 
Supply policies. These policies may detail additional desired 
characteristics of the data center resources as provided to data 
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center equipment. For example, data center resource Supply 
policies may specify desired data center resource redundancy 
levels and runtime requirements. Additionally, data center 
resource Supply policies may specify security needs for data 
center equipment, Such as, for example, the need to locate 
servers with financial data in racks that made belocked and/or 
under surveillance. As is discussed further below, both system 
and method embodiments may compare particular data center 
configurations to data center Supply polices to determine 
whether the particular data center configuration complies 
with the data center policies. The result of this comparison 
may be stored on a computer readable medium for later use. 
0103) The facility management module 208 is used by the 
system 200 after equipment is installed in the facility. The 
management module includes routines to monitor data center 
resource characteristics, such as power and cooling charac 
teristics, of equipment in a facility. The management module 
may be coupled, either directly or through one or more net 
works, to measurement devices and control devices through 
out the facility and may record their history for analysis, 
Summarization and exportation. Based at least in part on 
methods discussed further below, the facility management 
module 208 may ascertain data center resources provided to a 
particular space or location in the data center. 
0104. According to one embodiment, the integration mod 
ule 210 is the main module in the system and coordinates flow 
of data in the system to perform methods of embodiments of 
the present invention. 
0105. The database module is used to store data regarding 
various devices that may be used in a data center, Such as 
servers, uninterruptible power Supplies, power strips, net 
work connectivity equipment (Such as network cabling, hubs, 
routers, wireless routers, Switches, patch panels, etc.), auto 
matic transfer Switches, power distribution units, air condi 
tioning units, racks and any other data center equipment. The 
data stored may include data center resource Supply policies 
for data center equipment. The data stored may also include 
data center resource consumption and production bench 
marks for data center equipment such as physical parameters 
(e.g., dimensions/rack space requirements, power plug types, 
network cabling specifications, etc.) as well as power and 
cooling consumption data. In the case of data center equip 
ment that provide data center resources such as network con 
nectivity equipment, power Supplies and air conditioning 
units, data center resource production benchmarks may 
include network connectivity, cooling and power output char 
acteristics (e.g. total output capacity, number and type of 
connections/plugs available, etc.). It should be appreciated 
that benchmarks may indicate that certain data center equip 
ment produce, and/or consume, data center resources. 
Examples of data center resource providing equipment 
include electrical generators and CRACs, among others. As 
described below, the database module may be used in 
embodiments of the invention to provide a complete bill of 
materials (BOM) for a completed design. In one embodiment, 
a centralized web-accessible database server may be used to 
store equipment information and warnings and error mes 
sages, allowing easy access to the information for editing. 
0106. In another embodiment, a user may maintain data 
center equipment information, Such as the information 
handled by database module 212, with the assistance of sys 
tem 300. System 300 is also depicted in functional block 
diagram FIG. 3. System 300, which may be hosted by the 
system provider, includes data center equipment database 
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304 and data center equipment database interface 302. In 
general, interface 302 may be an interface to database 304 that 
may receive or provide any data appropriate for storage in 
database 304 including data center configuration, equipment 
or resource information. Database 304, in turn, may receive 
and store from interface 302 or retrieve and provide to inter 
face 302 data center information including data center equip 
ment resource requirements, data center configurations and 
data center resource redundancy and runtime requirements. 
0107 Database 304 may serve as a master database for the 
system provider and thus may include several types of infor 
mation related to data centers. In one embodiment, database 
304 includes a data center configuration management data 
base (CMDB), which may encompass various configuration 
management data including one or more specific data center 
physical and logical configurations, and a data center equip 
ment characteristics database, which may include theoretical 
and actual data center resource production and consumption 
information for data center equipment. More particularly, 
database 304 may accept and store specific CMDB informa 
tion for the system provider's installed base of data centers or 
a subset thereof. This information may include the entire 
physical layout of a data center, e.g. its physical dimensions, 
the location and identity of data center equipment, and data 
center resource capacity, redundancy and runtime require 
ments, among other information that may have relevance to 
the design and performance of a data center. The source of this 
information may include the initial design on the data center 
as discussed with regard to method 300 below. 
0108. The type of information stored by database 304 for 
data center equipment characteristics may include the infor 
mation discussed above with regard to database module 212, 
e.g. nameplate values as referred to in the art. Additionally, 
database 304 may also store data center resource consump 
tion and production history for data center equipment and 
may use this information to maintain a set of benchmarks that 
are specific to the manufacturer and model of data center 
equipment. These specific historical measurements may be 
Summarized into various forms to establish a benchmark that 
is specific to the manufacturer and model of data centereduip 
ment and that is based on actual, practical usage of the data 
center equipment rather than theoretical values (e.g. name 
plate values). These data center resource consumption and 
production Summaries may include, among others, mini 
mum, maximum and average data center resource consump 
tion or production, data center resource consumption or pro 
duction as a function of time, e.g. power or cooling 
consumption or production by day of week, week of year, 
etc., actual data center resource consumption or production 
when a change in either is requested, and data center resource 
consumption or production as a function of data center equip 
ment utilization. The source of this information may include 
the initial design on the data center, including customer or 
system provider entered benchmarks, and ongoing parameter 
measurement as discussed with regard to method 300 below. 
According to one aspect, it is appreciated that these bench 
marks, in turn, may be more accurate than the nameplate 
values and may be used for simulation purposes during the 
design and retrofitting processes discussed below. 
0109 Interface 302 may expose both user interfaces (UIs) 
and system interfaces to exchange database 304 information 
with external entities. These external entities may include 
systems and/or users. Interface 302 may both restrict input to 
a predefined information domain and validate any informa 
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tion entered prior to using the information or Supplying the 
information to other modules. For instance, in one embodi 
ment, interface 302 may include a Structured Query Lan 
guage (SQL) interface to enable a user or application program 
to interrogate database 304. This SQL interface may include 
graphical elements that a user may actuate to build SQL 
statements and may also include elements that enable a user to 
simply input SQL statement directly. 
0110. In other embodiments, interface 302 may include 
more complex grouping, translation, validation and/or 
restriction logic. For instance, interface 302 may validate that 
a SQL statement entered by a user conforms to proper SQL 
Syntax prior to executing it against database 304. In one 
embodiment, interface 302 may expose a UI with character 
istics similar to those of builder module 206 to enable users to 
create database information representing various data center 
configurations. In another example, interface 302 may expose 
a user interface allowing a user to enter new data center 
equipment resource information, including manufacturer, 
model and data center resource consumption and production 
benchmarks. Interface 302 may restrict entry of resource 
consumption and production benchmarks to predefined data 
center resources, such as power, cooling, physical space, etc. 
In still another embodiment, a user may establish groups of 
data center equipment through interface 302 and approve 
these equipment groups for use within a set of data centers or 
upon certain types of computing devices, such as remote or 
mobile computing devices. Furthermore, interface 302 may 
enable a user to designate a hierarchical relationship between 
groups of equipment. As discussed further in regard to 
method 300 below, arrangement of this information into a 
hierarchy of groups may ease database maintenance and dis 
tribution. 

0111. In one embodiment, interface 302 may expose a 
system interface that imports data center configuration and 
measured parameter information from a system provider's 
installed base of data centers or data center equipment pro 
viders. Interface 302 may utilize a standard protocol, such as, 
for example, SQL or SQL wrapped in SOAP to implement 
Such a system interface and may include non-standard proto 
col elements that are parsed and resolved to commands to be 
executed by database 304. Interface 302 may validate data 
base commands prior to execution on database 304. Any 
customer specific data center equipment, e.g. data center 
equipment entered by a customer that is not present in the 
database 304, may be imported into database 304 by interface 
302 if any applicable validation is successful. Similarly, 
equipment not present in database 304 that is made available 
by data center equipment providers may be imported into 
database 304 by interface 302 if any applicable validation is 
successful. These features enable system 300 to easily add 
new data center equipment to its set of managed elements. 
0112 Furthermore, importation of measure parameters 
may trigger a parameter Summarization process that updates 
data center equipment resource consumption and production 
benchmarks to reflect actual usage history. The Summariza 
tion process may include updating, among others, minimum, 
maximum and average power consumed or produced bench 
marks, benchmarks for power consumption or production as 
a function of time, e.g. power consumed or produced by day 
of week, week of year, etc., benchmarks for power actually 
consumed or produced when a change in either is requested, 
and/or benchmarks for power consumed or produced as a 
function of data center equipment utilization. 
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0113. In still another embodiment, interface 302 may 
expose a system interface that exports data center equipment 
information, or catalogs, to external storage. This external 
storage may reside at various locations on various computing 
devices. Furthermore, as discussed below, the particular 
information that is exported to these locations and computing 
devices may be relegated to specific groups of data center 
equipment. 
0114. It should be appreciated that in at least one embodi 
ment, the functionality of system 300 may be included in 
database module 212 of system 200. 
0115. In yet another embodiment, the work order module 
214 may enable management of changes to the configuration 
of the data center, Such as those resulting from a data center 
retrofit process as discussed below with regard to process 600. 
In general, work order module 214 analyzes any changes 
made to the data center configuration by the other modules in 
system 200. Then work order module 214 generates a set of 
tasks that, once complete, will implement those changes. 
Next, work order module 214 translates the set of tasks to a set 
of work orders in human-readable form. Lastly, work order 
module 214 facilitates tracking of those work orders to 
completion. To accomplish these objectives, work order mod 
ule 214 may expose various UIs and system interfaces to 
enable communication and interoperation with external enti 
ties. 

0116. In one embodiment, work order module 214 
exposes a system interface through which integration module 
210 may supply any changes made to the data center configu 
ration. Work order module 214 may also expose a user inter 
face including elements that enable a user, Such as a data 
center manager, to modify and dispatch work orders to other 
users, such as technicians, for implementation. Work order 
module 214 may also expose a user interface to enable a user 
to configure a set of automatic dispatching rules. Further, 
work order module 214 may expose other user interfaces that 
enable users. Such as technicians, to modify the details, 
including status information, of work orders. These user 
interfaces may reside on various computing devices, includ 
ing remote or mobile computing devices. 
0117 Implementing such a user interface on a remote or 
mobile computing device may allow users, such as techni 
cians, to update the CMDB of the data center as configuration 
changes are made. This may produce several benefits includ 
ing increased accuracy of the CMDB, due to the increased 
compliance with, and promptness of configuration change 
updates. Another benefit may be increased productivity for 
users, such as technicians, because configuration changes 
may be entered while working on data center equipment, 
rather than entering changes at a workstation as a separate 
activity. 
0118 Work order module 214 may also implement modi 
fication and assignment system interfaces to interoperate with 
other systems. For example, work order module 214 may, 
through a system interface, utilize an external email system to 
notify users of a work order assignments. Lastly, work order 
module 214 may utilize a system interface that enables it to 
detect changes in data center resource demands and may use 
this information, when appropriate, to modify the status 
information of a work order. 

0119. A flow chart of a method 300 in accordance with one 
embodiment that may be performed using the system 200 will 
now be described with reference to FIG. 4. Initially, and 
optionally, at stage 301 of the method 300, a user may create 
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groups of data describing data center equipment. These 
groups may enable management of multiple types and/or 
models of data center equipment as a single collective entity. 
For example, inclusion of data describing data center equip 
ment in a group may designate Such equipment as approved 
for use within all of the data centers owned by a customer or 
specific Subsets thereof. Any data center equipment approved 
for use within a data center may be used during the design or 
retrofit of the data center. 
I0120 Moreover, the user may arrange these groups in a 
hierarchical fashion. In one embodiment, a first group is 
created that includes all of the data center equipment Sup 
ported by the system, a second group is created that is a Subset 
of the first group and that designates equipment that is 
approved for use within the data centers of a particular cus 
tomer, and a third group is created that is a Subset of the 
second group and that designates equipment that is preferred 
for use within a particular customer data center. In one 
embodiment, a user may target specific groups for exporta 
tion to specific customers, customer data centers or specific 
computing devices within a customer data center, Such as 
remote or mobile computing devices. 
0121 Fashioning groups of equipment data may ease 
maintenance and distribution of electronic data center equip 
ment catalogs, which may include data describing character 
istics of data center equipment. For example, specific inclu 
sion of data center equipment data in a group that is lower in 
the hierarchy, e.g. a group designated for distribution to a 
remote or mobile computing device within a specific data 
center, may require that the data be present in ancestor 
groups. This inclusion may be performed automatically by 
the system. These groups may also be employed to enforce 
standardization of data center equipment within the customer 
organizational hierarchy by requiring that equipment be 
approved for use by the customer before it is allowed to be 
used to retrofit a specific customer data center. 
I0122. In another embodiment, the system provider may 
create a group of data describing standard data center equip 
ment. A group of the standard data center equipment data may 
be approved for use in customer data centers. An equipment 
catalog including data associated with the standard and/or 
approved data center equipment may be delivered with the 
initial system installation in a data center. The standard and/or 
approved equipment data may then be supplemented with 
customer specific, non-standard equipment data used in a 
customer data center, as discussed with regard to stage 304 
below. 
I0123 Approved equipment may be further grouped into a 
preferred set for use with one or more customer data centers. 
The creation of these preferred groups may be explicitly 
performed by the user or may be implicitly performed by the 
system based on usage of specific equipment by a customer or 
within a customer data center during data center design or 
retrofit. 

0.124. In stage 302 of the method 300, information regard 
ing the facility is loaded into the system. The information 
includes, for example, dimensions of the facility, number of 
rooms, locations of doors, Support columns, other obstruc 
tions, parameters of data center resource capabilities, such as 
available power, cooling capabilities of the facility, whether a 
raised floor or drop ceiling is in use, and characteristics of any 
Such floor and roof. Data center resource Supply policies may 
also be entered in this stage. For data center resource provid 
ing equipment, Such as electrical generators or CRACs, capa 



US 2009/O 138313 A1 

bility information may be loaded by receiving data center 
equipment information from interface 302 of system 300. 
Thus, this stage of method 300 collects information helpful in 
determining the data center resources provided to particular 
data center locations and spaces. In at least one embodiment, 
as discussed further below with regard to cooling, this infor 
mation may be further processed to determine the data center 
resources provided to particular data center locations and 
Spaces. 

0.125. In stage 304 of the method, information regarding 
equipment to be installed in the facility is entered. The infor 
mation includes, for example, the number of racks of equip 
ment, maximum power draw for each of the racks, dimen 
sions of the racks, and cooling requirements for the racks. The 
need for backup power Sources and multiple power sources 
for equipment and or racks may also be entered at stage 304. 
In one embodiment, data center resource consumption and 
production characteristics of individual pieces of equipment 
that are to be loaded into racks may also be entered. Also, the 
weight of equipment (including equipment loaded into racks) 
may be used to ensure that the weight of the installed equip 
ment is within any facility constraints. These characteristics 
may include, in addition to network connectivity, power and 
cooling requirements, the amount of rack space that the 
equipment needs to occupy and the type and/or number of 
electrical plugs that the equipment requires. In one embodi 
ment, the database module 212 contains information regard 
ing a number of devices, such as uninterruptible power Sup 
plies, equipment racks, cooling units, generator Systems, 
power distribution units, automatic transfer Switches, electri 
cal routing devices, including cables, and servers and other 
computer equipment. In this embodiment, when a particular 
model number of a device is entered, characteristics of the 
device are retrieved from the database module. In one 
embodiment, interface 302 of system 300 provides these 
device/equipment characteristics to database module 212. 
Equipment related to fire protection and security may also be 
included in the design. Further, in at least one version, all 
equipment and components within equipment racks may 
include RFID tags, which can be used by systems of the 
invention to track location of equipment and racks. In another 
embodiment, any data center equipment characteristics that 
are added or changed by a user at this or the previous stage 
may be transmitted to interface 302 of system 300 for impor 
tation into database 304. 

0126 Once all of the information is entered into the sys 
tem, at stage 306, the system in one embodiment determines 
a layout for the equipment in the facility, taking into account 
the data center resource requirements. Such as power and 
cooling requirements, of the equipment as well as other char 
acteristics of the equipment that were entered at stage 304 or 
retrieved from the database module. In another embodiment, 
the user may create the layout graphically, adding racks and 
other equipment where desired, and in this embodiment, the 
system will provide feedback during the layout process, dis 
allowing some choices and making intelligent suggestions. 
These rules may include, for example: a standard alternating 
hot aisle?cold aisle layout must be specified, the plenum must 
be greater than some minimum value, the total room cooling 
capacity must exceed total room cooling load, aisles must be 
wide enough for access purposes and to meet building codes, 
distance between PDU and IT racks served by the PDU must 
not exceed some maximum value, PDU must be located 
immediately adjacent to a UPS, where a cable ladder spans an 
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aisle, the aisle cannot exceed a maximum width, one or more 
data center resource capacities must be at a level Sufficient to 
Support target data center resource redundancy and/or runt 
ime requirements, etc. 
I0127 Next, at stage 308, a cooling analysis is conducted to 
determine if the design provides adequate cooling for each of 
the racks and the equipment installed in the racks. As 
described further below, in different embodiments of the 
present invention one of a number of different methods may 
be used to conduct the cooling analysis. In one embodiment, 
if the results of the cooling analysis indicate that one or more 
devices and/or racks are not receiving adequate cool air, then 
the procedure may return to stage 306 to change the layout of 
the equipment based on feedback provided from the analysis 
conducted at stage 308. 
0128. At the completion of the cooling analysis, at stage 
310, a room model is displayed showing the locations of the 
equipment in one or more rooms of the facility. The room 
model may include, for each equipment rack, or for individual 
data center equipment, information regarding the total data 
center resources, such as power and cooling, being consumed 
or produced as well as an indication of total available data 
center resources, such as power and cooling, to the rack or 
data center equipment. In one embodiment actual data center 
resource data, Such as power and cooling data, may be dis 
played, while in other embodiments colors may be used, 
either alone or in combination with data, to display different 
levels of data center resource availability. Such as power and 
cooling availability. For example, if a rack is operating with 
Sufficient cooling air with a margin above a threshold, the rack 
may be indicated in green on the display, if the cooling air 
availability is closer to the threshold, the rack may be indi 
cated in yellow, and if the rack does not have sufficient cool 
ing airit may be indicated in red. Still further, the results of the 
analysis may indicate that adequate data center resources, 
Such as power and/or cooling, are being provided for equip 
ment, but that specified redundancy levels and/or runtime 
margins are not being met, either at the room level, a row 
level, a rack level, or at a specific piece/element of data center 
equipment. 
I0129. In one embodiment, the system may display mul 
tiple room models and may allow the user to find one or a 
series of alternate satisfactory locations for the equipment 
based on the data center resource requirements of the equip 
ment and any applicable redundancy and/or runtime require 
ments. Another embodiment may allow the user to find an 
optimum location followed by a series of alternate satisfac 
tory locations for the equipment. Each series of locations may 
be arranged consecutively according to an order of prefer 
ence. Such as in order of decreasing excess or stranded capac 
ity. As discussed further below, Stranded capacity includes 
excess capacity that is nominally available, but unusable, due 
to insufficient associated capacity of another data center 
resource required by data center equipment. 
0.130 Yet another embodiment may allow the user to 
specify both the data center equipment and location and may 
validate whether the location provides sufficient data center 
resources to satisfy the requirements of the equipment and 
any applicable data center Supply policies. This validation 
may be performed by comparing the data center resources 
provided to the location, the data center requirements of the 
equipment and any applicable data center resource Supply 
policies. The result of this comparison, a compliance result, 
may be stored for later use. In still another embodiment, the 



US 2009/O 138313 A1 

system may suggest data center equipment to be placed at a 
user specified location. In this case, the system may ensure 
that applicable data center resource Supply policies, and data 
center resource requirements of the Suggested equipment, are 
met by comparing the polices, the data center resources pro 
vided to the location and the data center resource require 
ments of the equipment prior to suggesting the equipment 
based on a compliance result. Specific example details 
regarding the room model are described further below with 
reference to FIGS. 5 through 5D. 
0131. At decision block312, a determination may be made 
by, for example, a facility designer as to whether the layout 
generated in stage 310 is satisfactory. The determination may 
be based on additional criteria of importance to the designer 
that was not included during the design of the original layout. 
For example, it may be desirable to have certain racks near 
each other or to have certain racks isolated from one another. 
At stage 314, additional criteria or other feedback can be 
provided and the process then returns to stages 306 and 308 
where the room model can be refined. Stages 306 to 312 may 
be repeated until a satisfactory model is achieved at stage 312. 
In at least one embodiment, at the completion of the design 
stage, a bill of materials is generated and may be used to 
provide the cost of the equipment to be installed in the facility 
and may also be used to generate a sales order for the equip 
ment, providing a simple solution for ordering all equipment 
associated with a new data center. Further, CAD drawings and 
electronic files that capture the designed layout may also be 
generated. In another embodiment, this data center configu 
ration is transmitted to interface 302 of system 300 for storage 
in database 304 in the form of a CMDB for the installed data 
Center. 

0.132. At stage 316, the equipment is installed in the facil 
ity according to the layout generated at stages 306 to 314. In 
one embodiment, measurement equipment to measure cool 
ing characteristics and power characteristics, may be installed 
with the equipment. The measurement equipment is 
described further below, and may include, for example, 
devices for measuring power, airflow, humidity and tempera 
ture at various locations in the facility and within equipment 
racks located in the facility. 
0133. At stage 318 of the process 300, power and cooling 
parameters are measured using the measurement equipment. 
Additional temperature measurements may also be provided 
by devices, such as servers, that have the capability to detect 
internal temperatures. The parameters measured may be used 
continuously by the management module of the system 200 to 
detect error conditions and to monitor trends that may lead to 
an error condition. Further, in the process 300, the measured 
parameters can be compared with predicted parameters cal 
culated during the design process in stages 306 and 308. For 
example, in one embodiment, the airflow through a perforated 
floor tile of a raised floor is used to determine the available 
cooling air of a rack located adjacent the floor tile. The airflow 
through the perforated tile may be determined in stage 308 
using one of a number of computational methods that are 
described further below, or the airflow may be determined 
using data from related physical measurements or simula 
tions. Once the equipment is installed in the facility, the 
perforated floor tile may be instrumented to measure the 
actual airflow through the tile. The actual measured value 
may then be compared with the calculated value at stage 320. 
If the two differ by more than a predetermined threshold, then 
an indication or warning may be provided and the calcula 
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tions conducted in stage 308 may be conducted once again at 
stage 322 using measured values in place of calculated values 
as appropriate to obtain updated parameters. In another 
embodiment, measured parameters are transmitted to inter 
face 302 of system 300 for storage in database 304. As dis 
cussed above, the storage of these measure parameters by 
interface 302 may trigger further analysis and Summarization 
of the measure parameters into data center equipment con 
Sumption and production benchmarks. 
I0134. After stage 322, the model of the facility described 
above with reference to stage 310 may be displayed with 
values of power and cooling availability and consumption 
updated to reflect any differences between measured param 
eters and calculated parameters. Any out of tolerance condi 
tions (for either cooling or power) may be indicated on the 
display using, for example, a color coded scheme as described 
above. In one embodiment, a user may be provided with a 
number of available options to correct an out of tolerance 
condition. The options may include upgrading or adding 
facility equipment (i.e., an air conditioning unit or an unin 
terruptible power Supply) or may include moving equipment 
and/or racks. Stages 318 to 322 of the process may be per 
formed continuously as part of a management system of the 
data facility. 
I0135) In one embodiment of the invention, stages 302 to 
314 of the process 300 are implemented using a build-out 
system accessible by a user over the Internet. In this embodi 
ment, the user provides the requested information, and the 
build-out system provides the processing described above, 
provides outputs to the user over the Internet, and stores 
results locally. After the equipment has been installed in the 
facility, the management system 500 (described below) may 
access the build-out system to download information related 
to the equipment. In addition, when a retrofit of the facility is 
to occur, the management system may contact the build-out 
system to coordinate the design of the retrofit. In at least one 
embodiment, electronic files may be imported/exported 
between the systems to provide a complete transfer of all 
information related to a data center's design. 
0.136 FIG. 5 shows an example of a display of a room 
model that may be generated using the system 200 and the 
process 300 and shown on a computer display. It should be 
appreciated that this computer display may be any be coupled 
to, or included in, any sort of computing device including a 
remote or mobile computing device. The room model shown 
in FIG. 5 is essentially the data center 100 previously dis 
cussed above with reference to FIGS. 1 and 2. However, in 
FIG. 5, additional data related to the power and cooling con 
Sumption and capacity of each rack, USpace positions, and/or 
elements of data center equipment housed within each rack 
may be included in an informational block, Such as informa 
tional blocks 120A and 120B shown on two of the racks 108A 
and 108B in FIG. 5. Informational blocks may be included on 
data center equipment, each rack, or on less than all racks, for 
example, by row, Zone, or cluster. 
I0137 FIGS. 5A and 5B show enlarged views of respec 
tively racks 108A and 108B that may also be shown on a 
computer display of systems of embodiments of the inven 
tion. In the views of FIGS. 5A and 5B, specific information 
regarding the racks and U space positions is included in the 
informational block. In the embodiment shown, the informa 
tion in the block includes a rack identifier 122, a rack type 
124, power capacity 126, power usage 128, cooling capacity 
130, cooling usage 132, contents of the rack 134, power 
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redundancy 136, cooling redundancy 138, and UPS runtime 
140. In other embodiments, such as the embodiment depicted 
in FIG. 20 discussed below, information for each rack may be 
included in tabular form, or in the form of columnar bars, on 
a graphical display showing the room layout. Data center 
information that may be displayed includes runtime measure 
ments, data center resource redundancy measurements, 
including relationships between data center equipment work 
ing in combination to providing redundancy, and capacity 
measurements, such as available capacity, utilized capacity, 
and stranded capacity. 
0138. The rack identifier 122 includes a row number and a 
rack number, however, in other embodiments, the rack iden 
tifier may also include an indicator of the type of rack, mem 
bership of the rack to a particular row, Zone, group, or cluster, 
manufacturer of the rack, as well as other information. The 
rack type 124 identifies the particular type of rack, i.e., server 
rack, router rack or telecommunications rack. The power 
capacity 126 indicates the maximum power capacity of the 
rack, and the powerusage indicator 128 indicates the percent 
age of maximum capacity at which the rack is expected to 
operate. In different embodiments, the power usage indicator 
may be calculated based on manufacturer Supplied data for 
equipment contained in the rack and/or based on actual power 
measurements of equipment. The power capacity for a rack, 
in at least one embodiment, is determined based on limita 
tions of devices and/or power cables that supply power to the 
rack, such as circuit breakers, UPSs or any other devices. The 
contents of the rack 134 includes a list of the equipment 
contained in the rack and may include an indication of 
remaining space in the rack displayed, for example, in terms 
of rack units, which are typically referred to as “U” with 1 U 
equal to 1.75 inches. Details regarding the equipment in the 
rack, including operational status and network addresses, 
such as an IP address for a device may also be included. 
0.139. The cooling capacity indicator 130 and cooling 
usage indicator 132 identify respectively the quantity of cool 
ing air available to the rack and the percentage of that cooling 
air that is being used by equipment in the rack. In other 
embodiments power and cooling usage may be indicated 
using various types of graphical gauges. Such as a bar graph, 
that indicates power and cooling usage and capacity. In the 
embodiment shown in FIGS.5A and 5B, the cooling capacity 
is shown in terms of kilowatts (kW). As known to those 
skilled in the art, for typical data center applications, many 
equipment racks typically require approximately 160 cfm 
(cubic feet per minute) of cooling air per kilowatt of power 
used by the rack. All the power consumed by computing type 
devices is typically converted to heat, such that the required 
cooling (interms ofkW) for a rack can be assumed to be equal 
to the power consumption of the rack. Accordingly, in one 
embodiment, the cooling usage indicator is equal to the power 
consumed by the rack. In other embodiments, depending on 
the type of equipment that is installed in the racks, the cooling 
required by a rack may not be equal to that consumed by the 
rack and may be calculated based on manufacturer's data for 
the equipment, based on test results, or in any other manner. 
0140. The cooling capacity of an equipment rack is deter 
mined based on a number of different factors. For example, 
for a raised-floor environment, these factors may include: 
location of the rack in the facility, proximity of perforated 
tiles to the rack, the amount and temperature of cooling air 
provided through any such perforated tile, the physical or 
geometric layout of the racks and building, and the cooling 
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requirements of other equipment in the facility located near 
the rack. The cooling capacity of one rack in a facility may be 
affected by the cooling usage of nearby racks, and accord 
ingly, in one embodiment, the cooling capacity of a rack is 
adjusted when the cooling usage of a nearby rack is changed. 
In at least one embodiment of the present invention, calcula 
tions for determining cooling capacity of a rack are based in 
part on the ability of one rack to borrow cooling air available 
to adjacentracks. Particular methods for determining cooling 
capacity for racks in embodiments of the present invention 
are described further below. In one embodiment, when the 
cooling usage of one rack is changed, the cooling capacity of 
that rack, and all racks located near the changed rack is 
recalculated. 

0.141. In embodiments of the present invention, during the 
design as well as during the management of a data center, the 
true available capacity of a data center can be determined at U 
space position level, the rack level, at the row level and at the 
room level. In determining available capacity (including 
unused capacity), data center resources including both cool 
ing and power capacity are used, and the true available capac 
ity can be determined using the lowest data center resource 
capacity. In situations where data center resource capacities 
are not equal, the excess capacity can be considered wasted or 
Stranded capacity that cannot be used in the present design. In 
other words, while Stranded capacity is nominally available, it 
is unusable due to insufficient associated capacity. In embodi 
ments of the present invention, the stranded capacity can be 
determined at the Uspace position level or rack level and can 
be totaled to determine stranded capacity at the row level and 
at the room level. 

0142. In one embodiment, as depicted in FIG. 21, this data 
resource information may be displayed to the user in the form 
of graphs. For example, FIG. 21 depicts total capacity 2102. 
space capacity 2104, cooling capacity 2106 and power capac 
ity 2108, each as a function of time. Each of these represen 
tations may include total data center capacity specific to the 
data center resource shown. In addition, the representations 
may include data center capacity specific to a specific loca 
tion in the data center, e.g. high density or medium density 
racks. Still further, these capacities may be projected into the 
future to enable a user, such as a data center manager, to 
predict when capacity may need expansion. 
0.143 FIG. 23 illustrates an embodiment that a user, such 
as a data center manager, may reference to assess Stranded 
data center capacity and ascertain the root cause of the 
stranded capacity. More specifically, FIG. 23 depicts report 
2302 which includes rows and columns under various data 
center resource headings. The intersection of these rows and 
columns may indicate how much excess capacity of the data 
resource listed in column 2304 is unusable due to insufficient 
capacity of the data resource listed in row 2306. For example, 
intersection 2308 may indicate that 20% of the weight Sup 
port capacity of the data center is unusable due to insufficient 
power capacity. In another embodiment, the actual amount of 
Stranded capacity may be used to articulate these relation 
ships and the meaning ascribed to the rows and columns may 
be transposed. As will be apparent to one of ordinary skill in 
the art, other embodiments illustrating this relationship are 
possible without departing from the present invention. 
0144. Recommendations are provided for reducing 
Stranded capacity during the design phase as well as during 
the management phase. The recommendations may include 
reducing capacity of data center resources, such as power and 
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cooling resources, (thereby reducing operational costs) or 
adding data center resource capacity, Such as cooling capacity 
or power capacity, appropriately to reduce the stranded 
capacity. Warnings may be generated when the stranded 
capacity is greater than preset thresholds, and in addition, 
recommendations for more optimal locations of equipment, 
including power and cooling equipment, may also be pro 
vided to minimize the amount of Stranded capacity. Further, 
costs of the stranded capacity may be calculated. 
0145. In management systems and methods of embodi 
ments of the invention, as described above, data center 
resource capacity and availability, such as power and cooling 
capacity and availability, may be monitored in real time. In 
one version, changes to the availability rate (or the utilization 
rate) are monitored and based on these changes, the growth 
rate of a data center may be determined, and predictions of 
dates when additional capacity will be required can be pro 
vided. In one embodiment the forecasting method used to 
make these determinations is linear regression. Other fore 
casting methods are possible without departing from the 
Scope of the present invention. The ability to monitor capacity 
and predict future capacity needs allows data center operators 
to control costs and plan for upcoming expenses. Further, 
determinations may be made as to the additional expenses 
that will be incurred if new equipment is added. The total cost 
(for example per kilowatt) can also be determined during the 
design phase or during operation. 
0146 In embodiments of the invention described herein, 
data center layouts may be designed to provide specific 
redundancy levels (i.e., n, n+1 or 2 n) for data center resource 
design, such as both the power design and the cooling design. 
In data centers in the past, additional room cooling units are 
typically provided to include some redundancy in a data 
center, such that an overall cooling capacity of the data center 
can be maintained, even when one or more of the room 
cooling units fails or must be powered down to conduct main 
tenance. One problem with these past solutions is that the 
cooling redundancy is designed at the room level and not the 
rack level, and while overall cooling capacity may meet 
redundancy requirements, cooling at the rack level may not 
meet the desired redundancy requirements. In embodiments 
described herein, the ability to provide accurate airflow data 
at the rack level and Uspace position level allows true cooling 
redundancy to be designed into a solution. 
0147 As discussed above, graphical user interfaces may 
be used with embodiments of the present invention to assist in 
the design and management of data centers. In one embodi 
ment, these graphical user interfaces may be used to present 
an interactive representation of a layout of a various spaces in 
the data center. In another embodiment, interactive represen 
tations may be tailored to particular spaces within the data 
center, such as the entire data center, data center floors, 
rooms, racks and U spaces. Further these interfaces may be 
displayed on a local or remote computing device. Remote 
computing devices may include general computer systems, 
mobile computing devices and computing devices that are 
included with, embedded in, or affixed to, another physical 
structure or device, such as a wall, ceiling, another computer 
system or an enclosure, e.g. a rack enclosure, etc. 
0148 For example, particular user interface screens used 
in one embodiment to designa layout in a data center will now 
be described further with reference to FIGS. SC and SD. FIG. 
5C shows a floor editor interface 402 used in one embodiment 
to layout equipment in a data center, while FIG. 5D shows a 
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rack editor interface 404 used in one embodiment to provide 
further details of the contents of equipment in the data center. 
In one embodiment of a data center design system, tutorials 
are provided for a user to assist the user by providing best 
practice design guidelines. The tutorials may be accessed by 
a user as desired or may be configured to be displayed as a 
user is taking a particular action. 
0.149 The floor editor interface includes a main menu 403, 
a toolbar 406, a configuration box 408, a generic components 
box 410, a floor layout box 412, a status box 414 a full-image 
viewing box 416, and an unplaced equipment box 418. The 
main menu. 403 provides a drop-down menu in a format 
known to those skilled in the art, and allows a user to perform 
various functions, including the ability to “undo' and/or 
“redo” changes that are made to the layout. The tool bar 406 
provides short hand access to functions of the design system, 
and in one embodiment includes a floor editor button 406A 
and a rack editor button 406B. Activation of the floor editor 
button results in the display of the screen shown in FIG. 5C, 
while activation of the rack editor button results in display of 
the Screen shown in FIG.SD. 

0150. The floor editor box. 412 shows the layout of equip 
ment in a data center being designed and provides text that 
identifies the equipment contained in the layout. A room 
perimeter 412A shows the exterior walls of the room along 
with dimensions of the room that can be set by a user. In one 
embodiment, when a new design is started, the user is pre 
sented with a screen showing a number of basic room con 
figurations that can be selected. Further, the walls of the room 
can be moved by a user by selecting one of buttons 412B, and 
additional buttons can be added where needed to expand or 
shrinkan area of the room. In one embodiment, the room size 
may be changed as equipment is added to the layout. Three 
rows 412C, 412D and 412E are outlined in the room shown in 
FIG. 5C. In other embodiments, more or less rows may be 
included. As shown in FIG. 5C, the rows are configured in a 
manner to provide alternating hot and cold aisles. Row 412D 
includes three equipment racks (identified by “R”), two half 
rack cooling units (identified by “C”) a UPS (“U”) and a 
power distribution unit (“P”). Row 412E includes one rack, 
and row 412C as presently configured does not include any 
equipment. During the design phase additional equipment 
may be added to each of the rows. The room also includes an 
automatic transfer switch (ATS) 412G and a cooling distri 
bution unit (CDU) 412F. Hatched areas are shown on the 
display around the ATS and CDU to indicate that these areas 
should be kept clear of equipment. Each piece of equipment 
in the room may include identifiers that indicate the type of 
rack as well as the rack's location in the room and the power 
Source for the rack. Further, as discussed above, each rack 
may include information regarding data center resource use 
and availability, Such as power and cooling use and availabil 
ity. Still further, text may be provided on each row to indicate 
total data center resource information, such as power and 
cooling information for each row. 
0151. The configuration box 408 includes eight configu 
ration options for designing a data center. A room properties 
configuration option, when selected, allows a user to identify 
data center resource values, such as physical, power, and 
cooling values, that affect the data center design as a whole 
including dimensions of the room, aisle widths and total 
anticipated power density for the data center. Data center 
resource redundancy and/or runtime requirements, such as 
power redundancy requirements (i.e. N. N+1, 2N), cooling 
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redundancy requirements and runtime requirements for UPS 
systems may also be set. The number of data troughs that will 
be used and location of power distribution and cooling line 
distribution (i.e. overhead or under a raised floor) can also be 
configured. In one embodiment, only in-row cooling is pro 
vided, however, in other embodiments other types of cooling 
Solutions may be used as well. In at least one embodiment, 
individual rows may be rotated to different angles in the data 
center. Further, while only one room is shown in FIG. 5C, at 
least one embodiment allows a data center to include multiple 
rooms. These rooms may be active rooms, which hold active 
data centerequipment, and inactive rooms for storage of spare 
or decommissioned equipment. 
0152 An add rack configuration option in the configura 
tions box 408 is used to addequipment racks to the data center 
design. When this option is selected, a user is presented with 
choices of various types of racks to add to the data center. 
When racks are selected, an indicator is provided in the 
unplaced equipment box 418, indicating that the racks still 
need to be placed into the room layout. 
0153. An add in-row cooling option in the configuration 
box is used to add in-row cooling units to the data center 
design. When this option is selected, a user is presented with 
various types of cooling units that can be added in the rows. 
As with equipment racks, when a cooling unit is selected, an 
indicator is provided in the unplaced equipment box 418. 
indicating that the cooling unit still needs to be placed in the 
room layout. 
0154) A power Zone option in the configuration box is used 

to identify and select PDUs and UPSs and to indicate which 
equipment will be powered from the UPSs and PDUs. Char 
acteristics of the PDUs and UPSs may also be selected. Once 
selected, an indicator is provided in the unplaced equipment 
box 418 for the UPSs and PDUs. In one embodiment, mul 
tiple racks may be included in a selection on the layout to 
identify the equipment that belongs to a particular power 
group, also known as power Zone. In still another embodi 
ment, after selection of equipment and UPSs and PDUs, an 
automatic power Zone option may be implemented in which 
the system matches equipment power requirements (i.e., 
redundancy levels, runtime durations, Voltages, phasing) to 
those of the UPSs and PDUs and assigns power Zones auto 
matically and determines lengths of power cables that are 
needed to power equipment from the assigned PDU. In auto 
matically determining power Zones, the system may also 
identify the need for additional UPSs and PDUs. 
0155. A power generation option in the configuration box 
408 is used to identify and select an automatic transfer switch 
(ATS) and generator. Again, once these are selected, an indi 
cator is provided in the unplaced equipment box 418. 
0156 An emergency power off option in the configuration 
box is used to select an emergency power off (EPO) solution 
for the data center design, and once selected, an indicator for 
the EPO solution will be added in the unplaced equipment 
box. 
0157. A management option in the configuration box 4.08 
allows a data center manager, such as the InfrastruXure(R) 
Manager and/or InfrastruXure(R) Central discussed above, to 
be added. In one embodiment, when selecting the manager, a 
rack location for the manager is also selected. 
0158. A service option in the configuration box 408 allows 
a user to select a level of service to be provided to the data 
center by a data center services organization. 
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0159) Other configuration options may include a row plan 
ning configurator that allows a user to plan how many racks a 
row can Support by defining the power and cooling settings 
for the row, prior to placing equipment in a row. In one 
embodiment, the row planning configurator may provide an 
estimate on the number of racks that can be supported based 
on the power components and in-row cooling units contained 
in the row. In one embodiment, the row planning configurator 
may provide a complete layout based on design best prac 
tices. 

0160 The generic components box 410 includes a number 
of icons to designate pre-existing equipment in a data center. 
The components may be selected and "dragged' into position 
in the layout. In one embodiment, the generic components 
include blocks and gaps. The gaps can be used to identify 
areas over which cables and conduits can be routed (i.e. a 
walkway), while the blocks are used to identify areas over 
which cables and conduits can not be routed (i.e. a column). 
Once dragged onto the layout, the blocks and gaps can be 
sized appropriately. 
0.161. As discussed above, when equipment is selected for 
use in the data center, an icon appears in the unplaced equip 
ment box 418. To place the equipment in the layout, the icon 
is selected and dragged into the appropriate location in the 
layout. Existing equipment may be repositioned using this 
same method. For example, existing equipment may be 
dragged from an active room and dropped in an inactive 
storage room, thus enabling the system to track unutilized 
equipment available for provisioning elsewhere. In one 
embodiment, when adding an in-row cooling unit, the icon for 
the cooling unit can be placed between two adjacentracks and 
released, and the racks will then move in the row to allow the 
cooling unit to be inserted between the racks. Further, in one 
embodiment, a Snap-to feature is employed to align equip 
ment properly in rows and along walls, and in addition, rows 
and equipment may be aligned along and "Snapped to floor 
tiles when, for example, a raised floor is in use. Using this 
feature, a user does not need to precisely align objects. 
0162 The full-image viewing box 416 provides a “bird's 
eye” view of the layout contained in the floor layout box. 412. 
In one embodiment, the Zoom button on the tool bar can be 
used to enlarge the view of the data center layout in the floor 
layout box 412. When the view is enlarged, the entire layout 
may not appear in the floor layout box. The full-image box 
416 still displays the full image of the layout for the user. In 
one embodiment, when the full layout does not appear in the 
floor layout box, an overlay is used in the full-image box to 
indicate on the full-image, the portion of the layout that is 
displayed in the floor layout box. In one embodiment, when 
the full image is not displayed in the floor layoutbox. 412, the 
overlay may be selected and dragged within the full-image 
viewing box to select which part of the layout is displayed in 
the floor layout box. 
0163 The status box. 414 is used to display warnings, 
errors and other conditions to the user. The warnings may 
vary in severity and may include indications that design 
guidelines are being violated and may also include more 
severe warnings indicating that data center resource capaci 
ties. Such as power and cooling capacities, have been 
exceeded, or that redundancy and/or runtime requirements 
are no longer met. In one embodiment, when the status box 
indicates that there is an error or warning associated with a 
particular piece of equipment in the layout, the piece of equip 
ment may be highlighted with a color Such as red oryellow. In 
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at least one embodiment, when an error or warning occurs, 
guidelines for correcting the error or warning are provided by 
either selecting a highlighted piece of equipment or the error 
or warning message directly. 
0164. The rack editor interface 404 will now be described 
further with reference to FIG.SD. The rack editor interface 
includes the tool bar 406, the status box. 414 and the full 
image viewing box 416 discussed above. Further, the rack 
editor interface 404 also includes a rack editor box, a product 
catalog box 422 and a rack content section 424. 
0.165. The rack editor box 420 shows the front face of each 
of the equipment racks in the data center layout with the racks 
being arranged by row. In FIG. 5, two rows of racks 420A and 
420B are shown. As shown in FIG. 5, in one embodiment, 
only the equipment racks are shown in the rack editor box. 
When a particular rack is selected in the rack editor box, then 
the contents of the rack appear in the rack content box 424, 
and components may be added to the selected rack. Racks 
may be selected in the rack editor box or may also be selected 
in the full-image view box 416. When a rack is selected in the 
full-image view box, then the image in the rack editor box will 
shift, if necessary, to provide a view that includes the selected 
rack. 
0166 The product catalog box 422 provides a comprehen 
sive listing of components that may be used in equipment 
racks in data centers. The user may select equipment to be 
included in each rack, and as equipment is selected, it is 
included in the rack content box 424. The list may include 
only equipment of a particular manufacturer or may include 
equipment from several manufacturers. In one embodiment, 
all necessary hardware and cabling associated with rack 
equipment may be selected from the product catalog box. 
0167. In one embodiment depicted in FIG. 20, a user may 
review and manage data center resource capacity and avail 
able Supplied to data center equipment. Many of the features 
of this embodimentare similar to those described in reference 
to FIG. 5C above. In addition, FIG. 20 includes capacity 
group explorer 2002, which presents a logical grouping of 
data center equipment, such as racks, based on common 
capacity requirements. This grouping enables a user. Such as 
a data center designer, to manage sets of data center equip 
ment as one collective entity for capacity planning purposes. 
Representations of individual elements of data center equip 
ment, such as UPS 2004, Rack 2006, and PDU 2008 may 
present the user with columnar bars depicting various data 
center resource redundancy and/or runtime measurements 
and capacity measurements, such as available capacity, ulti 
lized capacity, stranded capacity. For example, Rack 2006 has 
an as-configured potential power and cooling demand of 28.8 
kW and a current actual power and cooling demand of 7.92 
kW. In other embodiments, these demand or consumption 
measurements may be matched against as-configured poten 
tial power and cooling Supply capacity and actual power and 
cooling capacity to ensure all capacity, consumption, redun 
dancy and runtime requirements are met. 
0.168. In another embodiment depicted in FIG. 22, rack 
editor interface 404 may be displayed on a remote or mobile 
computing device. Rack editor interface 404 includes user 
interface elements that allow for adding equipment 2202, 
deleting equipment 2204, editing equipment 2206 and mov 
ing equipment 2208. This embodiment further includes data 
center explorer 2210 and rack editor box 2212. Because rack 
editor interface 404 may be provided on a remote or mobile 
computing device, users, such as technicians, may document 
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as-built conditions, verify rack installations, troubleshoot 
installation in a more efficient manner and perform other 
rack-oriented activities. 

0169. In the depicted embodiment, equipment racks are 
shown in data center explorer 2210. The rack editor box 2212 
shows the front face of the equipment rack currently selected 
in data center explorer 2210. In another embodiment, rack 
editor box 2212 may display the rear face of the rack and/or 
the front face of the rack. In FIG. 22, rack Front is selected in 
data center explorer 2210 and houses data center equipment 
sss, PowerEdge 2650, PowerEdge 6650, etc. When a particu 
lar rack is selected in data center explorer 2210, the equip 
ment it houses may be modified using user interface elements 
2202 through 2208. 
0170 The user may add data center equipment to the cur 
rently selected rack by actuating user element 2202 and 
selecting the desired equipment and position with the rack. 
The user may delete or edit data center equipment associated 
with the currently selected rack by selecting the desired 
equipment from data center explorer 2210 and actuating user 
element 2204 or 2206, respectively. The user may move data 
center equipment associated with the currently selected rack 
by selecting the desired equipment from data center explorer 
2210, actuating user element 2208 and selecting the desired 
position within the rack. In another embodiment, the system 
may recommenda satisfactory or optimum position. It should 
be appreciated that the user may select particular data center 
equipment by drilling down in data centerexplorer 2210 or by 
searching the data center using a unique identifier, Such as a 
barcode scanned by the remote or mobile computing device. 
These methods of searching may allow a user, Such as a 
technician, to quickly obtain information concerning specific 
data center equipment or modify the CMDB while physically 
located near the equipment. 
0171 According to other embodiments, an interactive rep 
resentation of an identified space within a data center may be 
implemented using other interface technology. For example, 
in another embodiment, in addition to the graphical user 
interface screens shown above, a three-dimensional option is 
available allowing a user to view the design of a data center in 
3D. In one embodiment, a design system includes Software 
code programmed in Java that is used to generate 3D models 
that are rendered via OpenGL to allow for hardware accel 
eration. Further, 3D models may be exported from the design 
system to CAD tools such as AutoCAD, available from 
AutoDesk of San Rafael, Calif. As described above, security 
cameras can be implemented into data centers designed using 
embodiments of the present invention. In one version that has 
3D viewing capabilities, security cameras may be included in 
the design and the 3D view may be used to view a simulation 
of a camera's view after installation. In one embodiment, 
networked cameras and other security monitoring devices 
available from Netbotz Corporation of Austin, Tex. may be 
used. 

0172. As discussed above, with reference to the process 
shown in FIG. 4, the system 200, and other systems of the 
present invention, may be used as part of a data center man 
agement system. The management system may include the 
system 200 described above with the management module 
containing routines to perform management functions, or in 
other embodiments, the management functions may be per 
formed by a designated manager controller contained in the 
data center and implemented, for example, in a computer 
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server located in one of the racks of equipment and accessible 
by a user using a management console. 
0173 FIG. 6 shows a block diagram of a management 
system 500 that may be used in embodiments of the present 
invention. The management system includes the manager 
controller 502, the manager console 504, power measurement 
devices 506, and airflow, humidity and temperature measure 
ment devices 508. It should be appreciated that manager 
console 504 may be implemented as any computing device, 
including a remote or mobile computing device. Implement 
ing manager console 504 on a remote or mobile computing 
device may allow a user, such as a data center manager, to, for 
example, dispatch work orders to technicians while physi 
cally inspecting, installing, moving, and/or changing data 
center equipment. In addition, in one embodiment, the man 
agement system may include power control devices 520 to 
control application of power to one or more individual 
devices or racks contained within a data center, and the sys 
tem may include airflow controllers 521 to control the airflow 
or Supply temperature of an air conditioning unit or to control, 
for example, perforated tile dampers. As discussed above, the 
management system may also include one or more security 
devices 523, including security cameras. The devices of the 
management system 500 may be directly coupled to the man 
ager controller or may be coupled to the manager controller 
using a network 522 that may be a dedicated network, may 
include the Internet, or may include a LAN or WAN contained 
in the data center. The manager controller may communicate 
with one or more servers 524 to obtain information from and 
control operation of the servers. 
0.174. In one embodiment, the management controller 502 
may be implemented at least in part using an InfrastruXure(R) 
Manager and/or InfrastruXure(R) Central available from 
American Power Conversion Corporation (APC) of West 
Kingston, R.I., and devices may be coupled to the manager 
using, for example a controller area network (CAN) bus oran 
Ethernet network. The power controllers and airflow control 
lers may be implemented using available known devices that 
monitor and/or control power and airflow in facilities. Fur 
ther, in at least one embodiment, the management system 500 
may include systems and methods for monitoring and con 
trolling power as described in U.S. Pat. No. 6,721,672 to 
Spitaels et al., which is incorporated by reference herein. 
Further, in at least one embodiment that uses in-row cooling 
devices, the management controller may communicate with 
the cooling units to control the units to ensure that adequate 
cooling at specified redundancy levels is being met. Further 
details regarding the control of in-row cooling units that can 
be used with embodiments of the invention are discussed in 
copending U.S. patent application Ser. No. 1 1/335,901, dis 
cussed above and filed on Jan. 19, 2006. 
0175 One aspect of the present invention, which will now 
be described, is directed to a retrofit system and method that 
is particularly useful for adding new equipment to a facility. 
The addition of new equipment may include adding equip 
ment to existing racks or may include adding other data center 
equipment, Such as racks or other floor mounted equipment, 
to a facility. The retrofit system may be a standalone computer 
system configured to perform processes described herein, or 
in one embodiment, the retrofit system is implemented using 
the system 200 described above. Specifically, the builder 
module 206 of the system 200 may include routines to assist 
in retrofitting a data center. A process 600 for using the system 
200 (or some other system) to retrofit or upgrade a data center 
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will now be described with reference to FIG. 7, which shows 
a flow chart of the process 600. 
0176). In a first stage 602 of the process 600, data related to 
a present configuration of a data center to be retrofitted is 
provided to the builder module. The data related to the present 
configuration may include the data displayed in the room 
model of FIG. 5 along with additional data that was generated 
during design of the data center. Further, in one embodiment, 
the data related to the present configuration may include data 
generated during an initial design as updated by actual mea 
Surements conducted in a facility. For example, the cooling 
capacity of individual racks may be calculated in an initial 
design and then updated by the management module once the 
system is installed and operating. Cooling capacity data may 
be updated based on actual measurements of airflow from, for 
example, perforated floor tiles, while the original data may 
have been calculated based on predicted airflows. In one 
embodiment, interface 302 of system 300 provides this data 
center configuration and measured parameter information 
from database 304. 

0177 Information related to the retrofit is then provided in 
stage 604. The information related to the retrofit may include 
information similar to that input at stage 304 of process 300 
described above, such as type of equipment, characteristics of 
equipment, number of racks, as well as other information. In 
addition, a user may designate one or more desired locations 
in the data center for the installation of new equipment. For 
example, a user may desire to add five additional servers to 
the data center, where the servers are similar to and have a 
related function to existing servers in the data center. The user 
may choose one or more preferred locations based on power 
specifications, cooling specifications and physical dimen 
sions of the servers, and based on power capacity, power plug 
type and/or number, cooling capacity and contents of existing 
racks displayed on a floor model of the data center. In addi 
tion, the user may indicate whether it is acceptable to move 
existing equipment to accommodate the installation of new 
equipment. In another example, a user may desire to replace 
three servers in the data center. The user may choose the 
servers targeted for replacement and may make other data 
center modifications with these replacement servers in mind. 
In addition, the user may indicate whether the replaced equip 
ment should be removed from the data center or moved into 
an inactive storage room. Tracking inactive equipment may 
allow a user, such as a data center manager, to quickly ascer 
tain equipment available for provisioning within the data 
Center. 

0.178 At stage 606, an updated layout for the data center is 
generated and cooling and power calculations are performed 
at stage 608 on the updated layout in the manner discussed 
above at stage 308 of process 300. If the user has designated 
specific locations for equipment in the data center, the layout 
may first be determined using these locations, and if problems 
arise as a result of the desired layout (i.e., lack of cooling for 
a rack based on equipment or Supply policy requirements), 
then the user will be able to note any such problems once the 
layout is displayed and can then choose to change the layout. 
In one embodiment, the system may suggest one or more 
elements of data center equipment to be placed at one or more 
locations. In this case, the system may ensure that applicable 
data center resource Supply policies, and data center resource 
requirements of the Suggested equipment, are met. In another 
embodiment, the system may provide the user with one or a 
series of satisfactory locations for the equipment based on the 
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data center resource requirements of the equipment and any 
applicable data center resource redundancy and/or runtime 
requirements. In another embodiment, the system may pro 
vide the user with an optimum location, followed by other 
satisfactory locations in a decreasing order of preference, for 
the new equipment based on the data center resource require 
ments of the equipment and any applicable data center 
resource redundancy and/or runtime requirements. If a par 
ticular layout is not designated by a user, then the system 200 
will determine the layout in the manner discussed above with 
respect to stage 306 of process 300. 
0179 At stage 610, an updated floor model is displayed 
(for example, in the manner shown in FIGS. 5C and 5D), and 
at stage 612, a user can review the model and either provide 
feedback (stage 614) or indicate that the design is satisfactory. 
Once the floor model has been approved by a user, the retrofit 
design process is complete, and the equipment may be 
installed, relocated, or removed and parameters of the data 
center may be measured and updated in the manner described 
above in stages 318 to 322 of process 300 using for example 
a data center management system. 
0180. In one embodiment, changes to the configuration of 
the data center such as those designed by retrofit process 600 
may be implemented by work order process 1900 as illus 
trated by the flowchart in FIG. 19. Initially, at stage 1900, a 
data centerconfiguration change may be made using agraphi 
cal user interface such as those discussed with regard to FIGS. 
5C and 5D above. Details of the change may be used to 
construct a set of tasks to carry out the change. These tasks 
may be grouped together into work orders. Work orders may 
be human-readable and may include textual instructions as 
well as pictorial representations. It should be appreciated that 
a single configuration change, initiated using a visual editor, 
may be translated into multiple work orders. 
0181 At stage 1902, a work order is dispatched to a user 
for implementation. In one embodiment, this dispatching 
may be automatic or manual. Automatic dispatching may 
occur based on a set of preconfigured rules. These rules may 
consider characteristics of both the work to be performed and 
the user to whom the work order may be dispatched. Charac 
teristics of the user that may be considered include the user's 
physical location, physical area of responsibility, recent and 
current workload, remaining schedule availability and area of 
expertise. Alternatively, a work order may be automatically 
dispatched to one or more users in a “round robin fashion. In 
another embodiment, a user, such as a data center manager, 
may access the dispatch UI exposed by work order module 
214, discussed in relation to FIG.3 above, to modify and/or 
dispatch work orders to users. In still another embodiment, a 
user, such as a technician, may access the dispatch UI exposed 
by work order module 214 to modify and/or dispatch work 
orders to himself. 

0182. At stage 1904, a user performs the work dictated by 
the work order and modifies the work order appropriately. 
Modification of the work order may include, for example, 
changing the details of the work performed Such as recording 
installation of an alternative model of equipment, rearrange 
ment of the order of equipment within the rack, reconfigura 
tion of the flow of a data center's resources, such as power, to 
the equipment, etc. Modification may also include changing 
the status of the work order. When a user modifies a work 
order using a remote or mobile computing device, certain 
information required to complete the modification may be 
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entered using any interface Supported by the remote or mobile 
computing device, including barcode scanning. 
0183 In one embodiment, work order module 214 may 
monitor a data center resource provider, Such as power outlet, 
that is targeted as part of the work order for a change in 
demand. When a change in demand is detected, such as an 
increase in the power demanded at a power outlet, the work 
order may be marked as complete. In another embodiment, 
the work order is not marked as complete until the data center 
resource consumption or production benchmark, Such as the 
power consumption benchmark, of the data center equipment 
specified on the work order is recognized. For example, if a 
work order calls for the installation of a particular model of 
blade server, the system may not mark the work order as 
complete after initial activation of the blade server, but 
instead may wait until the power consumption history of the 
blade server matches a known power consumption bench 
mark for the model of blade server called for in the work 
order. 
0184. In the processes 300 and 600 described above, 
design and analysis stages are performed after all data is 
entered as part of an initial design or a retrofit of a facility. In 
another embodiment, analysis is performed real-time, and 
user displays are updated as the user enters data into the 
system. 
0185. In embodiments of the present invention, using the 
processes described above, data center operators are able to 
determine, in essentially real-time, whether additional equip 
ment may be added to a data center and may also determine 
locations for the equipment, where data center resource 
requirements, such as both power and cooling requirements, 
of the equipment may be met. Further, reports may be gener 
ated that indicate to a user or data center manager how much 
capacity, redundancy and/or runtime is available for each row, 
for each rack, for each Uspace position, for each piece of data 
center equipment and for the facility in its entirety. Still fur 
ther, as discussed above, in determining overall capacity, 
systems and methods are able to identify and display stranded 
capacity, and provide Suggestions for reducing the Stranded 
capacity. 
0186. In the processes and systems described above, cool 
ing calculations for a data center and for equipment in the data 
center are performed as part of the design process for the data 
center, during operation of the data center, and during an 
upgrade or retrofit of the data center. In embodiments of the 
present invention, in determining equipment layout and per 
forming cooling calculations, initial information on charac 
teristics of the facility itselfare identified to determine if there 
is sufficient cooling at the facility level. These characteristics 
include, for example, whether a raised floor or drop ceiling is 
used as an air plenum, the location and characteristics of air 
conditioning units (including in-row cooling units), dimen 
sions of the room that are to house the data center, and total 
power draw of the data center. Based on this information, an 
initial determination may be made as to whether there is 
Sufficient cooling provided by the air conditioning units for 
the expected power draw in the room, and if not, a recom 
mendation may be made for additional air conditioning units. 
For some facilities, desired redundancy and operating mar 
gins may be included in this determination. 
0187. Once the determination has been made that there is 
Sufficient cooling at the facility level, an analysis is conducted 
to determine if there is adequate cooling at each rack in the 
facility and/or at individual pieces of equipment. In at least 
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one embodiment, the cooling capacity of a rack may be deter 
mined by increasing the power level of the rack to determine 
at what additional power level the airflow to the rack becomes 
inadequate. This can be performed individually for each of 
the racks in a data center. In different embodiments of the 
present invention, one or more of a number of different meth 
ods may be used to perform the cooling calculations. These 
methods include, but are not limited to, a computational fluid 
dynamics (CFD) analysis, a Coarse-Grid CFD analysis (des 
ignated as CGCFD), a control Volume analysis (designated as 
CVA), and an analysis based on empirical rules and/or bor 
rowing concepts. Further, in Some embodiments, a combina 
tion of two or more of the above methods may be used to 
conduct portions of an overall analysis. In one embodiment, 
the principle of Superposition is used to combine results of 
portions of an analysis. In particular, in many applications the 
airflows may be considered to be ideal, where an ideal airflow 
is inviscid, incompressible, irrotational without any other 
forces, such as buoyancy. With Such an ideal airflow, a com 
plex application can be reduced to a number of less complex 
applications, analysis of the less complex applications can be 
performed using one of the methods described herein, and 
superposition can be used to combine the results of each of the 
less complex applications to obtain analysis results for the 
complex application. 
0188 A computational fluid dynamics analysis can be 
used in one embodiment in association with the design and 
retrofit of a data center to provide detailed results of the 
cooling performance of a facility, including determining the 
availability of adequate cooling air at racks and individual 
pieces of equipment in the facility and determining cooling 
capacity for each rack. The techniques for implementing a 
CFD analysis of a data center are known. A CFD analysis 
must typically be performed by someone particularly skilled 
in the art, typically requires detailed information regarding 
the facility and the layout of equipment in the facility, and 
depending on the complexity of the analysis conducted, and 
the computing equipment used to conduct the analysis, may 
take hours or days to run one iteration of the analysis. 
0189 In another embodiment, an improved technique for 
conducting the cooling analysis is used. The improved tech 
nique has been developed based on computational fluid 
dynamics techniques. The improved technique is referred to 
herein as a Coarse-Grid CFD or simply CGCFD. In a typical 
CFD analysis, a data center to be analyzed is typically divided 
into non-uniform cells in the range of one to eight inches on 
a side. In at least one embodiment, in the CGCFD analysis, a 
Cartesian grid system of cells that are one foot cubes are used. 
The use of uniform one foot cells typically reduces the num 
ber of cells used in the calculations from a traditional CFD 
analysis by at least an order of magnitude. Further, uniform 
grid cells generally make the CFD analysis faster and more 
reliable relative to a comparable non-uniform cell analysis. 
Further, other techniques are employed in the CGCFD analy 
sis to improve the computational efficiency of the analysis. 
These techniques include: the use of simple turbulence mod 
els, initializing the analysis with data obtained from the 
results from a prior similar Solution, using two dimensional or 
partial two dimensional representations when possible to 
simplify calculations, and tailoring a CGCFD routine for a 
specific application. The use of two dimensional representa 
tions may be used, for example, in a raised floor or ceiling 
plenum, where pressure gradients in the depth direction can 
be neglected in the computations. 
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(0190. The tailoring of a CGCFD routine can be used in 
embodiments of the present invention to significantly 
improve computational efficiency and improve robustness 
(for example, so the tool can be made to work reliably in an 
autonomous way) of the total analysis, and multiple tailored 
routines may be used in combination to produce a complete 
analysis. For example, a first CGCFD routine may be tailored 
for use with different raised floor configurations to determine 
the output airflow at each perforated floor tile of a raised floor 
in a data center, and a second CGCFD routine may be tailored 
for use with a cluster of racks that include two rows of racks 
with a cold aisle between the rows. The first CGCFD routine 
may be run to determine the output air at perforated tiles in the 
cold aisle of the rack cluster, and the second CGCFD routine 
may use the results of the first routine to determine the air 
flows and temperatures at inlets and outlets of the racks. The 
second routine may be run a number of times to account for all 
of the clusters of racks located in a data center. As equipment 
is moved, and as different configurations are established 
within a cluster to optimize cooling performance, the second 
routine may be run to obtain new cooling data without the 
need to repeat the first routine, as the airflows from the per 
forated tiles generally would not change. In some cases, for 
perforated floor tiles having a large percentage of open area 
(for example, greater than 50%), it may be desirable to repeat 
the first routine as air flows may change based on room 
configuration. 
(0191 Embodiments of the invention that utilize the 
CGCFD approach to conduct the analyses of a data center 
provide advantages over embodiments that utilize a tradi 
tional CFD approach. These advantages include computa 
tional efficiency and simplification of use. Iterations of cool 
ing calculations using the CGCFD approach may be 
conducted in a matter of seconds or minutes versus hours or 
days with a full CFD analysis. Further, the CGCFD routines 
may be designed to operate with a limited set of input vari 
ables, allowing a less-skilled user to conduct analyses using 
the CGCFD approach. For example, for a CGCFD routine 
that is tailored to analyze only the raised floor plenum, the 
input variables may be limited to the height of the floor, 
location and type of perforated tiles, length and width of the 
floor, and the locations and characteristics of air conditioning 
units that provide cooling air to the raised floor. For a CGCFD 
routine that is tailored to conduct an analysis on a cluster of 
racks, the input data may be limited to airflow per tile (could 
be obtained automatically from the output of a separate 
CGCFD routine or using other methods), the number of racks 
in the cluster, the power draw of each of the racks, and room 
environmental details including the temperature of the Sur 
rounding environment, ceiling height, the presence of nearby 
walls, etc. The output data for a cluster of racks may include 
the input temperature at each server, or other piece of equip 
ment in a rack. In other embodiments, the output data may 
simply be a measure of the amount of warm recirculated air 
drawn into each rack. The data may be expressed as an abso 
lute number (e.g. interms ofcfm) or expressed as a fraction of 
the total air consumed by the rack. A system, such as system 
200 described above, may use the output data to determine if 
the cooling performance of the cluster is satisfactory. 
0.192 In another embodiment, another improved tech 
nique for conducting the cooling analysis is used. The 
improved technique is referred to herein as a control Volume 
analysis or simply CVA. The control Volume analysis may be 
used in conjunction with a CFD analysis and/or a CGCFD 
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analysis, or may be used as a stand alone process. The CVA 
technique is similar in some aspects to the CGCFD technique 
described above, however, further simplification of the analy 
sis process is provided. As will be discussed below, the CVA 
technique is a computationally efficient technique that is par 
ticularly effective for computing the three-dimensional air 
flow, pressure and temperature distributions in the cold aisle 
of a raised floor data center. However, the CVA technique is 
not limited in its use to this application and may be used for 
other applications as well. The CVA technique can provide 
output data in essentially real-time, allowing a user to try 
various locations for equipment as part of an initial design or 
a retrofit and obtain cooling data for the different locations in 
real-time. 

(0193 The CVA technique will be described with reference 
to FIG. 8, which shows a subsection 700 of a data center. The 
subsection of the data center includes a cluster of racks that 
includes a first row of racks 702, and a second row of racks 
704, which are located on a raised floor and separated by two 
rows of perforated tiles 706, 708. 
0194 In data centers that have clusters of racks arranged 
like those in FIG. 8, it is not uncommon for undesirable hot 
spots to develop even though the total Supply of cool air to the 
cluster should be sufficient to meet the needs of the racks. For 
example, if the airflow rate through one or more perforated 
tiles is too great, a rack may be unable to capture all of the tile 
airflow and some of the cooling air may escape the cold aisle. 
Racks will generally draw their required air, and in this situ 
ation, if a rack can not capture cool air, it may draw hot 
exhaustair over the top of the rack creating a hot spot. Further, 
due to widely varying cooling airflow requirements, racks 
may compete with one another for cooling airflow. In particu 
lar, a high-power rack may borrow underutilized air from an 
adjacent rack, or in Some cases from a rack separated by 
several tiles. With several racks contained in a cluster, with 
each having different cooling needs, the airflow patterns and 
temperature distribution in the cold aisle are complex func 
tions. The CVA technique can be used to simplify the solu 
tions to these complex functions. 
(0195 In the CVA analysis for the rack cluster of FIG. 8, 
the airflow and temperature analysis is conducted on the 
Volume of air contained in the cold aisle, between the racks, 
from the perforated tiles up to a height equal to the top height 
of the racks. The volume of air is divided into a number of 
control Volumes equal to the number of racks in the cluster. 
Each control volume is defined as the volume above one of the 
perforated tiles extending from the perforated tile to the top of 
the racks. The control Volume analysis includes determining 
for each control volume, the airflow through each of the six 
faces of the control volume. Once the airflows are known, 
temperatures and mass species concentrations can be deter 
mined for each of the control volumes. In the CVA technique, 
the temperature analysis can be decoupled from the airflow 
analysis because, as discussed above, buoyancy forces in the 
control Volumes can be ignored. Similarly, mass species con 
centrations are not coupled to the airflow solution and may 
also be computed separately if desired in order to compute the 
fraction of recirculated air ingested by each rack. 
0196. In conducting a CVA analysis in the embodiment 
described herein, there are several initial assumptions made 
to simplify the analysis. In other embodiments, the analysis 
could be changed if these assumptions would not apply. The 
first assumption is that airflow across each face of a control 
volume (and therefore into the front face of a rack) is consid 
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ered uniform. Resulting airflow and temperature values effec 
tively represent an average of the airflow and temperature at 
each face. 
0197) The second assumption is that buoyancy forces 
within each control Volume are negligible. Unless a signifi 
cant hot spot develops, then there is insufficient heating of the 
air in a cold aisle to substantially affect airflow patterns, and 
even if some heating occurs, any buoyancy effects are Small 
compared to the momentum of the airflow from typical per 
forated tiles. 
0198 The third initial assumption is that viscosity and 
turbulence within each control volume are negligible. In the 
control volumes, air is introduced through the perforated tiles 
and is pulled into the racks. The air is not required to change 
direction rapidly and there is no flow of air parallel to solid 
objects. Accordingly, Viscosity and turbulence may be 
ignored and the competition of forces driving the airflow 
reduces to an interplay between pressure and momentum. 
(0199 The CVA analysis may be further simplified by 
dividing a clusterofracks into slices of two racks separated by 
two perforated tiles 718A, 718B. FIG.9 shows a cluster of six 
racks 710 that can be divided into three two-rack slices 712, 
714, 716. The nomenclature used for identifying racks, and 
airflows in FIG.9 is defined in Table 1 below, along with other 
variables that will be used herein in the description of the 
CVA technique. 

TABLE 1 

A, A, Control volume side and perforated tile area 
C1, C2 Dimensionless empirical constants in they and X 

momentum equations 
C Species Concentration 
CV Control volume 
N Number of 2-rack slices in cluster 
in Outward unit normal vector 
PA, PB, Pressure in control volume above perforated tiles A, and B, 
Pamb Ambient reference pressure 
M. M., M. Z-direction momentum flux terms through left, right, and 

top surfaces of staggered CV at slice i 
TA, TB, Temperature in control volume above perforated tiles A, 

and B, 
Q, Airflow rate through each perforated tile 
QA, QB, Airflow rate through racks A, and B, 
QAx, QBx, Airflow rates in the x-direction above perforated tiles A, 

and B, 
QZ, Airflow rates in the z-direction above perforated tiles 

between tiles A, and B, 
QAtop, Airflow rates in the y-direction above perforated tiles A, 
QBtop, and B, at top-of-rack height 
-> Velocity Vector 
C. Linear relaxation factor 
o Density of air 

0200. At the start of the CVA analysis, the rack airflows 
QA QB, and the tile airflows are known. The tile airflows can 
be estimated based on the mean perforated tile airflow for the 
entire facility or determined using a CFD analysis, a CGCFD 
analysis, physical measurement, or using one of a number of 
known programs. The rack airflows can be determined based 
on characteristics of equipment installed in the rack. In one 
embodiment, each rack airflow is determined on the basis of 
the power usage of the rack and using the relationship of 160 
cfm per kilowatt of power as discussed above. To determine 
the airflow patterns, all airflows QAX, QBX, QZ, QAtop, 
and QB top, and pressures PA, and PB, are computed based 
on the principle of conservation of mass and momentum. To 
perform this computation, a total of 7 n-2 unknowns (5 n-2 
internal airflows plus 2 n pressures) may be determined using 
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a total of 7 n-2 equations, where n is the number of 2-rack 
slices (or length of cluster expressed in tile or rack widths). 
Optionally, an energy balance or mass species balance can 
then be used to compute the 2 n temperatures or 2 in species 
concentrations based on the airflows. 
0201 In one embodiment, rather than solve all equations 
simultaneously, a semi-simultaneous approach is taken. In 
this embodiment, the five unknowns for each two-rack slices 
of a rack cluster, airflows QZ, QAtop, and QB top, and pres 
sures PA, and PB, are first determined simultaneously. Dur 
ing these initial computations, each two-rack slice is consid 
ered in isolation, which is the equivalent of having the ends of 
the slices blocked, such that QAX, and QBx, are equal to Zero. 
After an initial Sweep through each two-rack slice is com 
plete, the side-to-side airflows (QAX, QBX) can be com 
puted based on the calculated pressures within each control 
volume. The side-to-side airflows affect the pressures, and 
after computing the side to side airflows, a second computa 
tion of the airflows and pressures is conducted for each of the 
two-rack slices. This process is repeated until there are no 
significant changes in the computed variables. Once all air 
flows are known, all temperatures or mass species concentra 
tions can be computed directly without the need to do mul 
tiple iterations. 

IF THEN 

QAX + QBX 12 O 
QAX, + QBX 2 O 
QAtop, + QBtop, 2 O 

0202 The fundamental equations used to compute the 
unknowns described above, assuming steady state, incom 
pressible and inviscid fluid flow rely on conservation of mass 
(m), conservation of momentum (M) conservation of energy 
(e) and conservation of species concentration (C), and can be 
written as follows: 

vindA =0 (m) A. 

pVivaA = -pnda (M) 
A. A. 

T(v,i)aA = 0 (e) 
A. 

CVn dA =0 (C) A. 

0203 Applying the conservation of mass equation (m) to 
the two-rack slices for the conditions described above results 
in the following equations: 

P+QA+GAx = Cz+2Ax+2A top, (1) 

P+Qz+DBx =9B+DBx+2Btop, (2) 

0204 Where QA is always negative based on the sign 
convention of FIG. 9. 

0205 As will now be described, staggered control vol 
umes are used to formulate the Z-momentum equations. Three 
staggered control volumes 730A, 730B and 730C are shown 
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in FIG.9A. The number of staggered control volumes is equal 
to the number of 2-rack slices. The staggered control Volumes 
are the same size as the main control volumes, but are shifted 
so that they are located midway between opposing racks. The 
staggered control Volumes allow pressure to be considered 
more easily for each face which is normal to the z-direction. 
If the original control Volumes are used, then each control 
volume would have one face coplanar with a rackinlet, which 
is a face over which the pressure is not known and need not be 
known in the calculations. Applying the conservation of 
momentum equation (M) in the Z-direction to the staggered 
control Volume in slice i results in the following equation: 

0206. In equation (3), the first term on the right hand side 
of equation (3) is generally dominant, as it accounts for the 
effect of rack airflow rates on control volume pressures. Mr. 
M and M account for losses or gains in Z-momentum 
through the sides and the top of the control volume. 
0207. Using an “upwind estimate for incoming/outgoing 
Z-momentum and assuming that the Velocity of the air in the 
Z-direction is negligible above the racks, M. M. and Mare 
determined using the equations of Table 2 below 

TABLE 2 

ELSE 

0208. The relationship between Y-momentum and pres 
Sure may be written using equations (4) and (5) as follows: 

QB)?-1/2QBtop,} (5) 

0209. In one embodiment, equations (1) through (5) are 
Solved simultaneously for each 2-rack slice of a cluster 
sequentially using the process 800 shown in FIG. 10. In the 
first stage 802 of process 800, the user defines Q (the airflow 
through the perforated tiles), the number of 2-rack slices in 
the cluster, and the power draw of each of the racks. As 
discussed above, Q may be estimated as the mean perforated 
tile airflow rate for the entire facility or determined separately 
using, for example, a CFD or CGCFDanalysis or other analy 
sis or physical measurement. At stage 804, all airflow vari 
ables (except Q, and the rack inlet airflows) are initialized to 
Zero. At stage 806, equations (1) through (5) are solved simul 
taneously for each slice. At decision block 808 a determina 
tion is made as to whether the equations have been solved for 
all slices, and if not, stage 806 is repeated. Once the equations 
have been solved for all slices, then at stage 810, the x-direc 
tion airflow variables are updated based on the computed 
pressures in the control volumes, PA, and PB, as discussed 
below. At stage 812, a determination is made as to whether the 
computed pressures have changed by more than a predeter 
mined threshold since the previous iteration and if so, stages 
806 to 812 are repeated. Once there is no significant change in 
the computed variables, the process 800 stops at stage 814, at 
which point the pressures and airflows for all of the control 
spaces have been determined. 
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0210. In the process 800, at stage 810, new X-direction 
airflow values (QA and QB) are determined based on the 
assumption that the pressure drop between adjacent cells is 
proportional to the square of the airflow rate using the equa 
tions in Table 3. 

TABLE 3 

IF THEN ELSE 

0211. In one embodiment, because of non-linearities of 
the equations, adjustments to the X-direction airflow values at 
stage 810 are achieved gradually by introducing damping into 
the iterative process and updating the values of QA and QB 
using the following equations (6) and (7). 

QAx-cigAx,"+(1-c.)OAx, (6) 

QBx-cigBx,"+(1-c.)OBx,” (7) 

0212. In equations (6) and (7), C. is a linear relaxation 
factor. If C is set to Zero, then no changes will occur from 
iteration to iteration. If C is set to 1, then there will be no 
damping introduced. For Smaller values of C, more iterations 
will be required, however, the chances of obtaining a stable 
Solution increase. The particular optimum choice of C. is 
problem specific, however, it has been found that values of C. 
around 0.05 work well in the process described above. Once 
the airflows are computed using the process above, tempera 
tures and mass species concentrations can be calculated, if 
desired. It should be noted that control volumes may be used 
to compute temperatures or concentrations regardless of the 
method used to initially compute airflows. 
0213. The CVA technique described above can be con 
ducted separately, one for each cluster of racks in a facility to 
obtain a complete cooling analysis of the facility. When a 
retrofit of a facility is to be done, the control volume analysis 
may be done for all clusters, or only for those in the vicinity 
of any changes to the facility. 
0214. Three different methods, CFD, CGCFD and CVA, 
have been described above for determining cooling data in 
embodiments of the present invention to determine placement 
of location of equipment in data centers. In still another 
embodiment, empirical rules are used either alone or in com 
bination with one of the methods described above to deter 
mine proper placement of equipment and the adequacy of 
cooling air. The empirical rules that are used may take a 
number of different forms, and programs incorporating the 
empirical rules may be updated as more data is generated to 
Support the empirical rules. In one embodiment, empirical 
rules are based, at least in part, on the ability of equipment 
racks to borrow unused capacity from Surrounding neighbors. 
The amount that may be borrowed may be limited to an 
allowable fraction (or weight) of the unused capacity and the 
particular allowable fraction may differ depending on a num 
ber of variables Such as borrower-donor separation distance, 
tile flow rate, and the total power draw of both the borrower 
and the donor. 
0215. In one particular embodiment, the cooling air avail 
able to a given rack is computed based on a weighted Sum 
mation of the available airflows from airflow sources (i.e., 
Supply devices, including in-row cooling units, or vents), net 
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of airflows computed to be used by other racks, where the 
weights associated with the available airflows for a given rack 
decrease with distance between the rack and the air Supply 
devices or vents. For example, with reference to FIG. 9, the 
cooling air available to each rack may initially be set equal to 

the cooling air supplied by the perforated tile in front of the 
rack, or to reflect possible losses, and provide safety margin, 
the cooling air available may be set equal to Some amount (i.e. 
90%) of the total air from the perforated tile. The cooling load 
for each rack is then subtracted from the available air to 
provide a net available cooling air figure for each perforated 
tile and to provide an initial indication of a lack of cooling air 
for any equipment rack. For each equipment rack, the avail 
able cooling air is then increased by assigning to each rack, a 
percentage of the net available cooling air from nearby per 
forated tiles. For example, the cooling air available may 
include 10% of the net available cooling air from a perforated 
tile associated with eitheran adjacentrack or a rack across an 
aisle, and 5% of the net available cooling air from a perforated 
tile of a diagonal rack or a rack two positions over in a row. 
The particular percentages or weights used may be changed 
based on actual results or as a result of analyses conducted. 
The loads of each rack may then be compared with the total 
available cooling air to determine remaining cooling capacity 
and to identify any potential problem racks. 
0216. In at least one embodiment, empirical rules may be 
used in combination with Superposition to analyze data cen 
ters and provide recommended equipment layouts. Using 
Superposition, complex problems may be broken down into 
simpler problems that can then be solved using empirical 
rules. 
0217. In one embodiment, empirical rules are established 
by initially performing a number of CFD analyses on typical 
rack layouts, and the results of these analyses are used to 
produce simple equations or look-up tables that can be used in 
real-time to design layouts of equipment. In Such an analysis, 
the side-to-side airflows, such as those shown in FIG.9 may 
be determined for each rack one at a time with one rack turned 
“on” and all other racks turned “off”. The airflows at the ends 
of a cluster for a number of different configurations may also 
be determined using CFD. The airflows may be determined 
for a number of different air intake values for each rack and a 
number of different values of air flow from the perforated 
tiles. The total air flows for different configurations can then 
be determined in real-time using Superposition and the stored 
results. The airflows through the top (in or out) of the volume 
in front of each rack may then be determined based on con 
servation of mass. In one embodiment, when the airflow into 
the top of one of the Volumes exceeds some percentage (i.e., 
20%) of the total air flow into the rack associated with the 
Volume, then an overheating problem may exist requiring a 
design around. In other embodiments, mass species concen 
tration analyses may be used in combination with empirical 
rules to determine what percentage of the total air entering a 
control volume is recirculated air to determine when an over 
heating problem may exist. 
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0218 Indetermining the airflows for each rack of a cluster, 
symmetry of the clusters can be used to reduce the number of 
CFD analyses that need to be performed, and the control 
volumes discussed above with respect to FIG.9 may be used 
to establish a reference grid for the analysis. For example, 
with reference to the cluster of racks 710 of FIG. 9, CFD 
analyses need only be performed for Rack A, and Rack A. 
and the results for each other rack may be determined based 
on the resulting airflows and the relative position of the racks. 
For example, the airflows in the cluster associated with Rack 
B, are the same as those associated with Rack A, with the 
direction of Some of the airflows changed for corresponding 
Rack A and Rack B inlet airflow and tile airflow rates. 

0219. In one example, which will now be described, the 
concepts of symmetry and Superposition are used in conjunc 
tion with CFD analyses and empirical rules to provide a 
practical real-time solution for determining airflows in a cool 
aisle. Further, air flows are used to determine a recirculation 
index (RI) for a row of racks, which can be used to identify 
potential “hotspots” in a data center. As discussed above, one 
cooling objective in a data center is to manage the equipment 
rackinlet air temperatures. The rackinlet air temperatures are 
dominated by the airflow patterns within the cold aisle and the 
temperatures within and around the cold aisle. Air drawn in 
from outside the cold aisle is generally heated to some degree 
by the rack exhaust and will be hereafter referred to as “recir 
culated air. While the temperature of the recirculated air is 
highly application dependent, air that passes directly from a 
perforated tile to a rack inlet will be very near the supply 
temperature. Thus, good cooling performance can be 
achieved if all of the airflow ingested by a rack comes directly 
from the perforated tiles. 
0220. A cluster of racks, which receives its required cool 
ing air exclusively from the perforated tiles within the cluster, 
represents an autonomous Scalable unit from which a larger 
facility with predictable cooling performance may be con 
structed. A reasonable requirement is therefore to ensure that 
racks are adequately cooled by air originating from the racks 
own cold aisle. Conversely, it is acceptable for the rack to 
ingest no more than a small fraction of recirculated air. 
0221) With the above in mind, the recirculation index (ri) 

is defined as the fraction of recirculated air ingested by the 
rack. An iri of 0% implies that all of the rack inlet air was 
drawn directly from the perforated tiles while an ri of 100% 
implies that all of the rackinlet air was drawn from outside of 
the cold aisle. Note that a low riis sufficient to guarantee cool 
inlet temperatures; however, a high ri does not guarantee 
excessively high inlet temperatures. 
0222. The concepts of control volumes, symmetry and 
Superposition are used in the present example to determine air 
flows and ultimately RI for a cold aisle. In using Superposi 
tion, a Sum of Velocity potentials (or actual Velocity compo 
nents or total airflows over a consistent area) of simpler, 
elemental flow solutions is used to obtain a new, composite 
flow solutions. For example, assume we know the airflow 
pattern associated with only Rack A1 “on” subject to a par 
ticular tile airflow rate and we also know the airflow pattern 
with Rack B3 “on” subject to the same perforated tile airflow 
rate. The relevant horizontal airflow components can be 
added to obtain a solution, which approximates the airflow 
pattern resulting from Racks A1 and B3 both “on” simulta 
neously. The airflow pattern resulting from the Superposition 
of the two separate airflow patterns is not exactly the same as 
the full solution—even for an ideal flow. Using superposition 
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two solutions are added together which individually (and 
when added together) satisfy conservation of mass criteria. 
The use of Superposition does not guarantee that the com 
bined solution will be the unique solution and the difference 
is in the boundary conditions. As an illustration of this, con 
sider a 2-rack example. In using Superposition, the top airflow 
condition floats freely as a constant-pressure boundary con 
dition in all cases. In reality, the airflow pattern constructed 
from Superposition may not provide a perfect match to air 
velocity over the top surface of the cold aisle. Also, when one 
rack is off an assumption is made that the face (inlet) of the 
rack is a symmetry boundary condition (which is consistent 
with an inviscid analysis). This result creates the opportunity 
for some flow parallel to the face of the rack, which would 
probably not exist when the rack is actually drawing air. 
0223) In the example, superposition is used to establish 
only the 3 n-2 internal horizontal airflows (n being equal to 
the length of the row in terms of racks) while end-of-row 
horizontal airflows are computed based on separate empirical 
correlations. Vertical airflow components are computed from 
a mass balance performed on each control Volume. The hori 
Zontal airflows clearly depend on tile airflow. For example, a 
rack of a given airflow rate may be able to draw cooling air 
from a distance of many tile-widths when the perforated tile 
airflow rate is very low. However, this range of influence is 
much less as the tile flow rate is substantially increased. (As 
we know from the non-dimensional argument, the results 
would be identical if all airflows are scaled by the tile flow 
rate.) Therefore, the tile airflow rate is included in the analy 
sis; the floor tiles should be “turned on in the CFD analysis 
used to correlate airflow patterns. However, if the floor tiles 
are left “on” and the effect of each rack is considered indi 
vidually, when the flows for each rack are summed, the sum 
would have more airflow leaving the top of the cold aisle than 
in reality. The answer is to correlate only the horizontal air 
flows and then simply compute the correct airflow into or out 
of the top of each control volume based on conservation of 

a SS. 

0224. It is worth emphasizing that the use of the non 
dimensional airflow and, in particular, Superposition, simpli 
fies the method. Without these simplifications, there would be 
many combinations of rack and tile airflows to evaluate and 
store empirically to cover a range of practical applications. 
0225 Based on the above discussion, the complete airflow 
Solutions to any rack layout of interest can be constructed 
using Superposition. Elemental building-block airflow pat 
terns are associated with each rack and each of the four 
end-of-row airflows are turned on individually as illustrated 
in FIG. 11 for the case of a 2-rack cluster 1002. It is important 
to stress that FIG. 11 illustrates which airflow boundary con 
ditions are turned on and off in each of the elemental airflow 
solution to yield the total solution with all airflow boundary 
conditions “on”. Each of arrows 1004a to 1004f represents 
one of the airflows. It is the airflow components internal to the 
cold aisle that are actually being combined. There are, in 
general, a total of 2 n+4 elemental Solutions for any layout, 
which makes up a complete airflow solution. Obviously, 
fewer elemental Solutions are required if some racks have 
Zero airflow and the ends of the cold aisle are sealed (e.g. with 
doors). 
0226. The elemental airflows used with superposition may 
be determined in any manner including physical testing. In 
the present example, CFD modeling for the cold aisle is 
performed using the following boundary conditions: 
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0227 Fixed velocity of air leaving the computational 
domain over the area of a rack face for any rack which is 
& G. 
O 

0228. Fixed velocity entering or leaving the domain 
over the area of the end of the rows for any end-of-row 
flow “on. 

0229. The top of the solution domain is "open’ for air to 
enter or exit to the Surrounding environment held at 
constant pressure. 

0230 All other surfaces are “symmetry” surfaces. 
0231. As stated above, there are in general 2 n+4 elemental 
Solutions for each row length; 2 n elemental Solutions asso 
ciated with each rack turned on plus four end-of-row elemen 
tal solutions. Each elemental solution covers a range of 
dimensionless flow rates So that any arbitrary, but practical, 
rack or end airflow rate can be considered. So, the task is 
reduced to determining and storing the 3 n-2 internal hori 
Zontal control volume airflows over an appropriate range of 
dimensionless airflow rates. 
0232 Because of the geometric symmetry of a cluster of 
racks, only the 3 n-2 internal airflows for approximately one 
quarter of the 2n+4 rack and end-of-row boundary conditions 
are considered and stored; n/2+1 boundary conditions if n is 
even and (n+1)/2+1 if n is odd. The remaining internal air 
flows are determined from an appropriate reinterpretation of 
the Smaller data set by changing variable indices and signs. In 
addition to being efficient, this use of symmetry, forces the 
final output from the rack cooling performance tool to be 
perfectly symmetric. Each of these boundary conditions are 
driven individually through a range of dimensionless airflow 
rates while keeping track of all of the “response' airflow rates 
internal to the cluster. The result can be summarized in a plot 
of “response' airflow rates; one plot for each elemental 
boundary condition. 
0233. As an example, internal horizontal airflows associ 
ated with boundary condition Rack A1 for an n=2 cluster are 
shown in FIG. 12. There are 4 curves in FIG. 12 because there 
are 4 horizontal internal airflows associated with an n=2 
cluster of racks. All of these curves can be conveniently 
approximated with a least-squares fit to a cubic polynomial of 
the generic form 

so that only the coefficients c, c, and C must be stored for 
all airflows associated with all unique boundary conditions 
for all n's. Storing the “response' airflow as an equation offers 
the additional benefit compared to a simple look-up table in 
that results outside the domain of FIG. 12 are automatically 
interpolated. 
0234. The process involved in compiling the curves in 
FIG. 12 and the constants of Equation 8 is repeated for all 
unique boundary conditions for all ns considered. Determin 
ing all internal airflow correlations, for example, up to n=30 
requires several hundreds of CFD runs. Therefore, in at least 
one embodiment, the process of converting the raw CFD data 
into the curve-fit constants of Equation 8 is automated. In at 
least some examples above, the flow in the cold aisle is 
considered to be ideal with no viscosity or turbulence. To 
verify this assumption, sample CFD cases were run with 
turbulence and viscosity included, and little difference was 
detected between models that included viscosity and turbu 
lence and those that did not. The discussion above describes a 
process for all internal cold-aisle airflows for any row length, 
perforated tile airflow, and rack airflow distribution assuming 
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that that the end airflow is known. A process for predicting the 
end airflow will now be described. Unlike the airflow within 
the cold aisle, the end airflow is strongly coupled to the 
airflow in the Surrounding room environment. Buoyancy 
forces can be significant; direct Superposition of rack-induced 
airflows may not work well and the end airflows do not 
depend simply on the dimensionless rack airflow rates. The 
end airflow can still be determined using empirical correla 
tions of CFD data; however, a relatively large number of CFD 
simulations typically should be performed in order to achieve 
reasonable accuracy over a useful range of actual layouts. A 
comprehensive model for end airflow, which takes into 
account different geometric and thermal environments, may 
be included in other embodiments. In one embodiment, 
described herein, a method includes predicting end airflow as 
a function of rack power and airflow distribution for any row 
length and perforated tile flow rate while assuming a fixed 
room environment. The example environment is large and 
free of other racks or objects. Air is supplied at 60°F. and is 
exhausted uniformly over a 14 ft-high ceiling. As discussed 
above, under ideal-flow conditions, we can expectair Velocity 
at points near the racks to scale with the dimensionless rack 
inlet velocities. Further, as discussed above these “response' 
velocities vary nearly linearly with dimensionless rack flow 
rate (or velocity). It is, therefore, reasonable to estimate the 
dimensionless end airflows based on the following expres 
S1O. 

where QAX* is one of four dimensionless end airflows for a 
cluster and the coefficients a, and a effectively weight the 
relative importance of each rack on the end airflow. The 
weighting coefficients associated with racks located near the 
end of the row will be much larger than those associated with 
more interior racks. Further, empirically it is found that only 
racks in the first four or five positions nearest the end of the 
row need be retained in Equation 9. For the fixed conditions 
considered, the constantao is negative, implying that the flow 
is “out' (driven by buoyancy) when there is zero rack airflow. 
0235. To determine the values of the coefficients in Equa 
tion 9 for a particular set of room environment and cluster 
geometry, many (on the order of 100) CFD simulations may 
be performed at a number of different perforated tile flow 
rates. A large pool of rack power values may be created from 
which the many CFD simulations draw rack power and air 
flow data from, either randomly or systematically. The rack 
power values may be based on the frequency distribution of 
actual data centerracks as determined from a Survey. The rack 
power and airflow values used in the CFD simulations may be 
scaled as necessary to achieve practical total Supply-to-equip 
ment airflow ratios in the range of, for example, 0.9 to 3 for 
each perforated tile flow rate considered. The CFD data is 
then used to determine a least-squares fit of the coefficients in 
Equation 9 for each tile flow rate considered. 
0236. In summary, a simple end airflow model has been 
described which accurately accounts for a non-uniform dis 
tribution of rack airflow and power for a fixed set of room 
conditions. In at least one embodiment, the model is gener 
alized to include the effects of geometric environment, the 
thermal environment, and supply airflow rate. The effects of 
the end airflow penetrate only a few rack distances down the 
row; for longer row lengths predictions for the majority of the 
racks in the cluster will be good even if the end airflow model 
is not as accurate as desired. 



US 2009/O 138313 A1 

0237. The airflow into or out of the top of each control 
volume has been left “floating as necessary degrees of free 
dom in the above example. Now, with all of the horizontal 
airflows computed as discussed above, the airflow at the top of 
each control Volume is computed based on the conservation 
of mass. With reference to FIG. 13, using dimensional quan 
tities, the equations for A-row and B-row control volumes are 
determined using equations 9(a) and 9(b). 

PA top, -9-PRA+GAx, -92-9Ax, (10a) 

PBtop, -9-DRB+DBx 1-2-QBx, (10b) 

Applied to all control volumes, equations 9a and 9b represent 
a total of 2 n equations. At this stage, there is only one 
unknown per equation (QAtop, and QB top,) so they may be 
Solved sequentially. 
0238. At this point, all airflows within the cold aisle are 
known for the example. What remains is to track the airflow 
into each rack So that its origin may be identified and the 
recirculation index (RI) can be calculated for each rack. As 
discussed above, RI is the fraction of recirculated airingested 
by a rack. The recirculated air can enter the cold aisle at any 
point where there is inflow at the ends of the rows or along the 
top of the cold aisle. Further, the warm recirculated air need 
not directly enter the cold aisle via the control volume imme 
diately adjacent to a rack of interest; it may enter anywhere, 
travel anywhere the airflow patterns take it, and end up at the 
inlet of any rack. 
0239. To compute RI for each rack the cool supply air is 
distinguished from the warm recirculated air at all points in 
the cold aisle. Mathematically, this is accomplished by defin 
ing the concentration of recirculated air at any point in the 
cold aisle using Equation 11. 

C (mass of recirculated air), (total mass of air) (11) 

It follows from Equation 11 that the supply airflow emerging 
from the tiles has a C-O and that anywhere the recircu 
lated air enters the cold aisle along the sides or top of the cold 
aisle and C, may be set equal to 1. In practice, C may 
be set to a value less than 1 for the ends of the cold aisle 
recognizing that, on average, the top is generally much 
warmer than the ends of the cold aisle. Accordingly, in one 
embodiment, C =0.5 for any inflow at the ends of the cold 
aisle. 

0240. The recirculated air can be assumed to have the 
same physical properties as the cool Supply air so that it has no 
effect, e.g. due to a density difference, on the airflow patterns 
in the cold aisle. 

0241. Now consider a small volume just covering a rack 
inlet. Equation 11 applied to this Volume represents the aver 
age C, over this Volume. Dividing the numerator and 
denominator by a small time increment Atand taking the limit 
as At->0, demonstrates that the average C, over a rack 
inlet is precisely the rack recirculation index. Thus, to deter 
mine the RR’s for each rack the average Cover each rack 
inlet is determined. Referring back to FIG. 8, we can estimate 
the RR for each rack as the average C. of the control 
Volume immediately adjacent to the rack of interest. C. 
over all 2 in control Volumes can be computed from the con 
servation of mass of the recirculated air using Equation 12. 

reefe 

reefe 
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X, Ceci Q = 0 (12) 
A CW 
Faces 

where Q is the total airflow rate through each control volume 
face and is a known value at this stage of the calculation. 
0242 FIG. 13, shows control volumes 1008 and 1010 of a 
transverse section of a cold aisle 1006. Equation 12 is applied 
to the control volumes 1008 and 1010. For convenience, we 
label the C, crossing each control volume surface with 
same convention used for airflows while dropping the 
“recirc' subscript. The result is 

(CBx)(QBx)+(CBtop) (OBtop,) (13b) 

Equations 13a and 13b are not solved directly because the 
number of C, values exceeds the number of equations. 
Estimating each C, as the average C. from the 
“upwind' control volume, results in a proper balance of 2 n. 
unknown C.'s and 2 n equations. Based on this “upwind' 
approach, the appropriate C, values are inserted into 
Equations 13a and 13b after the airflow patterns in the cold 
aisle have been computed thereby establishing the direction 
of airflow crossing each face of each control Volume. 

TABLE 4 

C. Settings Based on Airflow Direction 

Upwind Value of Cazil, 

Airflow Airflow 20 Airflow < 0 

Q, O O 
QAx, CA, CA1 
QBx, CB, CB; 
QZ, CA, CB, 
QAtop, CA, 1 
QBtop, CB, 1 

Table 4 shows the appropriate upwind values of C, to be 
used in Equations 13a and 13b where the CA, and CB, are the 
average C. over the relevant “A” or “B” control volumes 
respectively. Not shown in the table are the settings for QAX, 
and QBX, at the end of the row, i.e. Qaxo, QBX, QAX, and 
QBx. In this case C may be set to 0.5 as discussed above 
for any “inflow”. 
0243 With the values of C, taken from Table 4, the 2n 
Equations represented by 13a and 13b may be solved simul 
taneously for the 2 in CA, and CB, values. These simple linear 
equations can be solved without iteration virtually instanta 
neously for any practical row length using common comput 
ing hardware. Finally, as discussed above, the computed CA, 
and CB, values may be directly interpreted as the recirculation 
index of the adjacent 'A' and “B” racks respectively. In other 
embodiments, because of the similarity between the energy 
and concentration equations, bulk average temperature could 
be determined over each control volume instead of RI follow 
ing a very similar procedure. 
0244. A summary of a process 1050 for determining recir 
culation index for a cluster of racks using the methodology 
described above will now be provided with reference to FIG. 

recipe 
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14. In a first stage 1052 of the process, the row length, tile 
airflow, rack airflow and rack power are defined for a cold 
aisle to be analyzed. Next, in stage 1054, empirical data used 
for computing airflows is imported from a CFD analysis as 
described above. The end airflows are then determined at 
stage 1056 based on details of the cluster and details of the 
room environment. All horizontal airflows are then deter 
mined at stage 1058. At stage 1060, horizontal airflows 
induced by the 4 end airflows are computed, and at stage 
1062, complete horizontal airflows are computed by adding 
the airflows from stages 1058 and 1060. Vertical airflows are 
computed at stage 1064, and then at stage 1066, the recircu 
lation index may be determined for each rack by solving a set 
of conservation equations for the recirculated air as described 
above. 
0245. In one embodiment, to determine cooling capacity 
for a given rack based on the recirculation index, a threshold 
recirculation index is first established, below which a design 
is considered unsatisfactory. For each rack, after a satisfac 
tory design is achieved, the power of the rack is increased 
until the recirculation index of the that rack (or any other rack) 
reaches the threshold level, and the power at which that 
occurs represents the maximum cooling capacity for the rack. 
A similar method for determining cooling capacity can be 
used with other analyses described herein, including the 
analysis using capture index values described below. 
0246. In other embodiments, the control volume and 
superposition methods described above may be modified. 
These modifications may include the use of more complex 
statistical methods (e.g., the use of neural networks) to deter 
mine end airflow conditions from large pools of CFD data. 
Further, the number of control volumes may be substantially 
increased to improve accuracy and resolution of computed 
variables. In particular, the latter improvement would allow 
airflow variations at various rack elevations (e.g., due to a 
variety of equipment installed in a rack) to be considered. The 
basic methodology could further be modified to include lay 
outs beyond the scope discussed above including layouts 
involving an arbitrary number of perforated tiles of arbitrary 
flow rate, an arbitrary cold aisle width, arbitrary rack dimen 
sions or other Such variations from examples discussed 
above. 
0247. In processes described above, cooling analyses of a 
data center have focused primarily on determining airflows in 
the cool aisle for a cluster of racks located in a data center 
having a raised floor. Embodiments described above, how 
ever, are not limited for use in data centers having raised 
floors, and aspects of the embodiments are also applicable to 
data centers that do not include raised floor cooling systems. 
At least one embodiment described above provides a decou 
pling of the cold aisle from the remainder of the data center to 
compute airflows in the cold aisle. The effect of the room 
environment is then built back into the analysis using end-of 
row airflows that are computed, for example, in separate CFD 
calculations that may be computed offline and made available 
through look-up tables or empirical correlations. As 
described below, in a similar manner to that described above, 
a hot aisle in a data center can be analyzed by decoupling the 
aisle from the remainder of the room and later building the 
effects of the room environment back into the analysis. 
0248. In additional embodiments that will now be 
described, processes are provided for evaluating a cluster of 
racks based on airflows that occur in a hot aisle for a cluster of 
racks. In at least one version of the additional embodiments, 
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a raised floor data center is not used, but rather, cooling is 
provided using in-row cooling units as described above. In 
one particular process of one embodiment, a capture index 
(CI) is calculated and used to analyze a cluster of racks in a 
data center. The capture index is used in one embodiment with 
a row or cluster of racks having one or more in-row cooling 
units, and the capture index is defined as the percentage of air 
released by a rack into a hot aisle, which is captured by 
cooling units bounding the hot aisle. The CI may be consid 
ered as a complementary metric to the RI described above for 
use with the hot aisle. However, CI techniques may also be 
used with cold aisle analysis as discussed further in U.S. 
Provisional Application 60/897,076, filed on Jan. 24, 2007 
which is hereby incorporated herein for all purposes. The CI 
is useful when the focus of a design is to keep the hot air 
within the hot aisle. As discussed above, rack inlet tempera 
tures are typically the ultimate cooling metric, however, if all 
of the hot air is captured in the hot aisle, the rest of the data 
center (including rack inlets) can be designed and controlled 
to remain at “room temperature.” 
0249. The cold-aisle capture index is defined as the frac 
tion of air ingested by the rack which originates from local 
cooling resources (e.g., perforated floor tiles or local coolers). 
The hot-aisle capture index is defined as the fraction of air 
exhausted by a rack which is captured by local extracts (e.g., 
local coolers or return vents). CI therefore varies between 0 
and 100% with better cooling performance generally indi 
cated by greater CI values. In a cold-aisle analysis, high CI's 
ensure that the bulk of the air ingested by a rack comes from 
local cooling resources rather than being drawn from the 
room environment or from air which may have already been 
heated by electronics equipment. In this case, rack inlet tem 
peratures will closely track the perforated-tile airflow tem 
peratures and, assuming these temperatures are within the 
desired range, acceptable cooling will be achieved. In a hot 
aisle analysis, high CI's ensure that rack exhaust is captured 
locally and there is little heating of the Surrounding room 
environment. 
0250 While good (high) CI values typically imply good 
cooling performance; low CI values do not necessarily imply 
unacceptable cooling performance. For example, consider a 
rack in a raised-floor environment which draws most of its 
airflow from the Surrounding room environment rather than 
from the perforated tiles. The rack's cold-aisle CI will below: 
however, if the Surrounding room environment is sufficiently 
cool, the rack's inlet temperature will be acceptable anyway. 
However, in this case, the rack's cooling needs are met by the 
external room environment rather than perforated tiles within 
the rack's cluster. If this process is repeated many times across 
the data center, facility cooling will be complex and unpre 
dictable. Thus, high CI values lead to inherently scalable 
cluster layouts and more predictable room environments. 
0251. Note that, although CI has been defined above as a 
rack-level quantity relative to local cooling resources, the 
definition of CI could be extended to any grouping of inlets 
and outlets, for example, a single server with reference to a 
single perforated tile. In this case, the metric would indicate 
the fraction of airflow ingested by the server which originated 
from the single perforated tile. 
0252. In one embodiment, the use of chemical concentra 
tions with, for example a CFD analysis, can be used to quan 
titatively determine CI for both a hot aisle and a cold aisle. For 
the hot aisle, the exhaust of each rack is identified in such an 
analysis as a separate species having the same properties as 
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air, so as not to change the physics of airflow. The fraction of 
hot air released from rack, (identified as C) which is captured 
by an in-row cooler identified as cooler, may be computed 
using Equation 14 below. 

fi-C"(Qooley)/Q-ack) (14) 

where: 

(0253) C, is the concentration of C at the inlet of cooleri 
(0254. Q is the airflow rate (e.g. in cfm) through cool 
er 
0255 Q, if the airflow rate (e.g. in cfm) through racki 
0256. As an example, if the cooler and rack airflow are 
equal, and the concentration of exhaustair C from rackiat the 
cooler inlet is measured to be 0.5, then this implies that half of 
the exhaustair from racki is captured by coolerij. Inahotaisle 
having N coolers, then the capture index (CI) is the sum of all 
of the f's over all N coolers and can be expressed using 
Equation 15 below. 

(15) 

Oracki 
W Qcooleri CI =XC, 
i=l 

0257. As will now be described, with reference to FIG. 15, 
which shows a cluster of racks 1080, a set of empirical rules 
can be used to determine the CI for each rack 1082 of the 
cluster. As shown in FIG. 15, the resulting CI values may be 
displayed on a display with the associated racks. In one 
example, racks having a CI less than 60% are identified in red 
indicating a warning, racks having a CI between 60% and 
80% are indicated in yellow as a caution, and racks having a 
CI greater than 80% are indicated in green indicating that the 
CI is satisfactory. 
0258. In one embodiment, a large pool of CFD runs can be 
performed to establish and refine empirical rules. In other 
embodiments, neural networks and other techniques may be 
used to refine rules. The cluster 1080 includes two rows (row 
A and row B) of parallel racks that exhaust air to a common 
hot aisle 1084. Each Rack is labeled A1-A6 and B1-B7, 
identifying the row and position in the row of the rack, and for 
the example shown each rack has a power draw of 2 kW. The 
cluster also includes in-row cooling units 1086. In FIG. 15, a 
number of half-rack cooling units 1086 are shown, but 
embodiments of the invention may also be used with full 
width rack cooling units or other devices. The half-rack cool 
ing units used in the example associated with FIG. 15 have a 
nominal cooling capacity of 17 kW. Also shown in FIG. 15 is 
the CI in terms of percentage for each rack. The CI is shown 
as a percentage and indicates for each rack, the percentage of 
its exhaust air that is captured by one of the cooling units. 
0259. The CI is determined based on the concept that all 
rack-cooling unit interactions depend only on the magnitude 
of airflow associated with the racks and cooling units and 
their relative geometric positions. Each rack location can be 
thought of as having a certain potential to Supply airflow to 
other rack locations. This potential varies inversely with the 
distance of separation. For example, rack A1 in FIG. 15 could 
potentially supply a large portion of its airflow to the area near 
rack A2. However, much less of rack A1's airflow could make 
its way to position A6. Further, the amount of airflow a rack 
can Supply to other locations is in direct proportion to its own 

May 28, 2009 

total airflow. The net airflow which can be supplied to a 
particular rack location A1 can be represented using Equation 
16 below. 

(QA) = (QAi), if + (16) X. 
all other racks i 

(QA), Ae” + 

X. 
all other racks i cko self (o). Ae") 

0260 where 
0261 (Q)=The net maximum airflow that can be 
Supplied to location Ai including contributions from all 
other racks. 

10262 (Q). The actual airflow supplied by the rack 
at location Ai. 

0263. A empirical constant. 
0264 B=empirical constant. 

0265 C=empirical “coupling' constant for accounting for p pl1ng 9. 
effects from opposite row. 
0266 The net maximum airflow that can be supplied to 
various locations in the B row is computed using a similar 
expression. Finally, the same expression is used to compute 
the net maximum airflow, which can be captured at any rack 
location with the sum over all coolers instead of racks. The 
CI is then estimated as the ratio of net airflow captured and net 
airflow Supplied at any location expressed as a percentage and 
with values capped at 100%. The constants A, B, and Care 
selected to provide the best statistical fit to benchmark CFD 
data. Different values of the constants may be used to account 
for alternative configurations including different cooler 
types, different average rack power or peak-to-average power 
ratios and alternative hot-aisle spacing, row lengths, or room 
environments. As an example, consider a cluster of average 
power racks with modest rack-to-rack power variations. The 
cluster is 14 ft. long, contains a 3 ft. wide hot aisle, and is 
assumed to be in a fairly tightly packed data center environ 
ment with a 12 ft. ceiling height. In this case, reasonable 
predictions are made with the empirical constants taken as 
A=0.56, B=0.33, and C=0.65. 
0267. In the embodiment described above, the CI is cal 
culated for a cluster of racks having uniform depth and width. 
In other embodiments, the same processes may be used for 
racks of non-uniform depth and width. In one embodiment, 
the CI calculations described above are programmed into a 
Microsoft Excel Spreadsheet program that allows a user to 
add and move cooling units to see the effect of different 
numbers of cooling units and their placements. In other 
embodiments, the process for determining CI described 
above may be incorporated into data center design and man 
agement systems, such as system 200 discussed above. 
0268. In the embodiment above, an exponential expres 
sion is used for modeling the rack and cooler interactions. In 
other embodiments, other expressions may be used, such as a 
polynomial or any other mathematical expression which con 
tains a number of parameters which may be tuned to provide 
the best fit to benchmark performance data. Further, different 
curves and/or different coefficients may be used for the por 
tion of the calculation associated with determining air Sup 
plied by racks than used in the portion of the calculation used 
for determining air captured by cooling units. In another 
embodiment, the rules may be further refined to address spe 
cific situations. For example, a Rack A may have no effect on 
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another Rack B where a third rack C is located between Rack 
A and Rack B and has greater airflow than either Rack A or 
Rack B. 
0269. In still another embodiment, the effects of the ends 
of rows may be accounted for explicitly in hot aisle and cold 
aisle CI analysis. Separate CFD simulations may be con 
ducted to determine the net inflow or outflow of air at each end 
of a row for given layouts of racks and cooling units. The 
results of the CFD simulations may be incorporated into the 
empirical methods described above to determine CI for racks 
in a cluster. The results of the CFD simulations can be used to 
provide correct airflow estimates at the ends of the row, while 
one of the algorithms discussed above may be used to deter 
mine CI at more interior portions of the row. Similarly, the 
effects of a missing rack or racks may be simulated using 
CFD with the results incorporated into the empirical methods. 
0270. The capture index method of analysis discussed 
above provides a rack-by-rack, or local, cooling performance 
metric for equipment racks in a data center. In addition to 
using CI as a rack-level metric in a hot aisle analysis or cold 
aisle analysis, in another embodiment, cluster-wide perfor 
mance metrics are determined, and the overall cooling per 
formance of the cluster may be determined based on both the 
CI metric and the global metric. The cluster-wide perfor 
mance metrics indicate whether the cluster as a whole will 
have adequate cooling performance. The CI identifies which 
racks are not having their exhaust airflow adequately cap 
tured. If a rack having a low CI is a low power rack, this may 
not result in a problem. Furthermore, a rack may have a 
relatively high CI, yet still cause problems if it is a high power 
rack with a high outlet temperature. In one embodiment, for a 
hot aisle analysis the global metric that is used is a determi 
nation of the net power which escapes the hot aisle. The net 
escaped power can be determined using equation 17. 

X (1-CI)P (17) 
all racks i 

where, 
CI, the capture index for racki expressed as a fraction (rather 
than percentage), and 
P, the power of rack i. 
0271 The net escaped power determined by equation 17 
may be correlated to maximum cluster inlet temperatures 
(e.g., a net escaped power of 25 kW may imply a maximum 
cluster rack inlet temperature of seventy-nine degrees F.) for 
clusters of particular geometric layouts (e.g., hot aisle width, 
row length, etc.), room environments and rack and cooler 
details (e.g., cooling unit flow rate and rack airflow/power 
(cfm/kW)). Accordingly, the net escaped power may be used 
to determine the highest rack inlet temperature. 
0272. In other embodiments, other techniques described 
above for calculating airflows in a cool aisle may be applied to 
a hot aisle or cold aisle analysis to determine CI, including the 
use of CFD. CGCFD and control volumes. The use of super 
position may be less applicable in hot aisle analyses because 
the airflow patterns are not ideal. In still another embodiment, 
a process 1100 is provided for determining CI in a hot aisle 
using a CFD analysis. The CFD analysis is performed only on 
the hot aisle itself and end of row airflows are determined 
separately and may be patched into the CFD solution. Com 
mon computer hardware can be used to conduct such a CFD 
analysis in 10 to 20 seconds. The process 1100 is shown in 
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flowchart form in FIG. 16. In a first stage 1102 of the process 
1100 data related to the layout is loaded either manually, read 
from a database, or in any other manner. The data related to 
the layout may include row length, power draw and airflow 
for each rack, rack dimensions, cooling unit types, locations 
and flow rates, hot aisle widths and room environment details 
(i.e., size, temperatures). 
(0273. At stage 1104 of the process 1100, hot-aisle end of 
row airflows are determined using best-fit curves, or look-up 
tables based on prior CFD studies. Hot aisle end of row 
calculations may be performed using the same techniques 
used to determine cold aisle end of row airflows with the input 
rack airflow provided as a positive value and the cooling units 
airflow input as a negative value. At stage 1106, a CFD analy 
sis of just the hot aisle is performed using results of the end 
airflow analysis of stage 1104 and with the top of the hot aisle 
taken as a constant-pressure boundary. In the analysis, the 
exhaust air for each rack is "tagged with a particular con 
centration. At stage 1108, the CI for each rack is determined 
based on the ratio of captured and Supplied airflows computed 
by equation 16 and the results of stage 1106. The global 
cluster cooling metric may also be determined at this point 
using equation 17. At stage 1110, the rack CI's and the global 
cluster cooling metric can be used to determine if cooling for 
the cluster is adequate. 
0274. In addition to the cooling analysis methods dis 
cussed above, which provide real-time analysis of data cen 
ters, additional cooling analysis methods may be used in 
embodiments of the invention. These additional methods 
include a panel method, a potential analysis method, flow 
network/Zonal modeling, principal component analysis or a 
combination of any of these and the methods discussed above. 
These additional cooling analysis methods are generally 
known to those of skill in the art. 

0275 Various embodiments according to the invention 
may be implemented on one or more computer systems as 
discussed above. These computer systems may include cel 
lular phones, personal digital assistants and/or other types of 
mobile computing devices. Moreover, a computer system 
may include any sort of computing device such as a personal 
computer, a workstation, a mainframe, a networked client, a 
server, media servers and application servers. For example, 
system 200 may be implemented in a single computer system 
or in multiple computer systems. These computer systems 
may be, for example, general-purpose computers such as 
those based on Intel PENTIUM-type processor, Motorola 
PowerPC, Sun UltraSPARC, Hewlett-Packard PA-RISC pro 
cessors, or any other type of processor. 
0276 For example, various aspects of the invention may 
be implemented as specialized software executing in a gen 
eral-purpose computer system 900 such as that shown in FIG. 
17. The computer system 900 may include a processor 903 
connected to one or more memory devices 904, such as a disk 
drive, memory, or other device for storing data. Memory 904 
is typically used for storing programs and data during opera 
tion of the computer system 900. The computer system 900 
may also include a storage system 906 that provides addi 
tional storage capacity. Components of computer system 900 
may be coupled by an interconnection mechanism 905, which 
may include one or more busses (e.g., between components 
that are integrated within a same machine) and/or a network 
(e.g., between components that reside on separate discrete 
machines). The interconnection mechanism 905 enables 
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communications (e.g., data, instructions) to be exchanged 
between system components of system 900. 
0277 Computer system 900 also includes one or more 
input devices 902, for example, a keyboard, mouse, trackball, 
microphone, touch screen, and one or more output devices 
907, for example, a printing device, display screen, speaker. 
In addition, computer system 900 may contain one or more 
interfaces (not shown) that connect computer system 900 to a 
communication network (in addition or as an alternative to 
the interconnection mechanism 905). 
0278. The storage system 906, shown in greater detail in 
FIG. 18, typically includes a computer readable and writeable 
nonvolatile recording medium 911 in which signals are stored 
that define a program to be executed by the processor or 
information stored on or in the medium 911 to be processed 
by the program to perform one or more functions associated 
with embodiments described herein. The medium may, for 
example, be a disk or flash memory. Typically, in operation, 
the processor causes data to be read from the nonvolatile 
recording medium 911 into another memory 912 that allows 
for faster access to the information by the processor than does 
the medium 911. This memory 912 is typically a volatile, 
random access memory Such as a dynamic random access 
memory (DRAM) or static memory (SRAM). It may be 
located in storage system 906, as shown, or in memory system 
904. The processor 903 generally manipulates the data within 
the integrated circuit memory 904, 912 and then copies the 
data to the medium 911 after processing is completed. A 
variety of mechanisms are known for managing data move 
ment between the medium 911 and the integrated circuit 
memory element 904, 912, and the invention is not limited 
thereto. The invention is not limited to a particular memory 
system 904 or storage system 906. 
0279. The computer system may include specially-pro 
grammed, special-purpose hardware, for example, an appli 
cation-specific integrated circuit (ASIC). Aspects of the 
invention may be implemented in software, hardware or firm 
ware, or any combination thereof. Further, such methods, 
acts, systems, system elements and components thereof may 
be implemented as part of the computer system described 
above or as an independent component. 
0280 Although computer system 900 is shown by way of 
example as one type of computer system upon which various 
aspects of the invention may be practiced, it should be appre 
ciated that aspects of the invention are not limited to being 
implemented on the computer system as shown in FIG. 17. 
Various aspects of the invention may be practiced on one or 
more computers having a different architecture or compo 
nents shown in FIG. 17. Further, where functions or processes 
of embodiments of the invention are described herein (or in 
the claims) as being performed on a processor or controller, 
Such description is intended to include systems that use more 
than one processor or controller to perform the functions. 
0281 Computer system 900 may be a general-purpose 
computer system that is programmable using a high-level 
computer programming language. Computer system 900 may 
be also implemented using specially programmed, special 
purpose hardware. In computer system 900, processor 903 is 
typically a commercially available processor Such as the well 
known Pentium class processor available from the Intel Cor 
poration. Many other processors are available. Such a proces 
Sor usually executes an operating system which may be, for 
example, the Windows 95, Windows 98, Windows NT, Win 
dows 2000 (Windows ME) or Windows XP operating sys 
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tems available from the Microsoft Corporation, MAC OS 
System X operating system available from Apple Computer, 
the Solaris operating system available from Sun Microsys 
tems, or UNIX operating systems available from various 
Sources. Many other operating systems may be used. 
0282. The processor and operating system together define 
a computer platform for which application programs in high 
level programming languages are written. It should be under 
stood that embodiments of the invention are not limited to a 
particular computer system platform, processor, operating 
system, or network. Also, it should be apparent to those 
skilled in the art that the present invention is not limited to a 
specific programming language or computer system. Further, 
it should be appreciated that other appropriate programming 
languages and other appropriate computer systems could also 
be used. 
0283. One or more portions of the computer system may 
be distributed across one or more computer systems coupled 
to a communications network. For example, as discussed 
above, a computer system that performs build-out functions 
may be located remotely from a system manager. These 
remote computer systems also may include remote general 
purpose computer systems and/or remote computing devices. 
For example, various aspects of the invention may be distrib 
uted among one or more computer systems configured to 
provide a service (e.g., servers) to one or more client com 
puters, or to perform an overall task as part of a distributed 
system. For example, various aspects of the invention may be 
performed on a client-server or multi-tier system that 
includes components distributed among one or more server 
systems that perform various functions according to various 
embodiments of the invention. These components may be 
executable, intermediate (e.g., IL) or interpreted (e.g., Java) 
code which communicate over a communication network 
(e.g., the Internet) using a communication protocol (e.g., 
TCP/IP). For example, one or more database servers may be 
used to store device data that is used in designing layouts, and 
one or more servers may be used to efficiently perform cool 
ing calculations associated with embodiments of the present 
invention. 
0284. It should be appreciated that the invention is not 
limited to executing on any particular system or group of 
systems. Also, it should be appreciated that the invention is 
not limited to any particular distributed architecture, network, 
or communication protocol. 
0285 Various embodiments of the present invention may 
be programmed using an object-oriented programming lan 
guage, such as SmallTalk, Java, C++. Ada, or C# (C-Sharp). 
Other object-oriented programming languages may also be 
used. Alternatively, functional, Scripting, and/or logical pro 
gramming languages may be used. Various aspects of the 
invention may be implemented in a non-programmed envi 
ronment (e.g., documents created in HTML, XML or other 
format that, when viewed in a window of a browser program, 
render aspects of a graphical-user interface (GUI) or perform 
other functions). Various aspects of the invention may be 
implemented as programmed or non-programmed elements, 
or any combination thereof. 
0286 A variety of system elements including inputs, out 
puts and interfaces may exchange information with various 
external entities that may be information providers and/or 
information consumers. These external entities may include 
users and/or systems. Each of these system elements may 
both restrict exchanged information to a predefined set of 
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values and validate any information exchanged prior to using 
the information or providing the information to other compo 
nentS. 

0287. In embodiments of the invention discussed above, 
systems and methods are described that provide indications 
of remaining cooling capacity for equipment enclosures. The 
indication of remaining cooling capacity may be a direct 
indication of remaining cooling in terms of for example, 
kilowatts or BTU per hour, or the indication may be indirect 
Such as providing the total capacity of cooling available to an 
enclosure along with an indication of how much cooling is 
being used, for example, in terms of percentage. Further, 
calculated values, including the capture index and the recir 
culation index may be used to determine the sufficiency of a 
particular design and to determine additional cooling capac 
ity before a warning or error condition will result. 
0288 Embodiments of a systems and methods described 
above are generally described for use in relatively large data 
centers having numerous equipment racks, however, embodi 
ments of the invention may also be used with smaller data 
centers and with facilities other than data centers. Further, as 
discussed above, embodiments of the present invention may 
be used with facilities having raised floors as well as with 
facilities that do not have a raised floor. 
0289. In embodiments of the present invention discussed 
above, results of analyses are described as being provided in 
real-time. As understood by those skilled in the art, the use of 
the term real-time is not meant to Suggest that the results are 
available immediately, but rather, are available quickly giving 
a designer the ability to try a number of different designs over 
a short period of time, such as a matter of minutes. 
0290 Having thus described several aspects of at least one 
embodiment of this invention, it is to be appreciated various 
alterations, modifications, and improvements will readily 
occur to those skilled in the art. Such alterations, modifica 
tions, and improvements are intended to be part of this dis 
closure, and are intended to be within the spirit and scope of 
the invention. Accordingly, the foregoing description and 
drawings are by way of example only. 

What is claimed is: 
1. A computer-implemented method for providing a repre 

sentation of capacity of a data center resource, the method 
comprising acts of 

determining an first indication of excess capacity of a first 
data center resource that is unusable due to insufficient 
capacity of at least one other data center resource asso 
ciated with the first data center resource; and 

providing the first indication of excess capacity of the first 
data center resource to an external entity. 

2. The method according to claim 1, wherein the act of 
determining the first indication of excess capacity includes an 
act of determining an amount of excess capacity of the first 
data center resource that is unusable due to insufficient capac 
ity of the at least one other data center resource associated 
with the first data center resource. 

3. The method according to claim 1, wherein the act of 
determining the first indication of excess capacity includes an 
act of determining an indication of excess capacity at a loca 
tion in a rack. 

4. The method according to claim 3, wherein the act of 
determining the first indication of excess capacity at the loca 
tion in the rack includes an act of determining an indication of 
excess capacity at a U space position. 
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5. The method according to claim 1, wherein the act of 
determining the first indication of excess capacity includes an 
act of determining an indication of excess capacity of rack 
space that is unusable due to insufficient capacity of power. 

6. The method according to claim 1, wherein the act of 
determining the first indication of excess capacity includes an 
act of determining an indication of excess capacity of power 
that is unusable due to insufficient capacity of cooling. 

7. The method according to claim 1, wherein the act of 
determining the first indication of excess capacity includes an 
act of determining an indication of excess capacity of power 
distribution that is unusable due to insufficient capacity of 
power available for distribution. 

8. The method according to claim 1, wherein the act of 
determining the first indication of excess capacity includes an 
act of determining an indication of excess capacity of physi 
cal space that is unusable due to insufficient capacity of 
cooling. 

9. The method according to claim 1, wherein the act of 
determining the first indication of excess capacity includes an 
act of determining an indication of excess capacity of power 
distribution that is unusable due to insufficient capacity of 
network connectivity. 

10. The method according to claim 1, wherein the act of 
determining the first indication of excess capacity includes an 
act of determining an indication of excess capacity of Uspace 
that is unusable due to insufficient capacity of weight Support. 

11. The method according to claim 1, wherein the act of 
providing the first indication of excess capacity includes an 
act of providing the indication to another system element. 

12. The method according to claim 1, wherein the act of 
providing the first indication of excess capacity includes an 
act of presenting the first indication to a user of a computer 
system. 

13. The method according to claim 12, wherein the act of 
presenting the first indication to the user of the computer 
system includes an act of presenting, to the user of the com 
puter system, an amount of excess capacity of the first data 
center resource that is unusable due to insufficient capacity of 
the at least one other data center resource associated with the 
first data center resource. 

14. The method according to claim 13, wherein the act of 
presenting, to the user of the computer system, the amount of 
excess capacity includes acts of: 

presenting, to the user of the computer system, an identifier 
that identifies the first data center resource; and 

presenting, to the user of the computer system, an identifier 
that identifies the at least one other data center resource. 

15. The method according to claim 1, further comprising: 
determining a configuration of data center equipment that 

minimizes, relative to at least one other configuration, 
the excess capacity of the first data center resource; and 

providing the configuration of data center equipment to an 
external entity. 

16. The method according to claim 15, wherein determin 
ing the configuration of data center equipment includes deter 
mining a location for at least one element of data center 
equipment. 

17. The method according to claim 1, further comprising: 
determining a second indication of excess capacity of a 

second data center resource that is unusable due to insuf 
ficient capacity of at least one other data center resource 
associated with the second data center resource; 
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determining a configuration of data center equipment that 
minimizes, relative to at least one other configuration, an 
aggregate of the first indication and the second indica 
tion; and 

providing the configuration of data center equipment to an 
external entity. 

18. A computer-implemented method for providing a rep 
resentation of a data center resource, the method comprising 
acts of: 

determining a status of capacity for the data center resource 
provided to either a rack or a location in a rack; and 

providing the status to an external entity. 
19. The method according to claim 18, wherein determin 

ing the status of capacity for the data center resource includes 
determining a status for the data center resource provided to a 
U space position. 

20. The method according to claim 18, wherein the act of 
determining the status of capacity for the data center resource 
includes an act of determining a status of capacity of power. 

21. The method according to claim 18, wherein the act of 
determining the status of capacity for the data center resource 
includes an act of determining a status of capacity of cooling. 

22. The method according to claim 18, wherein the act of 
determining the status of capacity for the data center resource 
includes an act of determining a status of capacity of physical 
Space. 

23. The method according to claim 18, wherein the act of 
determining the status of capacity for the data center resource 
includes an act of determining a status of capacity of Weight 
Support. 

24. The method according to claim 18, wherein the act of 
determining the status of capacity for the data center resource 
includes an act of determining a status of available capacity. 

25. The method according to claim 18, wherein the act of 
determining the status of capacity for the data center resource 
includes an act of determining a status of utilized capacity. 

26. A computer-implemented method for providing a rep 
resentation of a data center resource, the method comprising 
the acts of: 

determining a rate of change of a utilized capacity of the 
data center resource based at least in part on changes to 
a data center configuration; and 
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providing a predicted utilization of the data center resource 
based at least in part on the rate of change. 

27. The method according to claim 26, wherein determin 
ing the rate of change of utilized capacity of the data center 
resource includes determining the rate of change using linear 
regression. 

28. The method according to claim 26, wherein the data 
center resource includes power. 

29. The method according to claim 26, wherein the data 
center resource includes cooling. 

30. A system for providing a representation of a capacity of 
data center resource, the system comprising: 

an input configured to receive a capacity of a first data 
center resource and a capacity of at least one other data 
center resource: 

an output configured to provide an amount of excess capac 
ity of the first data center resource; and 

a controller coupled to the input and the output and con 
figured to determine an amount of excess capacity of the 
first data center resource that is unusable due to insuffi 
cient capacity of the at least one other data center 
SOUC. 

31. A system for providing a representation of a data center 
resource, the system comprising: 

an input configured to receive capacity information for a 
data center resource: 

an output configured to provide a status of capacity for the 
data center resource; and 

a controller coupled to the input and the output and con 
figured to determine the status of capacity for the data 
center resource at either a rack or a location in a rack. 

32. A system for providing an evaluation of a data center 
resource, the system comprising: 

an input configured to receive changes in a data center 
configuration; 

an output configured to provide a predicted utilization of 
the data center resource based on a rate of change of 
utilized capacity of the data center resource; and 

a controller configured to determine the rate of change of 
the utilized capacity of the data center resource based on 
the changes in a data center configuration. 

c c c c c 


