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1

PRESSURE CONTROL OF COOLING FLUID
WITHIN A PLENUM USING
AUTOMATICALLY ADJUSTABLE VENTS

BACKGROUND

Adata center may be defined as a location, e.g., room, that
houses numerous printed circuit (PC) board electronic sys-
tems arranged in a number of racks. A standard rack may be
defined as an Electronics Industry Association (EIA)
enclosure, 78 in. (2 meters) wide, 24 in. (0.61 meter) wide
and 30 in. (0.76 meter) deep. Standard racks may be
configured to house a number of PC boards, e.g., about forty
(40) boards, with future configurations of racks being
designed to accommodate up to eighty (80) boards. The PC
boards typically include a number of components, e.g.,
processors, micro-controllers, high speed video cards,
memories, semi-conductor devices, and the like, that dissi-
pate relatively significant amounts of heat during the opera-
tion of the respective components. For example, a typical PC
board comprising multiple microprocessors may dissipate
approximately 250 W of power. Thus, a rack containing
forty (40) PC boards of this type may dissipate approxi-
mately 10 KW of power.

The power required to remove the heat dissipated by the
components in the racks is generally equal to about 10
percent of the power needed to operate the components.
However, the power required to remove the heat dissipated
by a plurality of racks in a data center is generally equal to
about 50 percent of the power needed to operate the com-
ponents in the racks. The disparity in the amount of power
required to dissipate the various heat loads between racks
and data centers stems from, for example, the additional
thermodynamic work needed in the data center to cool the
air. In one respect, racks are typically cooled with fans that
operate to move cooling fluid, e.g., air, across the heat
dissipating components; whereas, data centers often imple-
ment reverse power cycles to cool heated return air. The
additional work required to achieve the temperature
reduction, in addition to the work associated with moving
the cooling fluid in the data center and the condenser, often
add up to the 50 percent power requirement. As such, the
cooling of data centers presents problems in addition to
those faced with the cooling of racks.

Conventional data centers are typically cooled by opera-
tion of one or more air conditioning units. The compressors
of the air conditioning units typically require a minimum of
about thirty (30) percent of the required cooling capacity to
sufficiently cool the data centers. The other components,
¢.g., condensers, air movers (fans), etc., typically require an
additional twenty (20) percent of the required cooling capac-
ity. As an example, a high density data center with 100 racks,
each rack having a maximum power dissipation of 10 KW,
generally requires 1 MW of cooling capacity. Air condition-
ing units with a capacity of 1 MW of heat removal generally
requires a minimum of 300 KW input compressor power in
addition to the power needed to drive the air moving
devices, ¢.g., fans, blowers, etc. Conventional data center air
conditioning units do not vary their cooling fluid output
based on the distributed needs of the data center. Instead,
these air conditioning units generally operate at or near a
maximum compressor power even when the heat load is
reduced inside the data center.

The substantially static operation of conventional vents
within data centers are generally designed to operate effi-
ciently within a relatively narrow range of heat loads.
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However, if electronic components are allowed to exceed
rated temperatures, data corruption or damage may result.
Thus, conventional cooling systems and vent configurations
typically operate in a worst-case scenario. For at least these
reasons, cooling fluid is supplied to the components at
around 100 percent of the estimated cooling requirement. In
this respect, conventional cooling systems often attempt to
cool components that may not be operating at a level which
may cause its temperature to exceed a predetermined tem-
perature range. Consequently, conventional data centers
often incur greater startup costs for cooling systems suffi-
ciently large to meet these cooling requirements as well as
greater amounts of operating expenses than may be neces-
sary to sufficiently cool the heat generating components
contained in the racks of data centers.

Moreover, conventional vents within data centers are
typically not automatically adjustable. Rather, conventional
vents in data centers are usually provided as simple open
grates for always full-open operation. Occasionally, data
center vents are provided as manually adjustable between
full open and full closed positions. Unfortunately, however,
manually adjustable vents are not very useful in quickly and
efficiently adapting to the ever-changing thermodynamics
within a data center. Use of conventional vents within a data
center also tends to give rise to negative air flow conditions
or scavenging of air from a conditioned space through one
or more of the vents. In other words, there are situations in
which a cooling system actually pulls, instead of pushes, air
back through a vent into the plenum and out a different vent.
Scavenging typically occurs at the expense of a vent that is
relatively distal the cooling system blower for the benefit of
a vent located relatively proximate the blower. Such a
condition is undesirable since it is typically desired to
maintain neutral to positive air flow at each vent within a
data center. One attempt to solve the scavenging problem is
to simply increase the output of the blower. This may or may
not cure the scavenging condition and definitely increases
the cost of operating the cooling system and data center.

Finally, some data center vents are designed to maintain
a continuous flow rate of air therethrough. For example,
some vents include fans and other mechanisms for attempt-
ing to maintain a continuous flow rate of air. Such vent
devices are operated based on input from sensor readings
taken in the space to be conditioned. Unfortunately,
however, such devices, in and of themselves, cannot solve
the scavenging problem described above. The problem
remains that underfloor plenum pressure intolerably fluctu-
ates and is unpredictable. Accordingly, such non-uniform
plenum pressure leads to scavenging and a lack of neutral to
positive airflow to racks within a data center.

SUMMARY

According to an embodiment, the invention pertains to a
method of controlling cooling fluid pressure within a plenum
and of cooling a plurality of racks in a data center. The
method includes activating a cooling system having a cool-
ing device in fluid communication with the plenum, wherein
the plenum is in fluid communication with a plurality of
automatically adjustable vents that are configured to supply
cooling fluid to the racks. Pressure is sensed within the
plenum in at least one zone of the data center, and at least
one of the plurality of automatically adjustable vents is
automatically actuated in response to the pressure within the
plenum being outside of a predetermined pressure range,
thereby yielding a neutral-to-positive airflow at each of the
plurality of automatically adjustable vents and thus substan-
tially balancing the pressure within the plenum on a zonal
basis.
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According to another embodiment, the invention involves
a cooling system for cooling racks in a data center. The
system includes a cooling device for supplying cooling fluid
to the racks, the cooling device including a fan. A plenum is

4

FIG. 9B illustrates a side view of the automatically
adjustable vent of FIG. 9A further including a pressure
sensing and actuating mechanism.

provided in fluid communication with the fan of the cooling 5 DETAILED DESCRIPTION
device. A plurality of automatically adjustable vents is o ; ; g
provided inpﬂuid cc}),mmunication Witﬁl the Jplenum. A means qu sunphcny and 111u§tratlve L the pr.1nc1ples of
for sensing pressure is provided within the plenum in at least the wyention a1 deseribed by. referrlng mamly fo an
one zone of the data center and produces output upon which embgdlment .thereof. drrile fqllowmg descrlpt.lon, fumerous
the plurality of automatically adjustable vents automatically 19 Speeifie det.alls are Se.t forth n orde.r i prvide & thetsugh
adjust to substantially balance the pressure within the ple- understandmg of the invention. It will be apparent however,
. to one of ordinary skill in the art, that the invention may be
A. di furth bodi h . . practiced without limitation to these specific details. In other
el c((i:or e tota urft el emt 0 lll.ment, L f,: preEer}(tjlnventlon instances, well known methods and structure have not been
WMEWEEs, 4, Bysici 101 LONOINE COOUNE. . Id, PLeSSULe described in detail so as not to unnecessarily obscure the
within a plenum of a cooling system for cooling a plurality 15 ; oo ¥
of racks in a data center. The system includes a means for G il h i i Flonad ¢
activating the cooling system, including a cooling device in enerally, the cooling needs within acon 1t10.ne. space o
fluid communication with the plenum. A means for sensing 2 data cenfer fuchuafe dus fo changes L heat d.l ssipation by
pressure is provided in at least one zone of the data center Ihe rgcks. Ig Itlgrn, thf pressure ofﬂcoohng ﬂulld, at various
within the plenum. Means are provided for actuating at least 20 OEALIONE Wihin' &, plenur may Huelidie elave 1o one
one of a plurality of automatically adjustable vents in another. But, if the pressure of the cooling fluid Wlth%n the
response to the pressure within the plenum being outside of plenum ﬂu(i.tuatgs ,én an bunconti“.o léed (;lr nor.l-unlforlr(n
a predetermined pressure range to yield a neutral-to-positive manner; %’0, m% e may de sup;i 10 q tto thevarious refu: S
airflow at each of the plurality of automatically adjustable 10, 20, Inerielent, ANNET ANC. ey S8t 19 SedveRine ol 41t
- 55 from the conditioned space. Therefore, it is desirable to
' control the cooling fluid pressure within the plenum to
BRIEF DESCRIPTION OF THE DRAWINGS achieve a more uniform distribution of pressure therein so
Embodiments of the invention are illustrated by way of that improved control of the flow of cooling fluid to the
example and not limitation in the accompanying figures in various racks may be .attamed. More.over, .automatlca.lly
which like numeral references refer to like elements, and 5, adjustable vents in fluid communication with a cooling
wherein: system are configured to balance cooling fluid pressure
FIG. 1 shows a simplified schematic illustration of a data ~ Within the plenum on a global or zonal basis to substantially
center containing a cooling system in accordance with an yield or establish a neutral-to-positive, or non-negative, flow
embodiment of the invention; of coolmg fluid at various al.lt.omatlcally ad]u.stable.vents.
FIG. 2 shows a simplified schematic illustration of the 3s Accordlpgly, 4 neu.tral-to-posmve flow of cooling fluid may
data center of FIG. 1 including a plurality of zones, a be provided to various racks located throughout the condi-
x b . . .
plurality of pressure sensors, and a plurality of automatically ~ tioned space of a data center, and scavenging of air from the
adjustable vents; conditioned space may be avoided.
FIG. 3 illustrates a block diagram of a control scheme for Once a fe,laﬁ"ely uniform plenum PIESSUTE is achieved on
a cooling system according to an embodiment of the inven- 40 & zonal ba§1s, f:oohng fluid flow may be increased to those
on: racks dissipating greater amounts of heat and may be
FIG. 4 shows a flow diagram of a manner in which an decreased. to those. rgcks dissipating lesser amounts of heat
embodiment of the invention may be practiced; on a localized basis, in order to reduce the amount of energy
FIG. 5 shows a simplified schematic illustration of a data requ}r@d to operate ‘the coohng‘ systerr}. Thus; 1nstea(‘i o
center in accordance with an alternate embodiment of the 45 '°9"08 the; operation; «of. relatively high souiput deviess,
invention: e.g., compressors, fans, etc., of the cooling system at sub-
FIG 6,A b iolified schematic ol . ¢ stantially 100 percent of the anticipated heat dissipation
- DA Shows a simplilied schematic plan view ol an from the racks, those devices may be operated according to
autoinaglf;llly ad]utgtable vent in accordance with an embodi- the actual cooling needs.
ment of the invention; -
FIG. 6B shows a simplified rear view of the automatically 50 Futhermore; the .racks - .be pqsﬁ}oned thmoughout the
dust .bl t of FIG. 6A- data center according to their anticipated heat loads to
acjustable V?n o : ’ . . thereby enable computer room air conditioning (CRAC)
FIG. 7A 1llu§trates il exploded perspect%ve view of a units located at various positions throughout the data center
ret?ﬁé, autome}fn(;lally ad]u§table vent according to another to operate in a more efficient manner. In another respect, the
£rmbo 1ment‘o hhe Tyenpen; ) ) ) 55 positioning of the racks may be determined through imple-
FIG. 7B 111u§trates a cross-sectional side Vlf.:W of the mentation of modeling and metrology of the cooling ﬂuid
retrofit automatically ad]l.lstable.vent Of FIG. 7A; ) flow throughout the data center. Moreover, the numerical
FIG. 8A shows a partial-sectional view of an automati- modeling may be implemented to determine the volume
cally adjustable vent in accordance with yet another embodi- flow rate and velocity of the cooling fluid flow through each
ment of the present invention; o of the vents.
FIG. SB shows a plan view of a housing of the automati- In specific reference to the figures, there is shown in FIG.
cally adjustable vent of FIG. 8A; 1 a simplified schematic illustration of a data center 10
FIG. 8C shows a plan view of a vane disk of the containing a plurality of vents 12¢ and 126 in fluid com-
automatically adjustable vent of FIG. 8A; munication with a cooling system 14. The data center 10,
FIG. 9A illustrates a plan view of an automatically 65 according to this embodiment of the invention, includes a

adjustable vent according to a further embodiment of the
invention; and

raised floor 16. A plurality of wires and communication lines
(not shown) may be located in a plenum 18 bencath the
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raised floor 16. The plenum 18 is defined by the open space
between the ground and the raised floor 16 and functions to
deliver cooling fluid from the cooling system 14 to a
plurality of racks 20a-20c. As will be described in further
detail below, the plenum 18 may comprise a pressurized
enclosure, such as a duct or conduit. Although the data
center 10 is illustrated in FIG. 1 as containing three racks
20a—-20c, two vents 12a and 12b, and a cooling system 14,
it is to be understood that the data center may include any
number of racks, e.g., 100 racks, vents, e.g., one or more,
and cooling systems, €.g., one or more. Therefore, this
depiction is for illustrative and simplicity of description
purposes only and is not intended to limit the invention in
any respect.

The racks 20a-20c generally house a plurality of com-
ponents (not shown), e.g., processors, micro-controllers,
high speed video cards, memories, semi-conductor devices,
and the like. The components may be elements of sub-
systems (not shown), e.g., computers, servers, etc. The
subsystems and the components may be implemented to
perform various electronic, e.g., computing, switching,
routing, displaying, and the like, functions. In the perfor-
mance of these electronic functions, the components, and
therefore the subsystems, generally dissipate relatively large
amounts of heat. Because racks 20a—20c have been gener-
ally known to include upwards of forty (40) or more
subsystems, they may require substantially large amounts of
cooling fluid to maintain the subsystems and the components
generally within a predetermined operating temperature
range. According to an embodiment of the invention, by
substantially individually and precisely controlling the
amount of cooling fluid delivered to the components and the
subsystems located in the racks 20a—20c based upon their
respective heat loads, a relatively inexpensive or existing,
essentially constant output cooling system 14 may be uti-
lized in a more efficient manner than conventional cooling
systems. According to another embodiment of the invention,
by substantially controlling the amount of cooling fluid
delivered to the components and the subsystems located in
the racks 20a—20c based upon their respective heat loads, the
power consumed by a variable output cooling system 14 to
supply the cooling fluid may also be controlled in a more
efficient manner as compared to a conventional cooling
system.

The cooling system 14 generally includes a fan 22 for
supplying cooling fluid into the plenum 18 (e.g., pressurized
enclosure). Air may be supplied to the fan 22 from the
returned cooling fluid in the data center 10 as indicated by
arrows 24 and 26. In operation, the returned cooling fluid
enters into the cooling system 14 as indicated by arrow 24
and is cooled by operation of various well known compo-
nents of a cooling system (e.g., cooling coil, compressor,
condenser, chilled water heat exchange, etc.) and/or in any
reasonably suitable manner generally known to those of
ordinary skill in the art. In a specific example, the cooling
system 14 may include a cooling coil 28, a compressor 30,
and a condenser 32.

In various embodiments of the invention, the cooling
system 14 may be a constant or variable output device. In an
example of an essentially constant output cooling system, an
embodiment may be practiced which increases the range of
heat loads a subset of the plurality of cooling systems may
be able to effectively cool. In this manner and by automati-
cally turning individual cooling systems on or off, one or
more of the cooling systems may remain off for periods of
time. Thus increasing efficiency and saving resources. In
addition, in a data center having one or more variable output
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6

cooling systems, for example, an embodiment may be
practiced which increases efficiency by maintaining essen-
tially the same cooling fluid pressure throughout the data
center. In particular, pressure at relatively downstream (from
a cooling system) locations within the plenum may be
maintained at essentially the same pressure as relatively
upstream locations. In this manner, vents in fluid commu-
nication with these relatively downstream locations may
receive sufficient cooling fluid pressure to generate desired
flow volume and/or velocity.

In one embodiment, the cooling system 14 may be a
substantially constant output cooling system. That is, the fan
22 and/or the compressor 30 may operate at essentially one
speed. In this embodiment, one or both of the fan 22 and the
compressor 30 may be cycled on and off to control the
output of the cooling system 14 based upon the overall
cooling fluid needed by the heat loads in the racks 20a—20c.
In another embodiment, the output of cooling system 14 may
be varied based upon the cooling fluid needed by the heat
loads in the racks 20a—20c. For example, the capacity of the
compressor 30 and the speed of the fan 22 may both be
modified to thereby control the temperature and the amount
of cooling fluid flow delivered to the racks 20a—20c. While
it is within the scope of the invention that a variable cooling
system be utilized, for the sake of simplicity, only essentially
constant output cooling systems will be discussed herein.
However, a more detailed description of variable cooling
systems may be found in co-pending U.S. application Ser.
No. 09/970,707, filed Oct. 5, 2001, which is assigned to the
assignee of the present invention and is incorporated by
reference herein in its entirety. Because the specific type of
compressor 30 and fan 22 to be employed with the embodi-
ments of the invention may vary according to individual
needs, the invention is not limited to any specific type of
compressor or fan. Instead, any reasonably suitable type of
compressor 30 and fan 22 that are capable of accomplishing
certain aspects of the invention may be employed with the
embodiments of the invention. The choice of compressor 30
and fan 22 may depend upon a plurality of factors, e.g.,
cooling requirements, costs, operating expenses, etc.

The cooling fluid generally flows from the fan 22 and into
the plenum 18 as indicated by the arrow 34. The cooling
fluid flows out of the raised floor 16 through the vents 12a
and 125 that generally operate to control the velocity and the
volume flow rate of the cooling fluid therethrough. In this
regard, the vents 124 and 12b are automatically adjustable.
Thus, according to this embodiment of the invention, the
racks 20a-20c may receive substantially individualized and
localized amounts of cooling fluid according to their heat
loads. In addition, according to this and other embodiments
of the invention, characteristics such as, flow velocity and
pressure, of the cooling fluid within the plenum 18 may be
controlled by operation of the vents 12¢ and 12b.

The arrows 36 indicate the general direction of travel of
the cooling fluid out of the vents 12a and 12b and the arrows
38 indicate the general direction of travel of fluid heated by
the heat dissipating components located within the racks
20a-20c. As may be seen in FIG. 1, areas within the data
center 10 may comprise either cool aisles 40 or hot aisles 42,
or a combination thereof. The cool aisles 40 are those aisles
that include the vents 12a and 12b and thus receive cooling
fluid for delivery to the racks 20¢—20c. The hot aisles 42 are
those aisles that receive air heated by the heat dissipating
components in the racks 20a-20c.

In addition, various sections of each of the racks 20a-20c¢
may also receive substantially individualized amounts of
cooling fluid. By way of example, if the bottom halves of the
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racks 20a and 20b are operating at maximum power, thereby
dissipating a maximum level of heat load, and the upper
halves are operating at little or no power, the vent 12¢ may
be configured to enable cooling fluid flow therethrough to
have a relatively high volume flow rate with a relatively low
velocity. In this manner, the cooling fluid may operate to
generally supply greater cooling to the lower halves of the
racks 20a and 20b, whereas the upper halves receive rela-
tively lesser amounts of cooling fluid. In addition, if the
upper half of the rack 20c is operating at approximately 50
percent of the maximum power, and the lower half is
operating at little or no power, the vent 12b may be config-
ured to enable cooling fluid flow therethrough to have a
relatively low volume flow rate with a relatively high
velocity. In this manner, the cooling fluid flow may have
sufficient momentum to adequately reach and cool the upper
half of the rack 20c. To provide sufficient cooling fluid
velocity, it may be beneficial for the cooling fluid within the
plenum 18 to have a relatively higher static pressure than
outside of the plenum 18. For example, given a substantially
constant fluid output from the cooling system 12, the static
pressure within the plenum 18 may be controlled by con-
trolling the fluid flow resistance through the vents 124 and
12b. Thus, in one respect, by controlling the fluid flow
resistance through the vents 12z and 125, sufficient static
pressure may be maintained within the plenum 18 to provide
adequate cooling fluid velocity and to avoid scavenging.

According to an embodiment of the invention, the cooling
fluid supply for flow through each of the vents 124 and 12b
may be maintained at a relatively uniform pressure. In this
respect, the plenum 18 may include a divider 44. The length
of the divider 44 may extend substantially along the entire
length of the plenum 18, i.e., in the direction generally
perpendicular to the plane of FIG. 1. The width of the divider
44 may extend from the cooling system 14 to substantially
the end of the plenum 18 to thus create a gap 46 between a
side edge of the divider 44 and a side surface of the plenum
18. The divider 44 generally divides the plenum 18 into two
relatively separate chambers 48a, 48b. The first chamber
484 is in fluid communication with the outlet of the fan 22.
The second chamber 48b is in fluid communication with the
first chamber 48a substantially through the gap 46. In this
respect, the cooling fluid flow originating from the fan 22
must travel substantially the entire width of the plenum 18,
i.e., through the first chamber 48a, for the fluid flow to enter
into the second chamber 485.

The cooling fluid in the second chamber 48b may be
maintained at a substantially uniform static pressure by
virtue of the manner in which the cooling fluid is introduced
into the second chamber 48b. The rate at which the cooling
fluid is supplied into the first chamber 48a by the fan 22 may
cause a relatively large amount of turbulence in the cooling
fluid located in the first chamber 48a. The turbulence is
generally greatest at the outlet of the fan 22 and generally
decreases as the distance from the outlet increases. By virtue
of the distance the cooling fluid must travel to enter into the
second chamber 48b, the cooling fluid may have substan-
tially stabilized, thus enabling the cooling fluid entering into
the second chamber 48b to be relatively calm. In this respect,
the divider 44 operates to provide a relatively consistent
cooling fluid pressure supply for the vents 124 and 12b. This
relatively consistent cooling fluid pressure may increase the
predictability with which cooling fluid exits the vents 12a
and 12b thus, increasing the efficiency of cooling compo-
nents within the racks 20a-20c.

The pressure of the cooling fluid at various locations in
the second chamber 48b may be measured by plenum
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pressure sensors S0a and S0b. In this respect, the pressure
sensors 50a and 50b may detect any discemable changes in
the pressure of the cooling fluid at or near their respective
locations within the second chamber 48H and relay that
information to a vent controller (see FIG. 2). The vent
controller may operate to control the vents 12a and 12b to
modulate the flow of cooling fluid flowing therethrough and
thereby control the static pressure within the second cham-
ber 48b. For example, by generally reducing the flow out of
the second chamber 48b relative to the flow into the second
chamber 48b, static pressure within the second chamber 486
may be increased. In addition, by individually controlling
the vents 12a and 125, the static pressure at various locations
within the plenum 18 may be controlled. Therefore, opera-
tion of the vents 124 and 126 may be related to cooling fluid
pressures within the plenum 18, to the cooling requirements
of the racks 20¢—20c¢, and the amount of energy required to
supply the racks 20a—20c with cooling fluid in a substan-
tially optimized manner. In one respect, by increasing the
efficiency with which the components contained in the racks
20a-20c are cooled, a substantial energy savings over
known cooling systems may be realized.

In various embodiments of the invention, the capacity of
the compressor 30 may be substantially constant or vary
according to changes in the temperature of the cooling fluid
located in the second chamber 48b. As such, a plenum
temperature sensor 52 may be located within the second
chamber 48b to relay temperature measurements to the
cooling system 14. The plenum temperature sensor 52 may
comprise any reasonably suitable temperature sensor known
to those skilled in the art. Therefore, the compressor 30 may
be operated to generally maintain the temperature of the
cooling fluid within the second chamber 48b at a substan-
tially constant level. For example, operation of the com-
pressor 30 may be cycled on and off to control the tempera-
ture of cooling fluid output from the cooling system 14 in
response to detected and/or anticipated changes in heat loads
generated in the racks 20a—20c. In another embodiment, the
capacity of the compressor 30 may vary according to
detected and/or anticipated changes in heat loads generated
in the racks 20a-20c. As an example, the compressor 30
capacity may be increased as the heat loads generated in the
racks 20a—20c increase. In this regard, the power required to
operate the compressor 30 may be substantially optimized,
thereby reducing the total power required to operate the
cooling system 14.

FIG. 2 shows a simplified schematic plan view of the data
center 10 including a plurality of zones A-B and the
plurality of automatically adjustable vents 12a—/. The plu-
rality of automatically adjustable vents is configured to
supply cooling fluid to the plurality of racks 20a—20p as
described hereinabove. The plurality of zones may include
the plurality of pressure sensors 50a—50b that are configured
to relay their respective measurements to the vent controller
204. For example, the pressure sensors 50a—-50b may be
located in the data center plenum respectively below each of
the zones A and B as shown, or respectively below each of
the plurality of vents 12a—12/. In other words, pressure
sensors may be provided on a rack-by-rack or zone-by-zone
basis. As used herein, zone encompasses the space to be
conditioned above the raised floor, the plenum beneath the
raised floor, or both. It is contemplated that the data center
could encompass any desired number of different zones,
e.g., from 1 to N zones. Cooling fluid pressures and pressure
differences between the plurality of zones A-B may be
controlled in a manner according to the method described
below with reference to FIG. 4.
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Referring to FIG. 3, there is illustrated a block diagram
300 of a control scheme for a cooling system 302 according
to an embodiment of the invention. The following descrip-
tion of the block diagram 300 is a relatively simplified

10

determine the one or more environmental conditions at
various locations throughout the data center. In addition, the
device may be configured to detect the one or more envi-
ronmental conditions at various heights throughout the data

manner in which the cooling system 302 may be operated. 5 center.
In this respect, it is to be understood that the following A more detailed description of the above-described
description of the block diagram 300 is but one manner of embodiment may be found in co-pending U.S. application
a variety of different manners in which such a cooling  Ser. No. 10/157,892, filed May 31, 2002, which is assigned
system 302 may be operated. to the assignee of the present invention and is incorporated
A vent controller 304 is generally configured to control 10 by reference herein in its entirety.
the operation of the vents 124 and 12b. In this regard, the If there is an actual detected change or an anticipated
vent controller 304 may comprise a microprocessor, a change in the temperature of the respective racks 20a-20c
micro-controller, an application specific integrated circuit and/or portions thereof, the vent controller 304 generally
(ASIC), and the like. The manner in which the vent con- operates to manipulate the corresponding vent 12a and 12b
troller 304 operates the vents 12a and 125, i.e., the flow of 15 {4 compensate, i.c., changes the volume flow rate, velocity,
cooling fluid therethrough, may be predicated upon the and other similar characteristics of the cooling fluid, for the
detected or anticipated pressures within the plenum and/or change in temperature. In this respect, each of the racks
temperatures of the racks 204—20c, or portions thereof. 20a—-20c and/or portions thereof generally receives substan-
For example, with regard to detected temperatures, a tially only the amount of cooling fluid necessary to maintain
plurality of temperature sensors 312-316, e.g., 2 the temperature of the portions of the racks within a prede-
thermocouples, may be positioned at various positions termined temperature range. As will be seen from the
around the subsystems and/or the racks 20¢—20c. Each of the discussion hereinbelow, by controlling the cooling fluid flow
temperature sensors 312-316 may correspond to a respec- in this manner, an essentially constant output from the
tive one of the vents 124 and 12b. By way of example, one compressor 30 and/or the fan 22 may be manipulated to
temperature sensor 312 may affect the flow of cooling fluid 35 deliver a substantially optimized level of cooling to the racks
flow through one vent 12a. 20a-20c, thereby increasing the efficiency of the cooling
Alternatively, with regard to anticipated temperatures, system and thus decreasing the operating costs required to
anticipated cooling requirements for each of the racks operate these devices.
204-20c and/or various sections of the racks may be predi- ., The vent controller 304 may manipulate the vents 124 and
cated upon an impending load on the racks 20a—20c¢ and/or 12b based upon the sensed and/or anticipated pressure of the
sections of the racks. For example, the vent controller 204 fluid at various locations in the plenum 18 to vary the flow
may be connected to another controller, e.g., a central of cooling fluid through the vents 124 and 125, to thereby
controller for the subsystems not shown), which anticipates substantially maintain the pressure of the cooling fluid at
the heat load the components and/or the subsystems will .. these locations within a predetermined pressure variance. If
dissipate. This information may be relayed to the vent there is an actual detected change or an anticipated change
controller 204 which may then manipulate the vents 124 and in the pressure differences between these locations, the vent
125 according to the anticipated load. controller 304 generally operates to manipulate one or more
With regard to detected pressures, the pressure sensors of the vents 12a and 12b to compensate, i.e., changes the
50q and 505 may relay pressure measurements andfor 4 Volume flow rate of the cooling fluid, for the change in
detected changes in the pressure within the plenum 18 to the pressure difference. Thus, the vent controller 304 is operable
vent controller 304. In general, the pressure is defined as the to modulate the pressure within the plenum 18 substantially
pressure difference between a location within the plenum 18 as indicated by the measured and/or anticipated heat loads in
(generally below a vent 124 or 12b) and a location essen- the racks 20‘1—203. Consequently, th? cooling system 302
tially above the respective vent 12a or 12b. The vent 45 May be more efficient than conventional cooling systems
controller 304 may utilize this information to manipulate the ~ While utilizing relatively low cost, substantially constant
vents 12a and 12b as described herein. Furthermore, in a speed devices (e.g., the compressor 30 and the fan 22). As
manner similar to anticipating temperatures discussed will be seen from the discussion hereinbelow, by controlling
above, pressures may be anticipated based on impending the cooling fluid flow in this manner, sufficient pressure may
load on the racks 20a-20c and/or sections of the racks. 5y be maintained throughout the plenum 18 to respond to
Although FIG. 3 illustrates three temperature sensors detfzcted OF afltielpae d changes in the heat loads of the
312-316 and two pressure sensors 50a and 505, it should be various components in the racks 20a-20c.
understood that the number of sensors is not critical to the Vent interface electronics 318 may be provided to act as
operation of this embodiment of the invention. Instead, the an interface between the vent controller 304 and the
cooling system 302 may include any reasonably suitable 55 components, e.g., control the opening in the vents and the
number of sensors to thus measure any reasonably suitable direction of cooling fluid flow through the vents, etc., for
number of conditions within the data center 10 or portions operating the vents 124 and 12.
thereof. The number of sensors and the measurements The vent controller 304 may also be interfaced with a vent
thereby may be upgradeable, e.g., scalable, to include any memory 320 configured to provide storage of a computer
additional components, racks, and/or locations that may be 60 software that provides the functionality of the cooling sys-
included in the data center. In addition, the sensors need not tem and may be executed by the vent controller 304. The
be stationary. In this regard, according to another embodi- memory 320 may also be configured to provide a storage for
ment of the invention, a mobile device (not shown) is containing data/information pertaining to the manner in
implemented to gather or measure at least one local envi- which each of the vents 12a and 12b may be manipulated in
ronmental condition (e.g., temperature, pressure, air flow, 65 response to the detected and/or anticipated temperatures of

humidity, etc.) in the data center 10. More particularly, the
mobile device is configured to travel around the racks to

the portions of the racks 20a—20c. Furthermore, the memory
320 may be configured to store data/information pertaining
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to the control of the vents 124 and 126 corresponding to the
measured pressures (and/or pressure differences) corre-
sponding to various locations within the plenum 18. More
particularly, a look up table (not shown) may be stored in the
memory 320. By way of example, the look up table may

12

desired computer accessible medium. In addition, the flow
diagram may be embodied by a computer program, which
can exist in a variety of forms both active and inactive. For
example, they can exist as software program(s) comprised of
program instructions in source code, object code, executable

&
include information pertaining to the direction of fluid flow, code or other formats. Any of the above can be embodied on
relative opening amount (e.g., 0 to 100%) for the vents 12a a computer readable medium, which include storage devices
and 12b, pressures at the wvarious locations, pressure and signals, in compressed or uncompressed form.
differences, and the like. In this respect, the direction and Examples of computer readable storage devices include
amount open may be varied substantially incrementally in |, conventional computer system RAM (random access
response to detected changes in the volume flow rate. The memory), ROM (read only memory), EPROM (erasable,
memory 320 may be implemented as a combination of programmable ROM), EEPROM (electrically erasable, pro-
volatile and non-volatile memory, such as dynamic random grammable ROM), and magnetic or optical disks or tapes.
access memory (DRAM), EEPROM, flash memory, and the Examples of computer readable signals, whether modulated
like. using a carrier or not, are signals that a computer system
Although FIG. 3 illustrates a single vent controller 304 '* hosting or running the computer program can be configured
configured to operate the vents 124 and 125, it should be to access, including signals downloaded through the Internet
: or other networks. Concrete examples of the foregoing
understood that a plurality of vent controllers may be . et :
. . include distribution of the programs on a CD ROM or via
1mplemented LS pf:rf.orm the functions of the VCHI. c.ontroller Internet download. In a sense, the Internet itself, as an
;’04 Wlthout deviating from the scope and spirit of the abstract entity, is a computer readable medium. The same is
IyEntiGn. true of computer networks in general. It is therefore to be
In another embodiment, the plenum temperature sensor  ypderstood that those functions enumerated below may be
52 may be configured to measure the temperature of the fluid performed by any electronic device capable of executing the
within the second chamber 48b. The temperature measure- above-described functions.
ments and/or any discernable changes in the temperature 55 In the method 400 shown in the flow diagram, the cooling
obtained by the plenum temperature sensor may also be  system 302 is activated at step 402. During this activation
relayed to the cooling system controller 322. In this regard, step, the various components of the cooling system 302 may
the cooling system controller 322 may, via interface elec- be activated, initialized, etc. For example, control systems
tronics 328, manipulate the capacity of the compressor 30 may be activated, the vents 12a and 12H may be opened, and
based upon the measured temperature of the fluid. That is, 3p the like. The pressure (P) within the plenum 18 generally is
the temperature of the fluid within the second chamber 48b a function of vent flow resistance and the volume flow rate
may be maintained within a predetermined temperature ~ ©Of air entering and exiting the plenum 18. Specifically, a
range by manipulation of the compressor (e.g., cycled on pressure.drop across any given vent is a fugctlon of the flow
and off, varied, and the like). In this manner, and in con- rate of air through the given vent apd the air flow resistance
junction with the operation of the vents 12 and 12b as 35 that the given vent proyldes vis-a-vis the percentage opening
described hereinabove, the cooling system 352 may be Qf the. vent. According to various embodiments of the
operated relatively more efficiently than conventional cool- ASETLGR, 178 1w FoliE exiting 30 plemrE :h may oe
. . modulated (such as by changing the percentage opening of
ng systems. Thus, the amount of cheIgy necessaty 15 the vents) based upon the heat load of the heat dissipating
substantially lower than that of conventional cooling sys- components in the racks 20a—20c. Thus, the P may be
RS, 40 associated with the temperatures of specific heat dissipating
Furthermore, although not illustrated in FIG. 3, it is within Components and SubsystemS. In addition, the pressures (P’S)
the scope of various embodiments of the invention that the at various locations within the plenum 18 may be hetero-
vent controller 304 and cooling system controller 322 may geneous due to localized factors, such as, proximity to vents,
intercommunicate. In this manner, the output of the cooling distance from the cooling system, and the like. Therefore,
system may be modified in response to sensed and/or 45 the pressures at various locations within the plenum 18 may
anticipated pressures within the plenum 18. Thus, the pres- fluctuate based upon the temperatures in the general vicinity
sure within the plenum 18 may be maintained throughout a of the racks and/or sections of the racks. Thus, those skilled
relatively greater range of cooling fluid volume flow in the art will understand that certain embodiments of the
demands. For example, if the pressure within the plenum invention may be employed with the temperature sensors
rises above a predetermined level, data associated with the sg 312-316 located at various positions throughout the data
plenum pressure may be relayed to the cooling system center.
controller 322 and the output of the fan 22 may be reduced The method 400 may be carried out on a zonal basis for
(e.g., varied, cycled off and on, etc.). Similarly, if the steps 404-412 and on a more localized basis for steps
pressure within the plenum falls below a predetermined 414-422. In other words, there may be a priority for
level, data associated with the plenum pressure may be ss stabilizing, equalizing, or balancing the plenum pressure on
relayed to the cooling system controller 322 and the output a zonal basis before attempting to cool individual racks or
of the fan 22 may be increased, for example. These manipu- groups of racks on a more local level. The cooling fluid
lations of the cooling system may be performed in conjunc-  pressures (“P’s™) at various locations within the plenum 18
tion with control of the vents 12a and 12b as described may be measured by the pressure sensors 50a and 505 at step
hereinabove. 60 404. Alternatively, the P’s may be anticipated in the manner
FIG. 4 shows a flow diagram of a method 400 in which described hereinabove with respect to FIG. 3. The informa-
an embodiment of the invention may be practiced. The tion associated with the P’s may be relayed to the vent
following description of the method 400 is made with controller 304. The vent controller 304 may determine
reference to the block diagram 300 illustrated in FIG. 3, and whether any or all of the P’s are within a predetermined
thus makes reference to the elements cited therein. [tistobe 65 pressure range at step 406. For those pressure readings

understood that the steps illustrated in the flow diagram may
be contained as a utility, program, subprogram, in any

determined to be within range, the method proceeds to step
414.
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For those pressure readings determined to fall outside of
the predetermined pressure range, i.e., fall outside of Pmin,
set and Pmax,set, it is determined whether the sensed
pressure(s) equals or falls below the Pmin,set at step 408.
The predetermined pressure range may be based upon a
plurality of factors, for example, a threshold operating range
of pressures that may be determined through testing to
substantially optimize the performance of the racks con-
tained in the data center. Moreover, the predetermined
pressure range may vary for each respective zone if desired.
If the P’s of one or more of the zones are below or equal to
the Pmin,set, the vent controller 304 may operate to increase
the volume flow rate and/or the velocity of cooling fluid to
the vents in the vicinity of the low pressure reading, at step
410. Conversely, if the P’s of one or more of the zones are
above the Pmin,set, the vent controller 304 may operate to
decrease the volume flow rate and/or the velocity of cooling
fluid to the vents in the vicinity of the high pressure reading,
at step 412. Thus, the vent controller 304 directs a plurality
of vents in a zone to act in concert with one another to
balance the pressures within the plenum. This could be
accomplished by increasing the volume flow rate and/or
velocity of cooling fluid at vents that are associated with P
readings below Pmin,set while substantially simultaneously
decreasing the volume flow rate and/or the velocity of
cooling fluid at vents that are associated with P readings
above Pmin, and especially those vents associated with or in
the vicinity of P readings above Pmax, set. In other words,
the controller will direct certain vents in a particular zone to
increase the opening thereof at the expense of other vents in
the zone which are directed to decrease the opening thereof.
To enable this balancing strategy, the vent controller 304 can
be preprogrammed with a lookup table for identifying and
prioritizing which vents to close and open. Alternatively, or
conjunctively, the vent controller 304 can be programmed
with adaptive control algorithms to “learn” which vents to
open and close to achieve pressure balance as quickly as
possible.

As an alternative to steps 406412, the vent controller 304
may determine a pressure differential (AP) between the P’s
and then determine whether the AP is within a predetermined
acceptable pressure differential, e.g., between a predeter-
mined maximum negative pressure variance and a predeter-
mined maximum positive pressure variance, at step 406. The
predetermined pressure differential may be set according to
a substantial optimum operating pressure differential desired
for controlling the flow of cooling fluid through the vents,
through testing to determine the optimal flow characteristics,
etc. If the AP is within the predetermined pressure
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tion from a pressure set point. Then, vents in zones of
opposing pressure differentials from the set point can be
manipulated to reduce deviation from the set point. Within
a given zone, only vents that service particular racks that are
below their maximum allowable temperature can be
manipulated, thereby allowing movement of some, but not
all, vents within a zone. In other words, if the pressure
measured by pressure sensor 50a is relatively less than the
pressure measured at pressure sensor 505, and the tempera-
ture of rack 20c is relatively less than the temperatures of the
racks 20a and 20b, the vent 1206 may be modulated to
decrease the flow therethrough by a relatively large amount
and the vent 12¢ may be modulated to increase the flow
therethrough by a relatively small amount. Similarly, if the
pressure at pressure sensor 50a is relatively less than at
pressure sensor 505, and the temperature of rack 20c is
relatively greater than the temperature of the racks 20a and
200, the vent 12b may not be modulated (or depending on
the temperatures and/or pressures, may be modulated to
increase or decrease the flow therethrough by a relatively
small amount) and the vent 122 may be modulated to
decrease the flow therethrough.

Alternatively, if the AP is positive, and thus above the
predetermined maximum positive pressure variance by vir-
tue of the AP being outside the predetermined pressure
differential, the vent controller 304 may operate to modulate
the volume flow rate of cooling fluid through one or more
vents to negatively influence the AP at step 412.

Furthermore, it is within the scope of various embodi-
ments of this invention that the modulations performed in
steps 410, 412, 420, and 422 may be combined and thus,
performed once per cycle through steps 404-422. Also, in
order to reduce the possibility of inducing fluctuations of a
cyclic nature, modulations to regulate the pressure may be
performed in increments that differ in degree as compared to
those utilized to regulate temperature (e.g., in steps 420 and
422 below). For example, if at step 410, the vent 124 is
modulated to increase the flow volume by 10 cubic feet per
minute (“cfm™), then at step 420, the vents 12a and 126 may
one or both be modulated to alter the flow volume by a lesser
amount, e.g. 4 ¢fm. In this manner, the overall volume flow
rate may remain relatively stable and the pressure within the
plenum 18 may be substantially maintained.

Referring now to steps 414422, the method involves
cooling the racks within a data center on a localized basis,
i.e., cooling individual racks or groups of racks after having
stabilized the plenum pressure. Accordingly, the present
invention substantially ensures a neutral-to-positive airflow
to the racks without scavenging conditioned air from the
vicinity of the racks. The temperature of a component (Tc)

differential, the vent controller 304 proceeds to step 414. 59 generally corresponds to the heat load of the heat dissipating

If, however, the AP does not fall within the predetermined components and therefore the subsystems contained in the
pressure differential, i.e., falls outside of the predetermined racks 20a-20c. Therefore, the Tc’s may be based upon the
maximum negative pressure variance or the predetermined temperatures of specific heat dissipating components and
maximum positive pressure variance, it is determined subsystems. In addition, the Tc’s may be based upon the
whether the AP is negative at step 408. The predetermined 55 temperatures in the general vicinity of the racks and/or

pressure differential may be based upon a plurality of
factors, for example, a threshold operating pressure differ-
ential range that may be determined through testing to
substantially optimize the flow of cooling fluid to the racks.

If the AP is negative, the vent controller 304 may operate
to modulate the volume flow rate of cooling fluid through
one or more vents to positively influence the AP at step 410.
The determination of which vent(s) to modulate the volume
flow rate of the cooling fluid therethrough may be based
upon the detected pressures within the plenum 18, tempera-
tures of the racks, and the like. For example, pressure
measurements at various locations could be based on devia-

60

65

sections of the racks. Thus, those skilled in the art will
understand that certain embodiments of the invention may
be employed with the temperature sensors 312-316 located
at various positions throughout the data center. Moreover,
use of the term “rack” herein generally refers additionally to
sections of the racks and thus may not necessarily refer to an
entire rack. Thus, the use of the term “rack” throughout the
disclosure is not meant to limit certain aspects to entire
racks, but instead, is implemented to simplify the description
of certain embodiments of the invention.

At step 414, the temperatures of the components (Tc’s)
are sensed by the temperature sensors 312-316.
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Alternatively, the Tc’s may be anticipated in the manner
described hereinabove with respect to FIG. 3. Furthermore,
it is within the scope of various embodiments of the inven-
tion that a plenum temperature is sensed by the plenum
temperature sensor 52 and that the capacity of the cooling

16

increased. This may occur, for example, because the cooling
fluid must travel a relatively long distance and supply the top
half with a sufficient amount of cooling fluid.

According to an embodiment of the invention, the

fluid within the plenum is regulated by the cooling system ’ de(;rease in volume flow rate and/or Velocjty of the cooling
controller 322 in response to this sensed plenum tempera- fluid ﬂ ow al slep 42.0 and.the inerease fn vohume andior
oy Ve.10c1ty of Fhe cooling fluid at step 422 may be accom-
Atstep 416, it is determined whether the sensed tempera- ﬁ}ii?lei 332 \llgflizm:;l tél)ligmv?éa?lgl l;:?nggslflgrgthiluifs tfr?zz
tures of the components are within a predetermined range of & ) P ; .
. . . where a vent allows a certain amount of cooling fluid to flow
operating temperatures, e.g., between a maximum set point . .
e ; therethrough, and the vent is manipulated to decrease the
temperature (Tmax,set) and a minimum set point tempera- 1 fl £ th line fluid. and wh he d
ture (Tmin,set). The predetermined range of operating tem- vernmeLlow rgle ol thexoollng Hoic, andwhere (e doereass
> . . in fluid flow is insufficient to cause the Tc for that rack to fall
peraiures may be sob acennding lo 2, pluality of factors. within the predetermined range. In this instance, during a
These factors may include, for example, the operating 5 i T— tprun Fo——— Sg 41 4-420. the Ver;t . gbe
temperatures set forth by the manufacturers of the sub- 4 & P > y
; controlled to further decrease the volume flow rate of the
systems and components located in the racks, through test- . . .
; ; 3 3 cooling fluid therethrough by an incremental amount. By
ing to determine the optimal operating temperatures, etc. In 5 . .
- . : repeating this process a number of times, the temperature of
addition, the predetermined range of operating temperatures . P
: the rack may be substantially brought within the predeter-
may vary from one subsystem to another on the basis that wtiied Eine
various subsystems generally may operate effectively at ge .
various temperatures. It should be appreciated that the Tc’s of some of the racks
If the measured and/or anticipated temperatures are deter- may fall be;(;g ?e Tmmt’sf?ﬁWh?treﬁs ﬂllg gc s of othetr (flat(t:lki
mined to fall within the predetermined range of operating may ei;e(:)e de 42r121ax,se .b us, 1t shou I © aé)prek():la cd lla
temperatures, process returns to step 404. For those racks ;s sFepsl anl fmay d © retslpectlye y an kssu stantially
determined to have heat loads that do not fall within the St tane.ous y performed on the Varl.ous fac "
predetermined temperature range, i.c., fall outside of Tmin, FOIIOWng steps 420, 42.2, or 416 (if the AP is within the
set and Tmax,set, it is determined whether the sensed predetermmed pressure .d}fferentlal), the P S; are sensed
temperature equals or falls below the Tmin,set at step 418. again at step 404. In addition, the steps following step 404
In general, the range of temperatures Tmin,set and Tmax,set 3, may be Fepeated for an 1pd§:ﬁn1te pC.I‘IOd of time so long s
pertains to threshold temperatures to determine whether to Fhe cooling systerp 302 is in o.pe‘ratlon. .In FIG. 5, there is
increase or decrease the flow of cooling fluid delivered to the illustrated a simplified schematic illustration of a data center
racks. The predetermined temperature range may be based 10" according to another embodiment of the invention. The
upon a plurahty of factorS, for example, a threshold oper- elements illustrated in the data center 10’ Operate in sub-
ating range of temperatures that may be determined through ;s Stantially the same manner as those elpments 1111.15tra.ted in
testing to substantially optimize the performance of the the data. centf.:r 10. HOW@V?L one dlfference lies in the
subsystems contained in the racks. Moreover, the predeter- manner in which cooling fluid is supplied to the vents 12z
s . \ ;
mined temperature range may vary for each rack because and 12b. That is, a.duct 18 (e.g.? a plenum, Pressur}zed
various components generally may operate effectively at enclosur.e, and the like) may provide an essentially direct
various temperatures and thus various threshold tempera- 4, counection from the cooling system 14.t0 the vents 124 and
tures may be optimal. 12b. Because of the apparent similarities between the data
If the Tc’s of some of the racks are below or equal to the centers 10 and 10", only those elements that differ between
Tmin,set, the vent controller 304 may operate to decrease the FIGS. 1 and 5 will be described hereinbelow.
the volume flow rate and/or the velocity of cooling fluid to The duct 18' may be constructed from any suitable,
those racks at step 420. The determination of whether to 45 essentially impermeable, material, e.g., metal, plastic, resin,
decrease either or both the volume flow rate and the velocity etc. According to this embodiment of the invention, the duct
of the cooling fluid may be based upon the detected tem- 18' may placed under a new or existing raised floor 16 and
perature of the racks. For example, if the subsystems on a thus, the raised floor 16 need not be configured to maintain
bottom half of a rack are operating at 50 percent of maxi- the pressure of cooling fluid therein. Furthermore, it is
mum capacity’ and the Subsystems on an upper half of the 50 within the scope of the invention that the duct 18' and vents
rack are operating at or near zero capacity, the velocity of the 12a and 12b may be located in a raised ceiling (not shown),
cooling fluid may be reduced whereas the volume flow rate may be attached to a ceiling, may be placed near or on a
may remain substantially constant. This may occur, for wall, and/or may be located in any suitable location within
example, because the cooling fluid need not travel a rela- the data center 10'.
tively long distance but may still need to supply the bottom 55  FIGS. 6A—6B show simplified schematic illustrations of
half with a sufficient amount of cooling fluid. an automatically adjustable floor tile vent (“vent”) 600 in
If the Tc’s of some of the racks exceed the Tmin,set (i.c., accordance with an embodiment of the invention. In this
also exceed the Tmax,set), the vent controller 304 may regard, the vent 600 is an example of the vents 124 and 126
operate to increase the volume flow rate and/or the velocity discussed hereinabove. The vent 600 may be constructed
of cooling fluid to those racks at step 422. The determination 60 from any suitable structural materials, such as: metal,
of whether to increase either or both the volume flow rate plastics, resin, composite, or the like. The vent 600 is
and the velocity of the cooling fluid may be based upon the basically a louvered vane vent including a plurality of
detected temperature of the racks. For example, if the spaced apart parallel vanes 602. A DC motor 604 is con-
subsystems on the top half of a rack are operating at 100 trolled by the vent controller of FIG. 2 and adjusts the
percent capacity, and the subsystems on a bottom half of the 65 rotation of a primary vane 602' via a drive shaft 606. The DC

rack are operating at or near zero capacity, the velocity and
the volume flow rate of the cooling fluid may both be

motor 604 may be rigidly attached to a vent housing 608 in
any suitable manner. The drive shaft 606 is rigidly fixed to
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the primary vane 602' such that rotation of the DC motor 604
and drive shaft 606 results in rotation of the primary vane
602'. A drive pin 610 is press fit into the opposite end of the
primary vane 602' and is press fit into a transfer bar 612 to
interlock the primary vane 602' and transfer bar 612
together. The transfer bar 612 is rotatably attached to all of
the other vanes 602 via transfer pins 614. Thus, rotation of
the primary vane 602' causes the transfer bar 612 to
translate, thereby causing the vanes 602 to pivot about their
pivotable mounting axes. Accordingly, flow rate and flow
direction of cooling fluid can be adjusted through the vent
600. In other words, the vent 600 may be operable to control
characteristics of cooling fluid flow within a plenum.

FIGS. 7A-7B are simplified illustrations of an automati-
cally adjustable vent 600 in accordance with another
embodiment of the invention. As shown in FIG. 7, the vent
600 includes a standard 2'x2' vent grille 602, which may be
adapted for installation into the raised floor of the data
center. The standard vent grille 602 may be converted to the
automatically adjustable vent 600 according to one embodi-
ment of the present invention by mounting aftermarket
apparatus thereto, which includes a stationary vane plate 604
screwed to the underside of the grille 602 and further
includes a moveable vane assembly 606 consisting of inter-
connected vanes 608, a drive link 610, drive screw 612, and
drive motor 614. The drive motor 614 may be suspended
from the stationary vane plate 604 to maintain the sliding
relationship between the stationary vane plate 604 and the
interconnected vanes 608. One of ordinary skill in the art
will recognize that the drive motor 614 may be suspended by
a metal bracket, zip tie, adhesive, or other attachment
arrangements (not shown). As shown, the interconnected
vanes 608 overlap the back of the stationary vane plate 604
to occupy a fully closed position between openings in the
standard grille 602 and stationary vane plate 604. The
interconnected vanes 608, however, are traversable back and
forth to open and close the vent 600. The drive motor 614 is
electrically connected to the vent controller, which as pre-
viously described, controls the drive motor 614 which in
turn controls rotation of the drive screw 612, thereby causing
translation of the drive link 610 and interconnected vanes
608 generally parallel with the longitudinal axis of the drive
screw 612.

FIGS. 8A-8C illustrate an automatically adjustable vent
800 according to another embodiment of the present inven-
tion. The vent 800 includes a perforated housing 802 having
a plurality of sector-shaped perforations 804 therein. A DC
motor 806 is centrally mounted to the bottom of the housing
802 and includes a drive shaft 808 extending into the
housing 802. A rotatable disk 810 is rigidly affixed to the
drive shaft 808 within the housing 802. The disk 8§10
includes a plurality of sector-shaped vanes 812 having a
plurality of spaces 814 therebetween. In a fully closed
position, the sector shaped vanes 812 of the disk 810 overlap
the sector-shaped perforations 804 of the housing 802 to
prevent fluid flow through the vent 800. In a fully open
position, the plurality of spaces 814 of the disk 810 overlap
the plurality of sector-shaped perforations 804 of the hous-
ing 802 to permit fluid flow through the vent 800. The DC
motor 806 is electrically connected to the vent controller,
which as previously described, controls the DC motor 806
which in turn controls rotation of the disk 810. Thus, the disk
810 may be rotated between the open and closed positions
to control the flow of fluid therethrough in order to aid in
balancing plenum pressure.

One skilled in the art will recognize that the opening of
each of the above-described embodiments can be monitored
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and a representative signal can be fed back to the vent
controller. One way to carry out such a feature is to provide
the motors with integrated position encoders. The position
encoders could be calibrated with the hardware and vent
controller to identify an open position of the moveable
vanes, a closed position of the moveable vanes, and %
opening therebetween. Another way to carry out this feature
is to provide a separate optical sensor that is mounted to the
vent to detect the % opening between open and closed
positions. Thus, % opening signals can be fed back to the
vent controller as input for determining how much to open
or close a vent based on pressure readings.

As discussed above, FIGS. 6A-8C illustrate actively
controlled vents, i.e. vents that do not adjust unless explicitly
directed to do so by the vent controller. In contrast and as
discussed below, FIGS. 9A-9B depict a passively controlled
vent embodiment that self-adjusts to pressure changes in the
plenum. In other words, the passively controlled vent
embodiment is a self-compensating device.

FIGS. 9A and 9B illustrate an automatically adjustable
vent 900 according to yet another embodiment of the present
invention. In contrast to the previously described automati-
cally adjustable vents, this vent 900 is not actively controlled
by a vent controller and does not operate based on input
from electronic pressure sensor devices. Rather, this vent
900 is passively controlled or, in other words, is self-
regulating and thereby operates relatively independently. It
is recognized that the vent 900 is indirectly dependent upon
the operation of other vents 900 within the data center.
Nonetheless, the vent 900 operates based on its own “sens-
ing” of plenum pressure somewhere within the data center,
cither in the vicinity of the vent 900 or even somewhere
relatively remotely located from the vent 900. The operation
of the vent 900 is based on creation of a pressure profile or
differential between zones or within a zone of the data
center. The pressure profile can be uniform or non-uniform
and zones are designated based on how air is being delivered
in the data center. For example, in a cold aisle/hot aisle
system, a zone could be defined by an aisle. Alternatively, in
a ceiling supply/return system, a zone could be defined by a
group of tiles delivering air to a given cluster of racks.

The vent 900 includes a frame 902 and a plurality of vanes
904 pivotably mounted thereto. The vanes 904 are further
pivotably connected to an actuator bar 906 that has one end
908 pivotably fixed to a tie rod 910. The tie rod 910 is
pivotably fixed to a rotor 912 that is in turn pivotably fixed
to another tie rod 914 of a pressure sensing piston 916 within
a cylinder 918. The cylinder 918 includes a pressure tap 920
for communicating cooling fluid and plenum pressure
against the piston 916. An actuator spring 922 is provided in
compression to bias the actuator bar 906 up and to the left
s0 as to close the gap between the actuator bar 906 and the
frame 902 and thereby close the vanes 904. Similarly, a
piston spring 924 is provided in tension to bias the piston
916 to the right, thereby rotate the rotor 912 clockwise and
translate the actuator bar 906 and vanes 904 to their closed
positions. Thus, when air pressure falls below the collective
spring force of the springs 922 and 924, the vent 900 closes.
In contrast, when air pressure exceeds the collective spring
force of the springs 922 and 924, the piston 916 translates to
the left, thereby rotating the rotor 912 counterclockwise,
drawing the actuator bar 906 to the right so as to open the
gap between the actuator bar 906 and the frame 902 and
thereby open the vanes 904.

Accordingly, the spring rates of springs 922 and 924 will
dictate a predetermined plenum pressure or plenum pressure
range under which the vent 900 will open. In other words,
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for a given pressure range from X to Y bar, the vent 900 will
self-actuate. Below X bar, the vent 900 will not open. Above
Y bar, the vent 900 is fully open and cannot open any further.
In between X and Y bar, however, the % opening of the vent
may continuously vary proportionately to increases and
decreases in plenum pressure.

The spring rates may determine the incremental opening
of the vent 900. For example, the spring rates may be the
same for all vents 900 within a data center. Alternatively,
using modeling or empirical measurements, the selected
spring rates may vary from vent to vent within a data center
in order to correctly balance the plenum pressure therein. In
other words, one vent can be designed to have a different
incremental opening than another vent for the same given
pressure change in the cylinder, just by using different
springs or spring rates. This feature enables the ability to
provide a non-uniform flow pattern within the data center if
necessary. Based on simulation modeling, the effectiveness
of each vent in providing cooling capacity may be different
for identical flow rates in the plenum. Accordingly, regard-
less of what the average plenum pressure may be, a uniform
or non-uniform pressure distribution in the data center can
be created.

As can be appreciated by one skilled in the art, direct
control of the vents 900 using electronic pressure sensors
and controllers are unnecessary with the present embodi-
ment. Accordingly, plenum pressure can be adjusted simply,
automatically, and relatively uniformly using the plurality of
vents 900.

In accordance with an embodiment of the invention, the
cooling requirements within a data center may be analyzed
to substantially optimize the layout of the racks within the
data center. In one respect, the substantial optimization of
the rack layout in the data center may enable the cooling
system of the data center to operate at generally lower
energy and greater efficiency levels by virtue of the reduced
workload placed on the components of the cooling systems,
e.g., compressors, fans, etc. The cooling requirements within
the data center may be analyzed by operation of any rea-
sonably suitable commercially available computational fluid
dynamics (CFD) tool, e.g.,, FLOVENT, a 3-D modeling
software capable of predicting temperature variations based
upon fluid flows. By virtue of the numerical modeling,
various air conditioning units as well as the vents described
hereinabove may be positioned throughout the data center to
substantially control the manner in which the racks receive
the cooling fluid. In addition, the air conditioning units may
also be positioned to substantially maximize and optimize
their performances, e.g., to prevent one or more of the air
conditioning units from being overworked.

In determining the cooling fluid distribution requirement
within the data center, each of the racks may be assigned a
heat load which may correspond to a maximum heat load
predicted for that rack, e.g., through anticipated power draw.
For example, a rack containing 40 subsystems, e.g.,
computers, may have a maximum heat load of 10 KW and
a rack containing 20 subsystems may have a maximum heat
load of 5 KW. By implementing the CFD in this manner, for
example in a data center containing 100 racks and four air
conditioning units, racks having a potential for relatively
larger heat loads may be relatively separately located
throughout the data center. In one respect, therefore, the air
conditioning units within the data center may be operated at
substantially less than maximum power levels and the racks
may receive sufficient amounts of cooling fluid. More
specifically, the power required to operate the air condition-
ing units may be regulated to efficiently cool the fluid
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supplied to the racks by providing substantially only that
amount of cooling fluid necessary to maintain the racks
within normal operating temperatures.

According to another embodiment of the invention, a
CFD tool may be implemented substantially continuously
with the embodiments described hereinabove. More
specifically, the CFD tool may be utilized to substantially
continuously vary the operation of the cooling system to
operate according to the heat loads generated in the racks. In
this regard, the anticipated or actual heat loads (e.g., based
upon the power draw of the components) on the racks may
be inputted into the CFD tool, along with one or more of the
following properties: velocity of the cooling fluid flowing
through various sections of the data center and the distribu-
tion of temperature and pressure of the cooling fluid in the
data center, to determine an optimal manner in which the air
conditioning units may be operated as well as the flow of the
cooling fluid through the vents to adequately cool the racks
based upon an analysis of the data center layout and the heat
loads. The CFD tool may be implemented to produce a
numerical model of the data center to thus determine an
optimized cooling distribution within the data center. A
correlation of one or more of the following properties:
velocity of the cooling fluid flowing through various sec-
tions of the data center, distribution of temperature and
pressure of the cooling fluid in the data center, and the power
draw into the racks, may be created based on the numerical
modeling. The correlation may be used to infer thermal
conditions throughout the data center when only a minimum
number of sensors are available during operation of the
cooling system. In addition, the correlation may substan-
tially reduce the amount of time required for the CFD tool
to perform the computing operations.

Thus, for example, with respect to FIG. 4, at step 410, a
numerical model may be created to analyze an optimal
manner in which the volume flow and/or the velocity of the
cooling fluid may be increased while considering the of
effects plenum pressures and/or of fluid flow from other
racks. In this respect, based upon the analysis, the vent
supplying that rack with cooling fluid and/or another vent
may be caused to vary the volume flow and/or velocity of the
cooling fluid. In addition, at step 412, the numerical model
may be created to determine whether the cooling system
output should be decreased based upon plenum pressures
and/or the heat loads and the fluid flow throughout the data
center. For example, if it is determined that a rack with an
increasing heat load may receive a sufficient amount of
cooling fluid by receiving cooling fluid from a vent gener-
ally away therefrom, the cooling system output may not be
increased. Thus, by implementation of the CFD tool to
generally analyze the fluid flow characteristics and the
temperatures of the racks, the amount of energy required to
sufficiently cool the racks in the data center may be sub-
stantially optimized.

By virtue of certain aspects of the invention, one of
ordinary skill in the art will readily recognize that the
amount of energy, and thus the costs associated with cooling
the racks located within a data center may be substantially
reduced. In one respect, by operating the cooling system to
supply cooling fluid substantially only as needed by the
racks, the cooling system may be operated at a relatively
more efficient manner as compared to conventional cooling
systems.

What has been described and illustrated herein is an
embodiment of the invention along with some of its varia-
tions. The terms, descriptions and figures used herein are set
forth by way of illustration only and are not meant as
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limitations. Those skilled in the art will recognize that many
variations are possible within the spirit and scope of the
invention, which is intended to be defined by the following
claims—and their equivalents—in which all terms are meant
in their broadest reasonable sense unless otherwise indi-
cated.

What is claimed is:

1. A method of controlling cooling fluid pressure within a
plenum and of cooling a plurality of racks in a data center,

22

7. The method according to claim 2, further comprising:

performing a numerical modeling of a pressure distribu-
tion and flow characteristics of the data center; and

modulating said at least one of said plurality of automati-
cally adjustable vents in response to said numerical
modeling.
8. The method according to claim 1, wherein said auto-
matically adjusting step comprises:
providing said plurality of automatically adjustable vents

said method comprising: 10 ; . ;
sefivating 4. doolbng; syatem heving & eooling devie b as a plurality of passively controlled self-compensating
fluid communication with said plenum, said plenum Ve.nts, L . . .
being in fluid communication with a plurality of auto- sensing pressure Wlthm said plenum at said plurality of
matically adjustable vents configured to supply cooling self-compensating vents; and
fluid to said racks; 15 self-adjusting the opening of at least one of said plurality

sensing pressure within said plenum in at least one zone
of said data center; and

automatically actuating at least one of said plurality of
automatically adjustable vents in response to said pres-

of self-compensating vents based on said sensing step.

9. A cooling system for cooling racks in a data center, said
system comprising:

a cooling device for supplying cooling fluid to said racks,

sure within said plenum being outside of a predeter- 20 said cooling device including a fan;

mined pressure range, thereby substantially yielding a a plenum in fluid communication with said fan;

neutral-to-positive airflow at said plurality of automati- a plurality of automatically adjustable vents in fluid

cally adjustable vents and thus substantially balancing communication with said plenum; and

said pressure within said plenum on a zonal basis. — _ means for sensing pressure within said plenum in at least
2' The method acc.o.rdlng to claim 1, said automatically one zone of said data center, said means for sensing

adjusting step comprising: pressure producing output upon which said plurality of

sensing a plurality of cooling fluid pressures at a plurality automatically adjustable vents automatically adjust to

of locations within said plenum, substantially balance the pressure within said plenum.
determining whether pressure differences between said ;5 10. The system according to claim 9, further comprising;:

plurality Of sensed COOHHg fluid PICSSUICS are within a a vent controller operable to control said plurality of

predetermined pressure differential; and automatically adjustable vents, wherein said vent con-
modulating said at least one of said plurality of automati- troller is configured to control said pressure of said

cally adjustable vents in response to said pressure cooling fluid within said plenum; and

differences being outside said predetermined pressure 35 g,id means for sensing pressure comprising a plurality of

differential. . . . pressure sensors, wherein said vent controller is oper-
3. The method according to claim 2, further comprising: able to modulate said plurality of automatically adjust-
determining whether said pressure differences are below able vents in response 1o said sensed pressure.

or equal. to a predetermined maximum negative pres- 11. The system according to claim 10, further comprising:

SHIE-Vallance, . . _. % aplurality of temperature sensors configured to measure
4. The method according to claim 3, further comprising: temperatures of said racks on a local basis, wherein said
modulating said flow volume of said cooling fluid flowing vent controller is configured to control said plurality of

through said at least one of said plurality of automati- automatically adjustable vents in response to said mea-

cally adjustable vents to positively influence said pres- sured temperatures of said racks.

45

sure differences in response to said pressure differences
falling below or equaling said predetermined maximum
negative pressure variance; and

modulating said flow volume of said cooling fluid flowing
through said at least one of said plurality of automati-
cally adjustable vents to negatively influence said pres-
sure differences in response to said pressure differences
being above said predetermined maximum negative
pressure variance.

5. The method according to claim 2, further comprising:

50

12. The system according to claim 11, wherein said vent
controller is operable to independently control said plurality
of automatically adjustable vents on the basis of an antici-
pated amount of heat generation by said racks.

13. The system according to claim 10, wherein said
plurality of automatically adjustable vents comprises a plu-
rality of actively controlled vents, said actively controlled
vents being controlled by said vent controller.

14. The system according to claim 13, wherein said
plurality of actively controlled vents comprises:

sensing temperatures of said racks on a local basis; S plurality of louvered vanes comprising a primary vane
determining whether said temperatures are within a pre- and a plurality of secondary vanes;
determined temperature range; and a transfer bar pivotably connecting said plurality of lou-
locally varying said supply of cooling fluid to said racks vered vanes; and
in response to said temperatures falling outside of said 55 a motor having a driveshaft rigidly connected to said
predetermined temperature range. primary vane, said motor in communication with said
6. The method according to claim 5, further comprising at vent controller, wherein said motor is configured to
least one of: rotate said driveshaft to pivot said primary vane and
decreasing said supply of cooling fluid to at least one rack thereby cause said transfer bar to translate and thus
having a relatively lower temperature; and 65 induce said plurality of secondary vanes to pivot.

increasing said supply of cooling fluid to at least one rack
having a relatively higher temperature.

15. The system according to claim 13, wherein said
plurality of actively controlled vents comprises:
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a plurality of stationary slats having spaces therebetween;

a plurality of moveable interconnected slats having spaces
therebetween and being positioned behind said station-
ary slats;

24

a motor having a driveshaft rigidly connected to said
primary vane, said motor in communication with said
vent controller, wherein said motor is configured to
rotate said driveshaft to pivot said primary vane and

a drive link connected to at least one of said plurality of 3 Fhereby causc Salc,i transfer bar to translate gnd thus
moveable interconnected slats: induce said plurality of secondary vanes to pivot.
lead hreaded th b . d drive Tink: and 22. The system according to claim 20, wherein said

4 Jead.serew threadec ¢ Ijoug said dnve 19 > an ) plurality of actively controlled vents comprises:

a motor Co,nneCt?d £ ssaid, Jead isereny agd n communt- a plurality of stationary slats having spaces therebetween;
cation with said vent controller, wherein said motor is g lurality of blei d slats havi
configured to rotate said lead screw to translate said a plurality of moveable Interconnected slats having spaces
Glftvie il bauls mndl Forth i, herehy sause said phe therebetween and being positioned behind said station-
rality of moveable interconnected slats to translate and ar.y Sle}tS; . .
thus open and close off said spaces of said plurality of a drive link connected to at least one of said plurality of
stationary slats - moveable interconnected slats;

16. The system according to claim 13, wherein said a lead screw threaded through said drive link; and

plurality of actively controlled vents comprises: a motor connected to said lead screw and in communi-

a housing having a plurality of sector-shaped openings cation with said vent controller, wherein said motor is
therein; configured to rotate said lead screw to translate said

a disk having a plurality of sector-shaped vanes and a 20 drlye link back anq forth and thereby cause said plu-
plurality of spaces therebetween, said disk being rality of moveable interconnected slats to translate and
mounted within said housing; and ’ thus open and close off said spaces of said plurality of

a motor mounted to said housing, said motor having a stationary slats: . . . .
dri S : . 23. The system according to claim 20, wherein said

riveshaft extending into said housing and centrally turality of activelv controlled vents comprises:

through said disk, wherein said motor is configured to 25 P ¥ . . y ) P ’ .

rotate said driveshaft and said disk to open and close off a housmg having a plurality of sector-shaped openings

said plurality of sector-shaped openings of said housing tt.lerem, . .

with said sector-shaped vanes of said disk. a disk having a plurality of sector-shaped vanes and a

17. The system according to claim 9, wherein said means plurality Of spaces therf?between, said disk being

for sensing pressure comprises a spring-biased piston, 39 mounted within said housing; and
wherein said spring-biased piston is displaced upon expo- a motor mounted to said housing, said motor having a
sure to plenum pressure forces that exceed a spring-bias driveshaft extending into said housing and centrally
foree of said spring-biased piston. through said disk, wherein said motor is configured to

18. The system according to claim 17, wherein said rotate said driveshaft and said disk to open and close off

Yy g ) P
plurality of automatically adjustable vents comprises an 3° said plurality of sector-shaped openings of said housing
actuator bar connected to a tie rod connected to a rotor, said with said sector-shaped vanes of said disk.
rotor being connected to a second tie rod connected to said 24. The system according to claim 19, further comprising:
spring-biased piston, wherein said spring-biased piston is means for locally sensing temperatures within said data
displaceable from a home position toward a distal position center;
to rotate sa}id rotor and Qisplace .said actuator bar, wherein 4°  cans for determining whether said temperatures are
se}ld plurality of automatically ad]ustab%e vents are normally within a predetermined temperature range; and
ble}(sied.closed Zy aFdleast one sgrmg acting on at least one of means for locally varying said supply of cooling fluid in
SEIL. pISLoN Auc. Suid ACHEAIOL BAT. . L response to said temperatures falling outside of said

19. A system for. controlling coohng fluid pressure within i predetermined temperature range.

a plegum ofa COOIH_ldg system for cothg a plurality of racks 25. The system according to claim 24, further comprising
n a data center, §a1 : syste@ comprlsmg. . . at least one of:

means for. act1ve}t1ng said .coohng. sys}em, .sald coohng means for decreasing said supply of cooling fluid to at
systein 1r.1clud1.ng a cooling device in fluid communi- least one rack having a relatively lower temperature;
cation with said plenum; © and

means for sensing pressure in at least one zone of said means for increasing said supply of cooling fluid to at
data center within said plenum; and least one rack having a relatively higher temperature.

means for actuating at least one of a plurality of auto- 26. The system according to claim 19, further comprising:
matically adjustable vents in response to said pressure means for performing a numerical modeling of a pressure
within said plenum being outside of a predetermined g5 distribution and flow characteristics of the data center;
pressure range to substantially yield a neutral-to- and
positive airflow at said plurality of automatically means for modulating said plurality of automatically
adjustable vents. . . . . adjustable vents in response to said numerical model-

20. The system according to claim 19, wherein said ing.

plurality of automatically adjustable vents comprise a plu- 5 27 The system according to claim 19, wherein said

rality of actively controlled vents.
21. The system according to claim 20, wherein said
plurality of actively controlled vents comprises:
a plurality of louvered vanes comprising a primary vane
and a plurality of secondary vanes;
a transfer bar pivotably connecting said plurality of lou-
vered vanes; and

65

plurality of automatically adjustable vents comprises a plu-
rality of passively controlled self-compensating vents.

28. The system according to claim 27, wherein said means
for sensing pressure comprises a spring-biased piston,
wherein said spring-biased piston is displaced upon expo-
sure to plenum pressure forces that exceed a spring-bias
force of said spring-biased piston.
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29. The system according to claim 28, wherein said
plurality of passively controlled self-compensating vents
comprises an actuator bar connected to a tie rod connected
to a rotor, said rotor being connected to a second tie rod
connected to said spring-biased piston, wherein said spring-
biased piston is displaceable from a home position toward a

26

distal position to rotate said rotor and displace said actuator
bar, wherein said plurality of automatically adjustable vents
are normally biased closed by at least one spring acting on
at least one of said piston and said actuator bar.

E LI
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