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RAISED FLOOR PLENUM TOOL

BACKGROUND

Technical Field
The technical field relates generally to systems and methods for data center
management and design, and more specifically, to systems and methods for determining

airflow dynamics in a data center.

Background Discussion

Centralized network data centers typically consist of various information technology
equipment, collocated in a structure that provides network connectivity, electrical power and
cooling capacity. Often the equipment is housed in specialized enclosures termed “racks”
which integrate these connectivity, power, and cooling elements. In some data center
configurations, these rows are organized into hot and cold aisles to decrease the cost
associated with cooling the information technology equipment. A raised floor having an air
plenum beneath the floor is typically used for providing cooling air to the racks. Computer
Room Air Handlers (CRAHs) pump cool air into the plenum, and the cool air is distributed
from the air plenum to the racks through perforated tiles having open areas. The uniform
delivery of airflow to the tiles is impacted by factors such as the layout of the room, the
plenum depth, the perforated tile type, and other factors. As a consequence, the actual
airflow delivered through the perforated tiles can vary widely throughout a facility.
Furthermore, depending on floor construction and the number and size of cable cutouts, it is
not uncommon for 50% or more of available CRAH airflow to be lost through leakage paths
in a raised floor system.

For a given amount of CRAH airflow, typical design goals for the plenum system are
to (1) ensure uniform airflow from tile to tile, and (2) minimize airflow lost to leakage
through the raised floor and cutouts. Thus, the ability to quickly estimate the tile airflow
uniformity and relative amount lost to leakage is of great value in designing a new facility

and assessing the cooling performance of an existing one.
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SUMMARY

Aspects and embodiments are directed to methods and systems for use with a raised
floor data center. According to various aspects and embodiments, a method for use with a
raised floor data center is provided. The method includes acts of receiving input data,
including data related to at least one data center design parameter, determining tile airflow
uniformity using the input data and at least one empirical correlation, implementing an
analytical model to determine airflow distribution, the analytical model including at least one
empirical formula, and using the tile airflow uniformity and the airflow distribution to
evaluate airflow in a data center design.

According to one embodiment, the at least one empirical correlation is derived from a
plurality of CFD simulations. According to another embodiment, the at least one empirical
correlation is based on a determination of operational relationships between a plurality of
data center design parameters, including combinations of data center design parameters.

According to another embodiment, implementing the analytical model further
includes selecting, based on the input data, at least one equation of a plurality of equations
that define airflow resistance values in a plurality of locations within the raised floor data
center.

According to at least one embodiment, the method further includes displaying the
evaluation of the tile airflow uniformity and the airflow distribution. According to some
embodiments, the evaluation of the airflow distribution uses at least one value representative
of at least one of base floor leakage airflow, cutout leakage airflow, and perforated tile
airflow. According to certain embodiments, the evaluation of the tile airflow uniformity
includes at least one value representative of a deviation from a mean tile airflow value.

According to various embodiments, the input data includes data center design
parameters related to an area above the raised floor, including at least one of floor layout,
total number of racks, total floor area, and typical row length. According to some
embodiments, the input data includes data center design parameters related to the raised floor
and a plenum located below the raised floor, including at least one of plenum depth,
perforated tile type, raised floor construction, raised floor cutouts, and plenum obstructions.

According to certain embodiments, at least one data center design parameter includes
an interpolated value between an upper threshold value representative of optimal data center

design and a lower threshold value representative of worst case data center design.
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According to another embodiment, the tile airflow uniformity and the airflow
distribution are determined in real-time. According to some embodiments, the method is
performed with a computer and at least one act is performed in a software program housed in
a computer.

According to some embodiments, the method further includes adjusting at least one
data center design based on the evaluation of the airflow.

According to various aspects and embodiments, a system for use with a raised floor
data center is provided. The system includes at least one input configured to receive input
data, including data related to at least one data center design parameter, a programmable
device in communication with the at least one input, the programmable device comprising: a
memory for storing the received input data, at least one processor coupled to the memory and
configured to: determine tile airflow uniformity using the input data and at least one
empirical correlation, implement an analytical model to determine airflow distribution, the
analytical model including at least one empirical formula, evaluate airflow in a data center
design using the tile airflow uniformity and the airflow distribution, and at least one output in
communication with the programmable device and configured to display the evaluation
corresponding to the tile airflow uniformity and the airflow distribution.

According to at least one embodiment, the at least one processor is further configured
to select, based on the input data, at least one equation of a plurality of equations that define
airflow resistance values in a plurality of locations within the raised floor data center.
According to some embodiments, the output is configured to display at least one of base floor
leakage airflow, cutout leakage airflow, and perforated tile airflow. According to a further
embodiment, the output is configured to display at least one value representative of a
deviation from a mean tile airflow value. According to some embodiments, the at least one
data center design parameters include at least one of floor layout, total number of racks, total
floor area, typical row length, plenum depth, perforated tile type, raised floor construction,
raised floor cutouts, and plenum obstructions.

In accordance with one or more embodiments, a method for managing airflow in a
raised floor data center is provided. The method includes the acts of receiving at least one
data center design parameter, determining tile airflow uniformity using the at least one data
center design parameter and at least one empirical correlation, implementing an analytical
model to determine airflow distribution, the analytical model including at least one empirical

formula, and altering at least one of a data center design parameter and a data center
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operating parameter based on at least one of the determined tile airflow uniformity and the
airflow distribution.

Still other aspects, embodiments, and advantages of these example aspects and
embodiments, are discussed in detail below. Moreover, it is to be understood that both the
foregoing information and the following detailed description are merely illustrative examples
of various aspects and embodiments, and are intended to provide an overview or framework
for understanding the nature and character of the claimed aspects and embodiments.

Embodiments disclosed herein may be combined with other embodiments, and references to

e LT LT LT

“an embodiment,” “an example,” “some embodiments,” “some examples,” “an alternate

e e LT

embodiment,” “various embodiments,” “one embodiment,” “at least one embodiment,” “this
and other embodiments” or the like are not necessarily mutually exclusive and are intended to
indicate that a particular feature, structure, or characteristic described may be included in at
least one embodiment. The appearances of such terms herein are not necessarily all referring

to the same embodiment.

BRIEF DESCRIPTION OF DRAWINGS

Various aspects of at least one embodiment are discussed below with reference to the
accompanying figures, which are not intended to be drawn to scale. The figures are included
to provide an illustration and a further understanding of the various aspects and embodiments,
and are incorporated in and constitute a part of this specification, but are not intended as a
definition of the limits of any particular embodiment. The drawings, together with the
remainder of the specification, serve to explain principles and operations of the described and
claimed aspects and embodiments. In the figures, 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 figure. In the figures:

FIG. 1A shows an input feature of a user interface provided by a raised floor plenum
tool in accordance with aspects of the invention;

FIG. 1B shows a results feature of a user interface provided by a raised floor plenum
tool in accordance with aspects of the invention;

FIG. 2A shows a top view of an example of a data center layout in accordance with
aspects of the invention;

FIG. 2B shows a top view of another example of a data center layout in accordance

with aspects of the invention;
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FIG. 3 shows two examples data center layouts that may be used in determining
airflows in accordance with aspects of the invention;

FIG. 4 is a flowchart for a process for determining airflow in a raised floor data center
in accordance with aspects of the invention; and

FIG. 5 is a block diagram of one example of a computer system that may be used to

perform processes and functions disclosed herein.

DETAILED DESCRIPTION

Existing methods for determining and managing airflow, including tile airflow
uniformity and airflow distribution (such as leakage airflow) in a raised floor data center are
based on Computational Fluid Dynamics (CFD). Several commercially available tools allow
a user to build detailed plenum and data center models for the purposes of providing tile-by-
tile airflow rates using CFD-based software programs. While CFD-based tools provide
detailed results and potentially high accuracy, even the simplest incarnations require a
reasonably detailed floor layout that includes individual perforated tiles and CRAHs.
Furthermore, these programs are typically expensive, slow to run, and require special
expertise to operate. These tools may also require some knowledge of airflow modeling or
difficult-to-estimate input parameters such as the leakiness characteristics of commercially
available floor systems. As a result, CFD-based tools are only selectively employed and are
difficult to distribute broadly. In response to these and other shortcomings, at least some
embodiments described herein are directed to tools, systems, and methods by which airflow
performance in a raised floor data center may be determined in real-time. For example, user
displays including input data and airflow performance results may be updated in real-time as
a user enters data into the tool. As used herein, the term “real-time” refers to results that are
obtained with little or no time delay, and refers to processes that are completed in a matter of
a few seconds or less rather than several minutes or longer as can happen with complex
calculations (such as those involving typical CFD calculations). For example, in certain
instances the level of computer responsiveness may be such that a user senses it to be
sufficiently immediate, and/or the computer may be able to keep up with some external
process (for example, to display visualizations of airflow performance results as the input
data changes). The tools and methods disclosed herein may be used in conjunction with both
data center design tools and data center management tools, and do not require expert

operators.
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By way of introduction, aspects of this disclosure relate to systems and methods for
use in a raised floor data center, such as by determining airflow in a raised floor data center.
According to at least one embodiment, a tool is provided that may be used for determining
airflow in a raised floor data center. For example, the tool may provide a method for
determining tile airflow uniformity and airflow distribution, including leakage airflow, in a
data center. This method may be based on simple inputs that characterize the data center and
do not rely on a detailed floor layout that requires specific positions for all equipment racks,
perforated tiles, and CRAHs. Tile airflow uniformity generally describes the degree to which
uniform airflow is delivered from the plenum and through the perforated tiles. Airflow
distribution includes airflow through the perforated tiles as well as leakage airflow. Leakage
airflow generally describes the amount of airflow lost to leakage, for example, through gaps
or holes in the raised floor. According to certain aspects, the tool updates values attributed to
tile airflow uniformity and airflow distribution in real-time as a user changes input data
related to one or more data center design parameters. In certain instances, this process is
capable of identifying dominant design parameters that dictate the behavior of the airflow.
Unlike previous CFD-based tools, which solve for airflow physics for a specific
configuration specified by the user, at least some systems and methods disclosed herein
incorporate empirical results obtained from detailed CFD simulations and utilize an analytical
model that is configured to consider the relative routes of airflow resistance for different
perforated tile and floor construction layouts.

The aspects disclosed herein in accordance with the present invention, are not limited
in their application to the details of construction and the arrangement of components set forth
in the following description or illustrated in the accompanying drawings. These aspects are
capable of assuming other embodiments and of being practiced or of being carried out in
various ways. Examples of specific implementations are provided herein for illustrative
purposes only and are not intended to be limiting. In particular, acts, components, elements,
and features discussed in connection with any one or more embodiments are not intended to
be excluded from a similar role in any other embodiments.

Also, the phraseology and terminology used herein is for the purpose of description
and should not be regarded as limiting. Any references to examples, embodiments,
components, elements or acts of the systems and methods herein referred to in the singular
may also embrace embodiments including a plurality, and any references in plural to any

embodiment, component, element or act herein may also embrace embodiments including
6
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only a singularity. References in the singular or plural form are not intended to limit the

presently disclosed systems or methods, their components, acts, or elements. The use herein

LT e LT

of “including,” “comprising,” “having,” “containing,” “involving,” and variations thereof is
meant to encompass the items listed thereafter and equivalents thereof as well as additional
items. References to “or” may be construed as inclusive so that any terms described using
“or” may indicate any of a single, more than one, and all of the described terms. In addition,
in the event of inconsistent usages of terms between this document and documents
incorporated herein by reference, the term usage in the incorporated reference is
supplementary to that of this document; for irreconcilable inconsistencies, the term usage in
this document controls. Moreover, titles or subtitles may be used in the specification for the
convenience of a reader, which shall have no influence on the scope of the present invention.

In accordance with one or more embodiments, a method for determining airflow in a
raised floor data center is provided. The method may include receiving input data, including
data related to at least one data center design parameter. According to certain aspects, the at
least one data center design parameter corresponds to characteristics of the data center that
are above and/or below the raised floor. According to certain aspects, the input data is
entered by a user, while according to other aspects, the information is accessed from a
database or some other form of electronic storage. In certain embodiments, the tool displays
a user interface, such as the user interface depicted in FIGS. 1A and 1B, through which the
tool receives the input data and provides determined data center airflow results.

According to some embodiments, the input data may include data center design
parameters related to an area above the raised floor, and may describe at least one of floor
layout, total number of equipment racks, total floor area, and the typical row length. Several
of these parameters are featured in FIG. 1A. For example, “floor layout” may generally
describe the degree to which the configuration of the equipment racks and CRAHs in the data
center comply with industry standard “best practices” or predetermined guidelines, such as
described in “Thermal Guidelines for Data Processing Environments™ and “Design
Considerations for Datacom Equipment Centers,” as provided by the American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE). Generally speaking,
data center designs that comply with “best practices” maximize the flow of chilled air across
and through the equipment racks. This usually requires that chilled air flows from bottom to
top and from front to back through the racks, and may be implemented by positioning the
perforated tiles so that the chilled air is directed into the racks. Alternating aisles between

7
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cold aisles and hot aisle, as discussed further below, also facilitates efficient control of
temperature, as well as maintaining a static pressure within the raised floor plenum that is
slightly higher than the space above the raised floor. FIGS. 2A and 2B are top view graphical
representations of example equipment configurations according to a “best practice” or
“optimal” type of data center design where, as explained further below, the CRAHs are
aligned with the hot aisles of the equipment racks. The data center layout 200A shown in
FIG. 2A includes six equipment racks 202, six perforated tiles 206, and four half-CRAH units
204 positioned in the upper corners. Further, the data center layout 200A has a row length of
three, since there are three racks per row. At least one of the principles behind a “best
practice” layout is to maximize the separation between the equipment rack exhaust air and
intake air by establishing a hot aisle 210, as shown in FIG. 2B, where only the hot exhaust air
from the equipment rack is present, and a cold aisle 208 where only equipment rack intakes
are present. This minimizes the amount of hot exhaust air that is drawn into the equipment
air intakes. Further, the measurement of row-to-row spacing (or between other corresponding
points) is called pitch, and the pitch 218 of the data center row layout in FIG. 2B is the
distance from one mid-cold-aisle 208 to the next mid-cold-aisle 208. Each pitch is defined by
a number of tiles. For example, the tile size in FIG. 2B is 2 feet (600 mm) wide, and with a
7-tile overall width, the pitch is 14 feet. According to one aspect of “best practice”
guidelines, the equipment racks 202 are aligned to tiles in the cold aisles due to the fact that
in a raised-floor environment with perimeter-based cooling, full perforated tiles may be
needed in the cold aisles for air delivery. Further, the CRAH units 204 are positioned so that
they are aligned with the hot aisle 210 and blowing toward one another. This keeps the
strongest airflow jets farthest from the perforated floor tiles 206, which helps improve tile
airflow uniformity. In addition, layouts which feature CRAH units that blow airflow directly
at one another are also less prone to recirculation regions, as discussed further below, which
also improves tile airflow uniformity.

The data center layout 200B shown in FIG. 2B includes 12 equipment racks 202, 12
perforated tiles 206, and two full CRAH units 204 and four half-CRAH units 204 positioned
in the corners. Data center layout 200B has the equipment racks 202 arranged such that
adjacent rows face back-to-back, forming the hot aisle 210. As shown in FIG. 2B, the CRAH
units 204 are aligned with the hot aisle 210.

According to some embodiments, the input data used to determine airflow may

include data center design parameters related to the raised floor and/or the plenum below the
8
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raised floor. As shown in FIG. 1A, these parameters may describe at least one of plenum
depth, perforated tile type, raised floor construction, raised floor cutouts, and plenum
obstructions. For example, the perforated tile type indicates what percentage of the tile is
open area, with typical values ranging from 25% to 56%. According to another example,
“raised floor construction” and “raised floor cutouts™ generally refer to the degree of
“leakiness™ of the raised floor, and to some extent, are also a reflection of how closely the
construction of the raised floor complies with industry standard “best practices.” For
example, assuming air leakiness is distributed uniformly across the unoccupied raised floor
space, a “bolted and gasketed” or “ideal” type of floor construction may have about 0.02%
open area. This type of raised floor construction attempts to minimize the air leakage through
the raised floor and may include floor tiles fitted with neoprene or similar gaskets positioned
on their edges for the purposes of forming a seal when installed against other similar panels
and the frame which supports them. In addition, these types of floors may include stringers
or other floor components that are bolted together to increase floor rigidity and thereby
decrease air leakage. In contrast, a “substandard” or “leaky” type of floor construction may
have about 0.5% open area, and may generally describe a raised floor construction where
little or no attempt is made to minimize air leakage through the raised floor, i.e., no gaskets,
broken or faulty tiles, etc.

As discussed further below, a “typical” type of floor construction may have elements
of both “ideal” and “leaky” types of construction, and may have about 0.4% open area.
According to another example, a “typical” sized cutout in a raised floor for a single standard
equipment rack may have dimensions of approximately 9x6 inches (i.e., 54 in®). According
to a further example, a “large” cutout in a raised floor may have dimensions of approximately
12x6 inches (or larger). According to yet a further example, raised floor cutouts having an
open area sized to be 10% of the “typical” (9x6 inches) sized cutout may be characterized as
“well-sealed” or “none.” Other categories or designations for describing the cutouts are also
within the scope of this disclosure, for example, a fourth designation may include raised floor
cutouts having an open area sized to be 5% of the “typical” sized cutout.

According to some embodiments, at least one data center design parameter may
describe plenum obstructions, including the degree to which obstructions such as chilled
water pipes or other types of piping, power cables, data cables, or other types of cables and/or
wiring, cable trays, electrical conduits, or any other type of blockage within the plenum that

contributes to pressure drops and uneven airflow. For example, when used within the context
9
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of plenum obstructions, the term “none” may be used to characterize an empty plenum with
no obstructions, whereas the term “extreme” may be used to characterize a plenum with
many obstructions. According to at least one embodiment, plenums characterized as having
“extreme” or “typical” degrees of obstructions may be considered to de-rate the tile airflow
uniformity represented by the empty plenum by values of 10% and 5%, respectively, as
discussed in further detail below.

According to at least one embodiment, the at least one data center design parameter
may correspond or otherwise be representative of an optimal or “best practices” data center
design or layout. Generally speaking, an optimal data center design may include one or more
elements of symmetry, including geometric symmetry (i.e., the equipment is symmetric about
a centerline) and symmetry with respect to airflow boundary conditions (i.e., air from the
CRAHEs is delivered to the perforated tiles in a symmetric flow pattern in terms of its
geometric location and airflow velocity). For example, the data center design shown on the
left (a) of FIG. 3 illustrates a “best practice” or “optimal” layout and includes both geometric
symmetry with respect to the placement of the equipment racks 202 and the CRAHs 204, and
symmetric airflow boundary conditions, as indicated by the small arrows representing CRAH
airflow values 212, which indicate that the airflow rates are identical for all CRAHs 204. An
optimized layout generally reflects an efficient and uniform distribution of cooling air from
the CRAHSs to the equipment racks. According to some embodiments, one or more of the
data center design parameters discussed above may be representative of a symmetric data
center design.

According to another embodiment, the at least one data center design parameter may
correspond or otherwise be representative of an “irregular” data center design or layout. In
contrast to the optimal data center design discussed above, an irregular design may reflect
one or more elements of asymmetry. For example, the data center design shown on the right
(b) of FIG. 3 illustrates an “irregular” or “worst case” layout and includes geometric
asymmetry with respect to the placement of the CRAHs 204, which in turn creates
asymmetric airflow boundary conditions. Geometric asymmetry is created by the two
deactivated CRAHSs 214 positioned in the opposite corners of the layout. This scenario
creates asymmetric airflow via a “recirculation dead spot” underneath the center portion of
the perforated tiles 206, where air from the CRAHs flows in a circular pattern around a
central “dead” recirculation region where air velocities are very low. A worst case layout

generally reflects an inefficient and non-uniform delivery of cooling air from the CRAH to
10
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the equipment racks. This type of layout is undesirable in that it exacerbates tile airflow non-
uniformities which may drive the need to over-supply total airflow and therefore waste
energy. The cooling costs in such a layout may be much higher than the ideal layouts
discussed above.

In accordance with some embodiments, the at least one data center design parameter
is an interpolated value between an upper threshold value representative of optimal data
center design and a lower threshold value representative of worst case data center design. For
example, a floor layout may be representative of the “best practice” layout, as shown in
configuration (a) of FIG. 3, or the “worst case” layout, as shown in configuration (b) of FIG.
3, or may fall in between these configurations, and for purposes of this disclosure may be
characterized as “typical,” where the layout may have some elements of symmetry, and some
elements of asymmetry. According to another embodiment, a raised floor construction
characterized as “typical” may have elements of both an “ideal” type of floor construction
where the open area is 0.02% or less, and a “leaky” type of floor construction where the open
area is 0.5% or more, and may therefore have a value of 0.4%. According to some
embodiments, the interpolated value is an interpolated average between the upper and lower
threshold values. For example, according to one embodiment, plenum obstructions
characterized as “typical” may reflect an approximate 5% degradation in tile airflow
uniformity, which is the average value in between the optimal value of 0% representing an
empty plenum (or “none”), and the worst case value of 10% representing an “extreme” level
of physical obstructions.

Table 1 below lists several data center design parameters, including several
parameters discussed above, that may be received as input data and used in determining
airflow in a raised floor data center, such as tile airflow uniformity and/or airflow
distribution. As will be appreciated by one of ordinary skill in the art, these values may be
adjusted or changed depending on the application. For instance, in extremely large data
centers, the typical row length may extend beyond 100 feet, and/or the total number of racks
may exceed 1000.

Table 1: Example Data Center Design Parameters:

Example Data Center Design Parameters Example Values
Floor Layout Best Practices, Typical, Irregular
Total Number of Racks 1-1000

11
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Total Floor Area

1-100,000 (ftY)

Typical Row Length 1-100 (fv)
Plenum Depth 1-120 (in)
Perforated Tile Type (% open area) 0-99%

Raised Floor Construction

Bolted and Gasketed, Typical, Substandard

Raised Floor Cutouts

None or Well Sealed, Typical, Large

Plenum Obstructions

None, Typical, Extreme

In accordance with one or more embodiments, the method for determining airflow

further includes incorporating the use of empirical data. According to some embodiments,

the empirical data may be derived from a plurality of CFD simulations. The CFD simulations

may contribute toward determining the operational relationships between a number of data

center design parameters, including combinations of data center design parameters. For

example, empirical data may be obtained from conducting a number of CFD simulations

based on layouts similar to that shown in FIG. 2A. According to certain aspects, the layout

reflects a “best practices” type of layout where the CRAHs are aligned with the hot aisles and

the equipment layout repeats indefinitely in both directions beyond the symmetry boundaries

216. For example, FIG. 2B illustrates a layout that extends FIG. 2A in the vertical direction.

Table 2 below represents a number of data center design parameters and their corresponding

values that were used to conduct a plurality of CFD simulations.

Table 2: Data Center Design Parameters Used for CFD Analysis

Data Center Design Parameters

Values

Floor Layout

Best Practices, Irregular

Row Length (Racks/Row)

3,5,8,12, 16, 20

Plenum Depth

1, 1.5,2,3,4,5 (ft)

Perforated Tile Type (% open area)

25%, 40%, 56% (open area)

Raised Floor Construction

Bolted and Gasketed, Typical, Substandard

Raised Floor Cutouts

None or Well Sealed, Typical, Large

Room Size (additional spacing around

equipment rack/tile cluster)

0,2,4,8,12,20 (fv

12
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In total, 11,664 CFD simulations were conducted using these parameters to create a
database containing tile airflow values for each layout configuration featured in Table 2.
According to at least one embodiment, this database may be used to determine tile airflow
uniformity based on input data, such as the data center parameters listed in Table 1. For
example, input data shown in FIG. 1A, such as the total floor area, plenum depth, and type of
raised floor construction may be used by the raised floor plenum tool to compare against the
stored empirical data for the purposes of determining tile airflow uniformity. In addition, the
tool computes the “typical” floor layout uniformity as an interpolated or weighted value
between the “best practices” and “irregular” layouts that were actually determined using
CFD. Using the results from the CFD simulations, the percentage of tiles which fall into the
“good,” “marginal,” and “bad” ranges, as discussed in further detail below, are determined
based on how far the resulting values are from the mean tile airflow. According to one
embodiment, empirical rules may be established from the CFD simulations, and the results of
these analyses may be used to produce simple equations, look-up tables, or other empirical
correlations that may be used in real-time for the purposes of determining airflow such as tile
airflow uniformity. For example, the tool may be configured to store the values produced
from the CFD simulations and then de-rate or interpolate between these values to produce
airflow characteristics such as tile airflow uniformity for any combination of user inputs.

In accordance with some embodiments, the tool may display the results from the
analysis discussed above, as shown in FIG. 1B. According to certain aspects, determined
values representative of the degree of tile airflow uniformity are considered “good” if they
are within +20% of the mean tile airflow, “marginal” if they are between +20% and +40%,
and “bad” if they are beyond +40% of the mean airflow. For instance, the tile airflow
uniformity results in FIG. 1B indicate that given a proposed data center layout with certain
input values, 66% of all the perforated tiles have airflow that is within £20% of the mean tile
airflow (i.e., “good”™), 12% have airflow that is between +20% and +40% of the mean tile
airflow (i.e., “marginal”), and 22% that are beyond +40% of the mean tile airflow (i.e.,
“bad”). According to a further aspect, and as mentioned above, a plenum characterized as
having an “extreme” degree of obstructions may be considered to de-rate the tile airflow
uniformity represented by the empty plenum by a value of 10%. For example, with reference
to the results shown in FIG. 1B, this means that for “extreme” obstructions, the percentage of
tiles that are considered to be in the “good” range (i.e., airflow within #20% of the mean tile

airflow) and “bad” range (i.e., beyond £40% of the mean tile airflow) are multiplied by 0.9,
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with the remaining percentage of tiles assigned to the “marginal” range (i.e., between +20%
and +40% of the mean tile airflow). Thus, this essentially “moves” some of the percentage of
tiles form “good” to “marginal” and also decreases the percentage of “bad” tiles somewhat by
“moving” some of the tiles from “bad” to “marginal.” A similar analysis may be performed
for a plenum characterized as having a “typical” degree of obstructions, which is considered
to de-rate the tile airflow uniformity represented by the empty plenum by a value of 5%, and
therefore the percentage of tiles that are considered in the “good” and “bad” ranges are
multiplied by 0.95.

According to some embodiments, input data may also include other information
related to the data center, such as airflow rates of the CRAHs, including total CRAH airflow,
airflow rates of the equipment racks, area of the perforated tile, air density, average rack
density (e.g., in kW), and air ratio (the ratio of cooling airflow to equipment rack airflow).
Additional input data may include, for example, an input parameter that combines the total
number of racks and the total floor area into a single parameter, such as area/rack. As
mentioned above, input data may be input by a user, such as through a user interface (e.g., a
user interface similar to the one shown in FIG. 1A), and/or may be accessed from a computer
database or some other form of electronic storage.

In accordance with at least one embodiment, an analytical model is provided that may
be used or otherwise implemented to determine airflow in a data center, such as airflow
distribution. Airflow distribution within the data center includes airflow through the
perforated tiles and leakage airflow. According to certain aspects, the analytical model is
configured to determine the relative airflow resistance values of different perforated tile and
floor construction options, as explained further below.

In accordance with one or more embodiments, the analytical model is based on
conservation of mass. For example, the sum of all tile airflows equals the CRAH airflow
minus the leakage airflow, and therefore all airflow from a CRAH crosses the raised floor
through either the perforated tiles or the leakage paths. In general, the pressure drop may be
calculated according to Equation 1 below:

f o

Equation 1: Ap :3 e

where fis the flow resistance, p is the air density, Q is the airflow rate, and A is the total

resistance area, for example the entire area of a perforated tile (e.g., 4 ft?, including both open
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and closed portions). The average pressure drop across the entire raised floor may be

expressed as shown below by Equation 2:

Equation 2: Ap = & pQC%

27 A7

2

where f,, is the equivalent (overall) flow resistance, Qcgap 18 the airflow rate of the CRAH,
and Ay is the total unoccupied floor area, for example, the area not including the perforated
tiles, racks, or CRAHs. As discussed above, leakage through the raised floor may occur
through holes in the floor, such as through cutouts for cabling and piping, and/or through
gaps, such as gaps in between tiles that are not fitted with gaskets or some other form of seal.
Taking the perforated tile, base floor leakage, and cutout leakage resistances as separate

resistances in parallel, f., may be expressed as shown below by Equation 3:

[ifoty
WSt LS v o1 ] T

where f; is the base floor leakage flow resistance, f; is the cutout leakage flow resistance, f7is

Equation 3: feq =

the perforated tile flow resistance and wr is the ratio of total perforated floor tile area to
unoccupied floor area, and can be expressed as below as Equation 4:

Equation 4: @, = TotalTileArea _ A
" TotalUnoccupiedFloorArea A

where A7 is the total area of the perforated tiles.
Based on Equations 1-4 from above, it can be shown that the cooling airflow
breakdown through the three parallel paths may be calculated according to Equations 5-7

below:

N
Nfofr + L fr + @ 1],

NI
Nfofr + L fr + @ 1],

JiJe
feIr +Nife + O,

In addition, each of the flow resistance f values (f,, f1, and f;) can be estimated using

Equation 5: Fractional Base Floor Leakage Airflow =

Equation 6: Fractional Cutout Leakage Airflow =

Equation 7: Fractional Perforated Tile Airflow =

an empirical formula according to Equation 8:
Equation 8: f = %[1+ 0.5(1- )" +1.4140 - B)**"]
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where f is the open area fraction of the resistance, for example, 0.25 for a 25% open
perforated tile. For instance, for a tile with 25% open area, £ is 0.25 and fris calculated to be
42.8.

In accordance with at least one embodiment, the method for determining airflow may
implement an analytical model, such as the model described above, to determine airflow
distribution. According to certain aspects, the analytical model includes at least one
empirical formula, such as the formulas represented by Equations 5-8 above. In certain
aspects, the analytical model further includes selecting, based on input data, at least one
equation of a plurality of equations that describes airflow resistance values in a plurality of
locations within the raised floor data center. For example, input data such as the perforated
tile type, the airflow rate of the CRAH, the total area of the perforated tiles, the total
unoccupied floor area, and other input data may be used by the raised floor plenum tool to
determine airflow distribution through the perforated tiles (Equation 7), the cutouts (Equation
6), and the base floor (Equation 5). These results may also be displayed by the tool, as shown
in FIG. 1B, where the airflow distribution values are further broken down into base floor
leakage airflow, cutout leakage airflow, and perforated tile airflow. For instance, the airflow
distribution results in FIG. 1B indicate that given a data center layout with certain input
values, a little over half (51.1%) of the CRAH airflow actually goes through the perforated
tiles, while 24.5% leaks through each of the base floor and cutouts.

According to an alternative embodiment, total CRAH airflow may be included as an
input parameter, which may be used by the tool to compute the average plenum pressure
(e.g., Equation 1). This may be useful in applications where CRAHs are controlled based on
the average plenum pressure. According to this embodiment, other data center airflow
characteristics, such as the average airflow per perforated tile, the airflow per cutout, and the
total base floor leakage airflow, may each be determined.

In accordance with one or more embodiments, the systems and methods disclosed
herein may include or otherwise make use of one or more sensors. For example, one or more
sensors may be configured to detect one or more properties or characteristics of the data
center, such as power to one or more loads, and/or environmental conditions, such as
temperature, pressure, and humidity. For instance, one or more sensors may be configured to
measure the airflow rate of a CRAH unit. The sensor(s) may be configured to generate a
signal representative of the measured property or characteristic that can be sent as input data

to one or more controllers, such as the processor discussed below in reference to FIG. 5.
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According to a further embodiment, the method may include determining at least one
dominant design parameter. For example, the tool may be used to determine which, if any,
data center design parameters are contributing to or detracting from the tile airflow
uniformity or airflow distribution. For instance, an evaluation (e.g., FIG. 1B indicating
results) that indicates a large percentage of tiles that are classified as “bad” may be found to
be primarily attributable to input data that includes a shallow plenum with an “extreme” level
of obstructions. Further, an evaluation that indicates a high percentage of cutout leakage
airflow may be attributed primarily to input data that corresponds to a small floor area with
large cutouts. According to another aspect, a user may use the tool through an interface such
as that shown in FIG. 1A, to vary one or more data center design parameters to see which
parameters have little or no effect on the tile airflow uniformity and/or the airflow
distribution (i.e., cooling airflow breakdown).

In accordance with some embodiments, the method may further include adjusting at
least one data center design based on the evaluation of the airflow. For example, if the
evaluation indicates that a large percentage of leakage airflow is attributed to the base floor,
then input data corresponding to the initial data center design may be changed in an effort to
reduce this value. For instance, if the initial input data included a substandard type of floor
construction, then changing the input data to reflect an ideal type of floor construction may
result in an evaluation that reduces the leakage airflow attributed to the base floor. According
to some embodiments, tutorials may be provided to a user by the tool to assist the user in
gaining knowledge in 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.
Using the above example, a tutorial may explain how different input parameters, such as the
type of raised floor construction, affect different types of leakage airflow, including the
leakage airflow attributed to the base floor.

According to certain embodiments, the systems and methods disclosed herein may be
used for managing airflow in a raised floor data center. For example, according to some
embodiments, the design of a data center and/or actual parameters in a data center may be
altered based on the evaluation of the airflow. For instance, the location or the types of
equipment racks, coolers (e.g., CRAHs, CRAC:s etc.) that are used in the actual layout of
equipment or the proposed layout of equipment in the data center may be changed. For
instance, equipment may be rearranged to reflect a “best practices” symmetrical layout such
as that shown in FIGS. 2A and 2B. Further, other parameters such as the type of perforated
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tile (% open area) and/or the plenum depth may be increased or decreased based on the
airflow evaluation. The raised floor construction may also be altered, for instance, by
implementing a “bolted and gasketed” type of raised floor, and/or the “leakiness” of the
raised floor cutouts may be altered by improving or installing seals or other devices that
reduce the airflow leakage through the floor cutouts. Further, the degree of plenum
obstructions may be altered, for example by reducing the amount of blockage and/or
consolidating one or more of the obstructions, such as the pipes, cables, conduits, etc. as a
result of the airflow evaluation. Further, based on the airflow evaluation, a controller, as
discussed below in reference to FIG. 5, may alter one or more operating parameters of the
data center. For instance, at least one of the determined tile airflow uniformity and/or airflow
distribution may be used by a controller to control one or more cooling devices (including the
components) to adjust airflow, or to control one or more equipment racks to reduce power if
the airflow is not adequate to provide adequate cooling or increase power to a rack to
consolidate I'T workload to fewer equipment racks. One or more of these alterations may be
implemented to improve the cooling performance and/or provide cost savings.

A summary of a process 400 for determining airflow in a raised floor data center
using the methodology described above will now be provided with reference to FIG. 4. In a
first stage 402 of the process, input data is received, such as the input data discussed above,
including at least one data center design parameter. At stage 404, tile airflow uniformity is
determined using best-fit curves, look-up tables, or some other form of empirical correlation
based on CFD analysis as described above. At stage 406, an analytical model that includes at
least one empirical formula is implemented. The analytical model may be used at stage 408
for determining airflow distribution. At stage 410, an evaluation of the airflow in a data
center design may be performed using the tile airflow uniformity and airflow distribution.
For example, an evaluation showing the different contributors to airflow distribution,
including leakage airflow, or values representative of the percentage of tiles that deviate from
a mean tile airflow value may be presented to a user, such as results similar to those shown in
FIG. 1B.

In at least some embodiments described above, tools and processes are provided for
determining airflow in a data center. In other embodiments, the tools and processes may be
used in other types of data center centers, including those with overhead air plenums, and

other types of air plenums.
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Various aspects and functions described herein, including the airflow determination
tool discussed above, may be included as specialized hardware or software components
executing in one or more computer systems. For example, one or more acts of the method
described above may be performed with a computer, where at least one act is performed in a
software program housed in a computer. Non-limiting examples of computer systems
include, among others, network appliances, personal computers, workstations, mainframes,
networked clients, servers, media servers, application servers, database servers and web
servers. Other examples of computer systems may include mobile computing devices, such
as cellular phones and personal digital assistants, and network equipment, such as load
balancers, routers and switches. Further, aspects may be located on a single computer system
or may be distributed among a plurality of computer systems connected to one or more
communications networks.

For example, various aspects and functions may be distributed among one or more
computer systems configured to provide a service to one or more client computers, or to
perform an overall task as part of a distributed system. Additionally, aspects 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. Consequently, examples are not
limited to executing on any particular system or group of systems. Further, aspects and
functions may be implemented in software, hardware or firmware, or any combination
thereof. Thus, aspects and functions may be implemented within methods, acts, systems,
system elements and components using a variety of hardware and software configurations,
and examples are not limited to any particular distributed architecture, network, or
communication protocol.

Referring to FIG. 5, there is illustrated a block diagram of a distributed computer
system 500, in which various aspects and functions are practiced. As shown, the distributed
computer system 500 includes one or more computer systems that exchange information.
More specifically, the distributed computer system 500 includes computer systems/devices
502, 504 and 506. As shown, the computer systems/devices 502, 504 and 506 are
interconnected by, and may exchange data through, a communication network 508. The
network 508 may include any communication network through which computer systems may
exchange data. To exchange data using the network 508, the computer systems/devices 502,
504 and 506 and the network 508 may use various methods, protocols and standards,

including, among others, Fibre Channel, Token Ring, Ethernet, Wireless Ethernet, Bluetooth,
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IP, IPV6, TCP/IP, UDP, DTN, HTTP, FTP, SNMP, SMS, MMS, SS7, JSON, SOAP,
CORBA, REST and Web Services. To ensure data transfer is secure, the computer systems
502, 504 and 506 may transmit data via the network 508 using a variety of security measures
including, for example, TLS, SSL or VPN. While the distributed computer system 500
illustrates three networked computer systems, the distributed computer system 500 is not so
limited and may include any number of computer systems and computing devices, networked
using any medium and communication protocol.

As illustrated in FIG. 5, the computer system 502 includes a processor 510, a memory
512, an interconnection element 514, an interface 516 and data storage element 518. To
implement at least some of the aspects, functions and processes disclosed herein, the
processor 510 performs a series of instructions that result in manipulated data. The processor
510 may be any type of processor, multiprocessor or controller. Some example processors
include commercially available processors such as an Intel Xeon, Itanium, Core, Celeron, or
Pentium processor, an AMD Opteron processor, an Apple A4 or A5 processor, a Sun
UltraSPARC or IBM Power5+ processor and an IBM mainframe chip. The processor 510 is
connected to other system components, including one or more memory devices 512, by the
interconnection element 514.

The memory 512 stores programs and data during operation of the computer system
502. Thus, the memory 512 may be a relatively high performance, volatile, random access
memory such as a dynamic random access memory (“DRAM?”) or static memory (“SRAM”).
However, the memory 512 may include any device for storing data, such as a disk drive or
other nonvolatile storage device. Various examples may organize the memory 512 into
particularized and, in some cases, unique structures to perform the functions disclosed herein.
These data structures may be sized and organized to store values for particular data and types
of data.

Components of the computer system 502 are coupled by an interconnection element
such as the interconnection element 514. The interconnection element 514 may include one
or more physical busses, for example, busses between components that are integrated within
a same machine, but may include any communication coupling between system elements
including specialized or standard computing bus technologies such as IDE, SCSI, PCI and
InfiniBand. The interconnection element 514 enables communications, such as data and

instructions, to be exchanged between system components of the computer system 502.
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The computer system 502 also includes one or more interface devices 516 such as
input devices, output devices and combination input/output devices. Interface devices may
receive input or provide output. More particularly, output devices may render information
for external presentation. Input devices may accept information from external sources.
Examples of interface devices include keyboards, mouse devices, trackballs, microphones,
touch screens, printing devices, display screens, speakers, network interface cards, etc.
Interface devices allow the computer system 502 to exchange information and to
communicate with external entities, such as users and other systems.

The data storage element 518 includes a computer readable and writeable nonvolatile,
or non-transitory, data storage medium in which instructions are stored that define a program
or other object that is executed by the processor 510. The data storage element 518 also may
include information that is recorded, on or in, the medium, and that is processed by the
processor 510 during execution of the program. More specifically, the information may be
stored in one or more data structures specifically configured to conserve storage space or
increase data exchange performance. The instructions may be persistently stored as encoded
signals, and the instructions may cause the processor 510 to perform any of the functions
described herein. The medium may, for example, be optical disk, magnetic disk or flash
memory, among others. In operation, the processor 510 or some other controller causes data
to be read from the nonvolatile recording medium into another memory, such as the memory
512, that allows for faster access to the information by the processor 510 than does the
storage medium included in the data storage element 518. The memory may be located in the
data storage element 518 or in the memory 512, however, the processor 510 manipulates the
data within the memory, and then copies the data to the storage medium associated with the
data storage element 518 after processing is completed. A variety of components may
manage data movement between the storage medium and other memory elements and
examples are not limited to particular data management components. Further, examples are
not limited to a particular memory system or data storage system.

Although the computer system 502 is shown by way of example as one type of
computer system upon which various aspects and functions may be practiced, aspects and
functions are not limited to being implemented on the computer system 502 as shown in FIG.
5. Various aspects and functions may be practiced on one or more computers having a
different architectures or components than that shown in FIG. 5. For instance, the computer

system 502 may include specially programmed, special-purpose hardware, such as an
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application-specific integrated circuit (“ASIC”) tailored to perform a particular operation
disclosed herein. While another example may perform the same function using a grid of
several general-purpose computing devices running MAC OS System X with Motorola
PowerPC processors and several specialized computing devices running proprietary hardware
and operating systems.

The computer system 502 may be a computer system including an operating system
that manages at least a portion of the hardware elements included in the computer system
502. In some examples, a processor or controller, such as the processor 510, executes an
operating system. Examples of a particular operating system that may be executed include a
Windows-based operating system, such as, Windows NT, Windows 2000 (Windows ME),
Windows XP, Windows Vista or Windows 7 operating systems, available from the Microsoft
Corporation, a MAC OS System X operating system or an iOS operating system available
from Apple Computer, one of many Linux-based operating system distributions, for example,
the Enterprise Linux operating system available from Red Hat Inc., a Solaris operating
system available from Sun Microsystems, or a UNIX operating systems available from
various sources. Many other operating systems may be used, and examples are not limited to
any particular operating system.

The processor 510 and operating system together define a computer platform for
which application programs in high-level programming languages are written. These
component applications may be executable, intermediate, bytecode or interpreted code which
communicates over a communication network, for example, the Internet, using a
communication protocol, for example, TCP/IP. Similarly, aspects may be implemented using
an object-oriented programming language, such as .Net, SmallTalk, Java, C++, Ada, C# (C-
Sharp), Python, or JavaScript. Other object-oriented programming languages may also be
used. Alternatively, functional, scripting, or logical programming languages may be used.

Additionally, various aspects and functions may be implemented in a non-
programmed environment, for example, documents created in HTML, XML or other format
that, when viewed in a window of a browser program, can render aspects of a graphical-user
interface or perform other functions. Further, various examples may be implemented as
programmed or non-programmed elements, or any combination thereof. For example, a web
page may be implemented using HTML while a data object called from within the web page
may be written in C++ or Python. Thus, the examples are not limited to a specific

programming language and any suitable programming language could be used. Accordingly,
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the functional components disclosed herein may include a wide variety of elements, e.g.
specialized hardware, executable code, data structures or objects, which are configured to
perform the functions described herein.

In some examples, the components disclosed herein may read parameters that affect
the functions performed by the components. These parameters may be physically stored in
any form of suitable memory including volatile memory (such as RAM) or nonvolatile
memory (such as a magnetic hard drive). In addition, the parameters may be logically stored
in a propriety data structure (such as a database or file defined by a user mode application) or
in a commonly shared data structure (such as an application registry that is defined by an
operating system). In addition, some examples provide for both system and user interfaces
that allow external entities to modify the parameters and thereby configure the behavior of
the components.

Having thus described several aspects of at least one example, it is to be appreciated
that various alterations, modifications, and improvements will readily occur to those skilled
in the art. For instance, examples disclosed herein may also be used in other contexts. Such
alterations, modifications, and improvements are intended to be part of this disclosure, and
are intended to be within the scope of the examples discussed herein. Accordingly, the

foregoing description and drawings are by way of example only.
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CLAIMS

1. A method for use with a raised floor data center, comprising:

receiving input data, including data related to at least one data center design
parameter;

determining tile airflow uniformity using the input data and at least one empirical
correlation;

implementing an analytical model to determine airflow distribution, the analytical
model including at least one empirical formula; and

using the tile airflow uniformity and the airflow distribution to evaluate airflow in a

data center design.

2. The method of claim 1, wherein the at least one empirical correlation is derived from

a plurality of CFD simulations.

3. The method of claim 2, wherein the at least one empirical correlation is based on a
determination of operational relationships between a plurality of data center design

parameters, including combinations of data center design parameters.

4. The method of claim 1, wherein implementing the analytical model further includes
selecting, based on the input data, at least one equation of a plurality of equations that define

airflow resistance values in a plurality of locations within the raised floor data center.

5. The method of claim 1, further including displaying the evaluation of the tile airflow

uniformity and the airflow distribution.
6. The method of claim 5, wherein the evaluation of the airflow distribution uses at least
one value representative of at least one of base floor leakage airflow, cutout leakage airflow,

and perforated tile airflow.

7. The method of claim 5, wherein the evaluation of the tile airflow uniformity includes

at least one value representative of a deviation from a mean tile airflow value.
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8. The method of claim 1, wherein the input data includes data center design parameters
related to an area above the raised floor, including at least one of floor layout, total number of

racks, total floor area, and typical row length.

9. The method of claim 1, wherein the input data includes data center design parameters
related to the raised floor and a plenum located below the raised floor, including at least one
of plenum depth, perforated tile type, raised floor construction, raised floor cutouts, and

plenum obstructions.

10. The method of claim 1, wherein at least one data center design parameter includes an
interpolated value between an upper threshold value representative of optimal data center

design and a lower threshold value representative of worst case data center design.

11. The method of claim 1, wherein the tile airflow uniformity and the airflow

distribution are determined in real-time.

12. The method of claim 1, wherein the method is performed with a computer and

wherein at least one act is performed in a software program housed in a computer.

13. The method of claim 1, further comprising adjusting at least one data center design

based on the evaluation of the airflow.

14. A system for use with a raised floor data center, comprising:
at least one input configured to receive input data, including data related to at least
one data center design parameter;
a programmable device in communication with the at least one input, the
programmable device comprising:
a memory for storing the received input data;
at least one processor coupled to the memory and configured to:
determine tile airflow uniformity using the input data and at least one
empirical correlation;
implement an analytical model to determine airflow distribution, the

analytical model including at least one empirical formula;
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evaluate airflow in a data center design using the tile airflow
uniformity and the airflow distribution; and
at least one output in communication with the programmable device and configured to
display the evaluation corresponding to the tile airflow uniformity and the airflow

distribution.

15. The system of claim 14, wherein the at least one empirical correlation is derived from

a plurality of CFD simulations.

16. The system of claim 14, wherein the at least one processor is further configured to
select, based on the input data, at least one equation of a plurality of equations that define

airflow resistance values in a plurality of locations within the raised floor data center.

17. The system of claim 14, wherein the output is configured to display at least one of

base floor leakage airflow, cutout leakage airflow, and perforated tile airflow.

18. The system of claim 14, wherein the output is configured to display at least one value

representative of a deviation from a mean tile airflow value.

19. The system of claim 14, wherein the at least one data center design parameter
includes at least one of floor layout, total number of racks, total floor area, typical row length,
plenum depth, perforated tile type, raised floor construction, raised floor cutouts, and plenum

obstructions.

20. A method for managing airflow in a raised floor data center, comprising:

receiving at least one data center design parameter;

determining tile airflow uniformity using the at least one data center design parameter
and at least one empirical correlation;

implementing an analytical model to determine airflow distribution, the analytical
model including at least one empirical formula; and

altering at least one of a data center design parameter and a data center operating
parameter based on at least one of the determined tile airflow uniformity and the airflow

distribution.
26



PCT/US2015/067092

WO 2016/109285

1

Vi "Old

%1718 sa|iL [
%S'yz  ebeyes| oD A
o.G'yz obexes Jooyeseg B

%eT peg @A
%2l leubien N
%99 pooo [

SellL Aoy
IV 0 % el

S1NS3Y

A\

Ajunojun Moy 8|l —

ﬂ [eaidA] | suononsqQ wnuald

[4] abie7| (yory yoe3) sinoing Jooj4 pasiey

[«] piepuersang | uononasuog iooj4 pasiey

eajeusdo 9| Gz | edAL s|IL pejeioped

() 09 [« (| [»| 21
Ww €98) Ul pg yideq wnue|d
wnua|d pue jool4 pasiey -
ot 4] || HE;
L1 (4) wbue moy [eoidA L
NoeY/ 4 T2TUIVT
Xeuwuiru BPeY Y §LLL ey Jad easy 1004
8ys'ss |4 I [»|2100
G/8'1Z (;Y) ediy Jool4 [ejo)
000k (¢ L Do

0G¢ SHOeY JO JaqUINN [ej0]

1noAeT 100|4

Jineja( o} 1980y

nofe wooy -
S1NdNI

|00} ublsa(] ebeyes] J00|4 Pue AHULIOMIUN MOy 31}




000000000000000000000000000000
2/6




000000000000000000000000000000
3/6

204 : R
206 %

FI1G. 2



WO 2016/109285 PCT/US2015/067092
4/6

212

a} "Best Practices” or "Optimal” Layout b} "lrregular” or "Worst Case” Layout

\\\§ ¥ CRAH § Rack  Perforated Floor Tile

S
© Syrmetry Boundary

FIG. 3



WO 2016/109285 PCT/US2015/067092
5/6

402
Receive input data

™\

400

/

406
404 Implement analytical model
Determine tile airflow
uniformity
408
Determine airflow
distribution
410

Evaluate airflow 1n a data center
design

FIG. 4




PCT/US2015/067092

WO 2016/109285

&4

HIOMIDN

80%

HISISAS
74

38K
s1s

m

SOBLIDIUT
91s

WISISAY
ramduiony
05

TS
HONISUUODIU]
viy

JORSI00I]
8%

AICUISIY
TARS

ﬂ/ WISSAY
pomgLusi(y

(0%




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings

