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I'T EQUIPMENT COOLING

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

RELATED APPLICATIONS

This reissue application claims priority to U.S. Pat. No.
7,418,825 which was a divisional application [claims] of and
claimed prionty to U.S. application Ser. No. 10/993,329, filed

Nov. 19,2004, now U.S. Pat. No. 7,165,412, each of which 1s
incorporated by reference 1n its entirety.

BACKGROUND

Communications and information technology equipment
1s commonly designed for mounting to racks and for housing
within enclosures (often included in the term “rack™). Equip-
ment racks are used to contain and to arrange communica-
tions and information technology equipment, such as servers,
CPUs, internetworking equipment and storage devices, 1n
small wiring closets as well as equipment rooms and large
data centers. An equipment rack can be an open configuration
and can be housed within a rack enclosure, although the
enclosure may be included when referring to a rack. A stan-
dard rack typically includes front-mounting rails to which
multiple units of equipment, such as servers and CPUs, are
mounted and stacked vertically within the rack. The equip-
ment capacity of a standard rack relates to the height of the
mounting rails. The height 1s set at a standard 1increment of
1.75 inches, which 1s expressed as “U” units or the “U” height
capacity of a rack. A typical U height or value of a rack 1s 42
U, and an exemplary industry standard rack 1s about six to
s1x-and-a-half feet high, by about 24 inches wide, by about 40
inches deep. A standard rack at any given time can be sparsely
or densely populated with a variety of different components
as well as with components from different manufacturers.

Most rack-mounted commumnications and information
technology equipment consumes electrical power and gener-
ates heat. Heat produced by rack-mounted equipment can
have adverse effects on the performance, reliability and use-
tul life of the equipment components. In particular, rack-
mounted equipment housed within an enclosure 1s particu-
larly vulnerable to heat build-up and hot spots produced
within the confines of the enclosure during operation. The
amount ol heat generated by a rack of equipment 1s dependent
on the amount of electrical power drawn by equipment in the
rack during operation. Heat output of a rack can vary from a
tew watts per U of rack capacity up to about 950 watts per U
(with this upper end continuing to rise), depending on the
number and the type of components mounted to the rack.
Also, users of communications and information technology
equipment add, remove, and rearrange rack-mounted compo-
nents as their needs change and new needs develop. The
amount ol heat a given rack or enclosure can generate, there-
fore, can vary considerably from a few tens of watts up to
about 40,000 watts, and this upper end continues to increase.

Rack-mounted equipment typically cools itself by drawing
air along a front side or air inlet side of a rack, drawing air
through its components, and subsequently exhausting air
from a rear or vent side of the rack. Airtlow requirements to
provide sufficient air for cooling can vary considerably as a
result of different numbers and types of rack-mounted com-
ponents and different configurations of racks and enclosures.
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Equipment rooms and data centers are typically equipped
with an air conditioning or cooling system that supplies and
circulates cool air to racks. Many air conditioning or cooling
systems, such as the system disclosed in U.S. Pat. No. 6,494,
050, use an equipment room or data center that has a raised
floor construction to facilitate air conditioning and circulation
functions. These systems typically use open floor tiles and
floor grills or vents to deliver cool air from an air passageway
disposed below the raised tloor of an equipment room. Open
floor tiles and tloor grills or vents are typically located 1n front
of equipment racks, and along aisles between rows of racks
arranged side-by-side.

The cooling systems and methods that use a raised tloor
construction typically do not efficiently meet the cooling
requirements of rack-mounted equipment. In particular, racks
that include high-power equipment having a thermal exhaust
air output above 5,000 watts and up to 14,000 watts present a
particular challenge for such systems and methods. A raised
floor construction typically provides an open floor tile or a
floor grill or vent having a venting area of about 12 by 12
inches and 1s configured to deliver from about 200 cim to
about 500 cim of cool air. A rack of high-power equipment
drawing up to 10,000 watts and requiring an air flow of
approximately 1,800 cim, therefore, would need about 3.5 to
about 5 open floor tiles, grills or vents disposed around the
rack’s perimeter to supply suilicient cool air to meet 1ts cool-
ing requirements, with a 14 kW rack using up to about 2,240
CFM or about 4.5 to about 11.2 floor tiles. Such a floor
configuration would be difficult to achieve 1n equipment
moms crowded with racks, and impossible to implement 1
racks are arranged side-by-side 1n rows. Air cooling systems
and methods that incorporate raised floor configurations,
thus, are typically only used with racks spaced apart to pro-
vide sullicient floor area to accommodate multiple open floor
tiles, grills or vents. For typical rack spacing, this places a
limit on the density of equipment that can be achieved. When
a raised floor 1s not used, distributing cool air from one or
more centralized air conditioning systems 1s even more dif-
ficult, as the cool air typically 1s distributed across a room
containing rows of racks.

Equipment rooms and data centers are often reconfigured
to meet new and/or different equipment needs that require
individual racks to be relocated and/or replaced. In this con-
text, raised floor air cooling systems and methods are inflex-
ible and can typically only be reconfigured and/or retrofitted
to service rearranged, relocated and/or newly 1nstalled equip-
ment racks at considerable cost. Raised tloor configurations
cannot easily and inexpensively accommodate the manner by
which users typically deploy equipment racks and reconfig-
ure equipment rooms and data centers to meet their new or
changing needs.

In addition, cooling systems and methods that use raised
tfloor construction lack physical flexibility and portability to
operatively account for a wide variation 1n electrical power
consumption between different racks 1n an equipment room,
and, 1n particular, between racks and enclosures located in the
same row. Cooling systems and methods that rely upon raised
floor air passageways and open floor tiles, grills or vents to
supply cool air may not be able to easily and inexpensively
vary or concentrate cool air to those high power racks that
consume relatively large amounts of electrical power and
have a high thermal air exhaust output. In addition, newly
installed equipment may draw more electrical power than
replaced or existing equipment that may lead to thermal prob-
lem areas 1n functioning equipment rooms.

Further, with existing air conditioning solutions, hot spots
can develop 1n a room due to a lack of proper recirculation of
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exhaust air from racks to the return side of a room air condi-
tioner. This can cause racks to undesirably draw warm air into

the racks. To attempt to overcome air circulation problems,
many room air conditioners are designed to provide very cool
air ol approximately 58° F. and receive return air having a
typical temperature of approximately 78° F. With an output
air temperature of 58° F., 1t 1s oiten necessary to add a humadi-
fication system to increase moisture 1n the air in a data center
due to the high level of dehumidification created as a byprod-
uct of over cooling the air. Such humidification systems can
be expensive to 1nstall and operate.

SUMMARY

In general, 1n an aspect, the invention provides a system for
cooling gas heated by passing the gas over heat-producing
equipment to cool the equipment, the system comprising a
heat exchanger including a first heat transfer mechanism con-
figured to transier heat from the heated gas to a first coolant,
a first condensing module connected for fluid communication
with the heat exchanger and including second and third heat
transier mechamsms, the first condensing module being con-
figured to transfer heat through the second and third heat
transier mechanisms from the first coolant to second and third
coolants 1n the second and third heat transtfer mechanisms,
respectively, the first condensing module comprising: a first
cooling subsystem including the first heat transfer mecha-
nism and being configured to receive heated vapor phase first
coolant and to transfer heat from the first coolant to the second
coolant 1n the first heat transfer mechanism to cool and con-
dense the heated first coolant; and a second cooling sub-
system including the second heat transfer mechanism and
being configured to recerve heated vapor phase first coolant
and to transfer heat from the first coolant to the third coolant
in the second heat transfer mechanism to cool and condense
the heated first coolant, the system further comprising at least
one processor electrically coupled to the first condensing
module and configured to control which of the first and sec-
ond cooling subsystems cools and condenses the first coolant,
and a distribution arrangement connected for fluid commu-
nication with the first condensing module and the heat
exchanger and configured to transter the first coolant from the
first condensing module to the heat exchanger.

Implementations of the invention may include one or more
of the following features. The at least one processor 1s con-
figured to actuate the second cooling subsystem for cooling
the heated first coolant if the first cooling subsystem 1s 1nop-
erable, and the system further comprises an umnterruptible
power supply, including a battery, coupled to the second
cooling subsystem to provide battery power to the second
cooling subsystem. The system further comprises a backup
condensing module that 1s connected for fluid communica-
tion with the second cooling subsystem and that comprises an
ice storage tank. The backup condensing module 1s config-
ured to receive third coolant from the second cooling sub-
system and to transfer heat between the third coolant and
water 1n the 1ce storage tank to cool the third coolant 11 the
water 1s cooler than the recetved third coolant, and to cool the
water 1f the recerved third coolant 1s cooler than the water. The
at least one processor 1s configured to control operation of the
first and second cooling subsystems such that: if the first
cooling subsystem 1s operational and it 1s currently desired to
form 1ce 1n the backup cooling subsystem, then the second
cooling subsystem 1s actuated to subcool the third coolant
below 32° F. and to provide the subcooled third coolant to the
backup condensing module; and if the first cooling subsystem
1s non-operational and the second cooling subsystem 1is
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operational, then the second cooling subsystem 1s actuated to
cool the third coolant using the i1ce 1n the backup cooling
subsystem and to cool the first coolant using the third coolant
that 1s cooled by the i1ce. The at least one processor 1s config-
ured to cause the second cooling subsystem to be actuated to
subcool the third coolant only 11 the first cooling subsystem,
in combination with other condensing modules 11 any, 1s able
to supply cooling of the first coolant 1n excess of a demand for
cooling of the first coolant. The at least one processor 1s
configured to cause the second cooling subsystem to be actu-
ated to subcool the third coolant only if the first cooling
subsystem, 1n combination with other condensing modules 11
any, 1s able to cool the first coolant 1n excess of a maximum
anticipated demand for cooling of the first coolant. The sys-
tem comprises at least one condensing module 1n addition to
the first condensing module, and wherein the at least one
processor 1s configured to cause the second cooling sub-
system of the first condensing module to be actuated to sub-
cool the third coolant only 1f the at least one condensing 1n
addition to the first condensing module 1s able to supply
cooling of the first coolant in excess of a maximum antici-
pated demand for cooling of the first coolant. The backup
cooling subsystem comprises multiple i1ce storage tanks and
wherein the at least one processor 1s configured to determine
that 1t 1s undesirable to form 1ce 1n the backup cooling sub-
system 1f all of the ice storage tanks are considered full of 1ce.

Implementations of the invention may also include one or
more of the following features. The at least one processor 1s
configured to control the first and second cooling subsystems
and the distribution arrangement such that the first coolant 1s
provided to the heat exchangers at a desired temperature and
pressure. The at least one processor 1s configured to control
the first and second cooling subsystem and the distribution
arrangement such that the third coolant 1s provided to the heat
exchangers at a desired, constant temperature with different
amounts of the third coolant 1n the system.

In general, 1n another aspect, the invention provides a sys-
tem for cooling gas heated by passing the gas over heat-
producing equipment to cool the equipment, the system com-
prising a heat exchanger section comprising a heat exchanger
configured to receive a first coolant and to transfer heat from
the heated gas to the first coolant, a cooling subsystem con-
figured to recerve heated first coolant from the heat exchanger
and to cool the heated first coolant, a distribution arrangement
connected to the heat exchanger and the cooling subsystem
and configured to transfer the cooled first coolant from the
cooling subsystem to the heat exchanger and to transier the
heated first coolant from the heat exchanger to the cooling
subsystem, and at least one processor coupled to the cooling
subsystem, the heat exchanger section, and the distribution
arrangement and configured to: determine a dew point of the
gas associated with the heat exchanger; monitor a physical
characteristic of the first coolant relevant to saturation of the
first coolant; and control supply of the first coolant to the heat
exchanger such that a combination of temperature and pres-
sure of the first coolant entering the heat exchanger put the
first coolant at a saturation point of the first coolant with a first
coolant temperatures being above the determined dew point
temperature.

Implementations of the invention may include one or more
of the following features. The cooling subsystem further
comprises a lirst coolant temperature sensor and a first cool-
ant pressure sensor configured to momtor temperature and
pressure of the first coolant exiting the cooling subsystem, the
at least one processor being coupled to the first coolant tem-
perature sensor and the first coolant pressure sensor and con-
figured to regulate the cooling subsystem such that the tem-
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perature and pressure of the first coolant exiting the cooling
subsystem are at desired levels. The heat exchanger section
includes multiple heat exchangers and the at least one pro-
cessor 1s configured to: determine respective dew points of the
gas 1n respective vicinities of each of the heat exchangers;
monitor the physical characteristic of the first coolant near an
entrance to each of the heat exchangers; and control supply of
the first coolant to the heat exchangers such that combinations
of temperature and pressure of the first coolant entering
respective ones of the heat exchangers put the first coolant at
saturation points of the first coolant with respective first cool-
ant temperatures being above respective determined dew
point temperatures. The system further comprises a heat
exchanger temperature (HET) sensor and a heat exchanger
humidity (HEH) sensor configured to monitor a temperature
and a humidity of the heated gas disposed adjacent to the heat
exchanger, the at least one processor being coupled to the
HET sensor and to the HEH sensor and being configured to
use temperature and humidity indicia from the HE'T and HEH
sensors to determine the at least one dew point.

In general, 1n another aspect, the invention provides an 1ce
storage system comprising an equipment rack housing of
industry-standard dimensions for housing rack-mountable
information technology equipment, an 1ce storage tank com-
prising: a tank housing configured to provide a reservoir for
holding water; a heat exchanger disposed 1n the tank housing,
and configured to convey coolant and to transfer heat between
the water and the coolant; and a level indicator configured to
monitor and provide a first indication of a level of water in the
reservolr, the system further comprising an input line, dis-
posed through the equipment rack housing, configured to
receive the coolant and being coupled to an input of the heat
exchanger, and an output line, disposed through the equip-
ment rack housing, configured to convey the coolant from the
equipment rack and being coupled to an output of the heat
exchanger, where the 1ce storage tank 1s disposed inside the
equipment rack housing.

Implementations of the mnvention may include one or more
of the following features. The system comprises multiple ice
storage tanks and each 1ce storage tank includes at least one
shutoif valve configured to selectively inhibit the coolant
from flowing through the heat exchanger i response to a
second 1ndication that an amount of ice 1n the corresponding
reservoir 1s above a threshold amount. The system comprises
multiple ice storage tanks and three ice storage tanks are
disposed 1n the equipment rack housing.

In general, 1n another aspect, the imvention provides a sys-
tem for cooling gas heated by passing the gas over heat-
producing equipment to cool the equipment, the system com-
prising a heat exchanger configured to receive a first coolant
and to transier heat from the heated gas to the first coolant, a
cooling apparatus that includes a heat transter mechanism
and that provides a chamber, the heat transter mechanism
being configured to transier heat from the first coolant dis-
posed i the chamber to a second coolant disposed in the heat
transfer mechanism, a first shutoff valve connected to an
output of the cooling apparatus for receiving the first coolant
and connected to an input of the heat exchanger to selectively
permit flow of the first coolant from the cooling apparatus to
the heat exchanger, a second shutoil valve connected to an
output of the heat exchanger and connected to an input of the
cooling apparatus to selectively permit flow of the first cool-
ant from the heat exchanger toward the cooling apparatus, a
third shutoil valve coupled to the heat exchanger, and a pump
arrangement connected to the third shutotl valve and config-
ured to draw gas and the first coolant through the third shutoff
valve from the heat exchanger.
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Implementations of the invention may include one or more
of the following features. The pump arrangement 1s config-
ured to vent the drawn gas to a region external to the system.
The pump arrangement 1s further connected to the cooling
apparatus and 1s configured to convey the drawn first coolant
to the cooling apparatus. The system comprises first, second,
and third shutoif valves connected to the output of the cooling
apparatus, the mput of the cooling apparatus, and the pump
arrangement, respectively, the system further comprising a
processor coupled to the first, second, and third shutoil valves
and to the pump arrangement, the processor being configured
to control the shutoil valves and the pump arrangement such
that: in response to an indication to add a new heat exchanger
to the system with the new heat exchanger being coupled to a
set of the first, second, and third shutoil valves, the processor
will cause the first and second shutoil valves of the set to be
closed, the third shutoil valve of the set to be opened, the
pump arrangement to draw gas from the new heat exchanger
until a desired pressure 1s attained in the new heat exchanger
and then the processor will cause the third shutoif valve of the
set to be closed, and the first and second shutoif valves of the
set to be opened; and 1n response to an 1indication to remove a
certain heat exchanger from the system with the certain heat
exchanger being coupled to the set of the first, second, and
third shutoil valves, the processor will cause the first and
second shutoff valves of the set to be closed, the third shutoif
valve of the set to be opened, the pump arrangement to draw
the first coolant from the certain heat exchanger until a
desired pressure 1s attained 1n the certain heat exchanger and
then the processor will cause the third shutoif valve of the set
to be closed, and the first and second shutoff valves of the set
to be opened.

In general, 1n another aspect, the invention provides a sys-
tem for cooling gas heated by passing the gas over heat-
producing equipment to cool the equipment, the system com-
prising a condenser including a plurality of heat transier
clements, a heat exchanger configured to recerve a first cool-
ant from the condenser, to transier heat from the heated gas to
the first coolant, and to supply the heated first coolant to the
condenser, a pump arrangement coupled to the condenser and
the heat exchanger and configured to pump the first coolant
from the condenser to the heat exchangers, and cooling means
for transferring heat from the first coolant through at least one
of a plurality of heat transier elements into at least one of a
second coolant and a third coolant.

Implementations of the invention may include one or more
of the following features. The cooling means 1s configured to
select between which one of the second coolant and the third
coolant to use to cool the first coolant. The cooling means
includes primary cooling means for cooling the second cool-
ant, and backup means for cooling the third coolant. The
system backup means comprises an ice storage tank, the
primary means 1s configured to cool the third coolant, and the
cooling means 1s configured to direct the third coolant cooled
by the primary means to the backup means to freeze water
stored in the ice storage tank. The cooling means 1s configured
to regulate amounts of the second coolant provided to the
condenser to control at least a temperature of the first coolant
pumped from the condenser. The system further comprises
pump regulator means for regulating the pump arrangement
to control pressure of the first coolant such that the first
coolant entering the heat exchanger will be at saturation while
a temperature of the first coolant entering the heat exchanger
1s above a dew point temperature of the heated gas 1n a
vicinity of the heat exchanger.

In general, 1n another aspect, the invention provides a
method of cooling information technology equipment using a
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heat exchanger, the method comprising sensing a humidity of
gas 1n a vicimty of the heat exchanger, sensing a gas tempera-
ture of the gas 1n the vicinity of the heat exchanger, determin-
ing, from the humidity and the gas temperature, a dew point
temperature of the gas 1n the vicinity of the heat exchanger,
determining a saturation point combination of saturation
coolant temperature and saturation coolant pressure for a
coolant to be supplied to the heat exchanger such that the
saturation coolant temperature 1s above the dew point tem-
perature and the coolant 1s saturated, and supplying the cool-
ant to the heat exchanger such that the coolant has the deter-
mined combination of saturation coolant temperature and
saturation coolant pressure entering the heat exchanger.

Implementations of the invention may include one or more
of the following features. Supplying the coolant includes
adjusting cooling of the coolant such that the temperature of
the coolant entering the heat exchanger 1s at about the satu-
ration coolant temperature.

In general, 1n another aspect, the invention provides a sys-
tem for cooling gas heated by heat-producing electronic
equipment, the system comprising a heat exchanger config-
ured to transier heat from the heated gas to a first coolant, a
first cooling module connected for fluid communication with
the heat exchanger and including a first condenser configured
to cool and condense incoming first coolant from vapor to

liquid, the first cooling module being configured to transier
heat from the first coolant to a second coolant to cool the first
coolant. a second cooling module connected for fluid com-
munication with the heat exchangers and including a second
condenser configured to cool and condense incoming {first
coolant from vapor to liquid, the first cooling module being
configured to transier heat from the first coolant to a third
coolant to cool the first coolant, and a condenser-charge con-
troller-configured to regulate a first coolant liquid level 1n the
first condenser.

Implementations of the invention may include one or more
of the following features. The condenser-charge controller
comprises first and second condenser-charge controller sub-
systems connected and configured to control liquid levels 1n
the first and second condensers, respectively. The first and
second subsystems each include a liquid level sensor config-
ured to determine a liquad level in the respective condenser, a
pump, and a controller coupled to the pump and the hiquid
level sensor and configured to regulate the pump to atifect the
corresponding liquid level. The liquid level sensor 1s a pres-
sure differential sensor and the cooling module includes a
coolant container connected to the condenser and the pump
and the liquid level sensor 1s connected to the coolant con-
tainer to determine the liquid level 1 the coolant container,
the liquid level 1n the coolant container being related to the
liquid level of the condenser. The first and second cooling
modules turther comprise a container connected to the con-
denser and configured to store the first coolant, a pump con-
nected to the container and configured to pump the first cool-
ant from the container, a purge mechanism connected to the
pump, a purge controller coupled to the purge mechanism and
configured to actuate the purge mechanism to purge at least
some of the first coolant pumped by the pump, a fill mecha-
nism connected to the container, and a fill controller coupled
to the fill mechanism and configured to actuate the fill mecha-
nism to supply liquid first coolant to the container. The purge
controller 1s configured to actuate the purge mechanism 11 the
pump 1s operating at about full capacity and the liquid level of
the container rises above an upper threshold level and/or more
than a first threshold amount. The fill controller 1s configured
to actuate the fill mechanism 1f the pump 1s operating at about
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minimum capacity and the liquid level of the container drops
below a lower threshold level and/or more than a second
threshold amount.

In general, 1n another aspect, the invention provides a data
center cooling system comprising equipment racks config-
ured to house data center equipment, the racks being arranged
in rows such that equipment disposed in the racks will vent
hot air into an aisle defined between the rows of racks, and a
heat exchanger unit including s heat exchanger configured to
draw 1n and cool air from the aisle, the heat exchanger unit
including: a housing configured to contain the heat
exchanger, and a mounting apparatus connected to the hous-
ing and to at least one rack, the mounting apparatus config-
ured such that the heat exchanger 1s disposed at least partially
vertically aligned with the aisle.

Implementations of the invention may include one or more
of the following features. The mounting apparatus 1s config-
ured such that the heat exchanger 1s disposed at least partially
directly over the aisle. The mounting apparatus 1s configured
such that the heat exchanger 1s disposed substantially entirely
directly over the aisle. The mounting apparatus 1s configured
to connect to at least one rack 1n each of two different rows of
the equipment racks such that the heat exchanger umit
straddles the aisle.

In general, 1n another aspect, the invention provides a sys-
tem for cooling gas heated by passing the gas over heat-
producing equipment to cool the equipment, the system com-
prising a heat exchanger including a heat exchanger heat
transfer mechanism configured to transfer heat from the
heated gas to a heat exchanger coolant, a first condensing
module connected for fluild communication with the heat
exchanger and including a first heat transfer mechanism, the
first condensing module being configured to transier heat
through the first heat transifer mechanism from the heat
exchanger coolant to a first coolant in the first heat transfer
mechanism, and a second condensing module connected for
fluid communication with the heat exchanger and including a
second heat transfer mechanism, the second condensing
module being configured to transier heat through the second
heat transfer mechanism from the heat exchanger coolant to a
second coolant 1n the second heat transfer mechanism.

Implementations of the invention may include one or more
of the following features. The first and second condensing
modules are coupled 1n parallel through a single coolant loop
to the heat exchanger. The system further comprises a pro-
cessor coupled to the first and second condensing modules
and configured to assign a cooling task to each of the con-
densing modules based upon expected cooling demand for
the heat exchanger coolant and cooling capacities providable
by at least the first and second condensing modules. The
processor 1s configured to assign the first condensing module
as a primary module for cooling the heat exchanger coolant,
to assign the second condensing module as a lag module, for
cooling the heat exchanger coolant, 11 the expected cooling
demand exceeds a cooling capacity providable by the first
condensing module, and to assign the second condensing
module as a redundant module 1f the cooling capacity of the
first condensing module plus the cooling capacity of any lag
condensing modules 1s at least as great as the expected cool-
ing demand, the redundant module being designated for use
in cooling a backup refrigerant 1f the primary module and any
lag modules are operational and for cooling the heat
exchanger coolant 1f the primary module or any lag modules
are not operational. The primary condensing module 1s used
to cool the heat exchanger coolant unless the primary con-
densing module 1s 1noperative, the lag module, 1f any, 1s used
to cool the heat exchanger coolant if the cooling demand
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exceeds the cooling capacity of the primary module and any
other lag module, and the redundant module, 11 any, 1s used to

cool the heat exchanger coolant 1f any of the primary and lag,
i any, modules 1s inoperative and the cooling demand
exceeds the cooling capacity of the operative primary and lag,
if any, modules, and 1s used to produce 1ce 1f the cooling
capacity of the operative primary and lag, 1f any, modules at
he cooling demand.

least meets t

Implementations of the invention may also include one or
more of the following features. The system 1s configured to
use excess cooling capacity of the second condensing module
to produce 1ce for use 1n cooling the heat exchanger coolant 1T
the first condensing module 1s moperative. The second heat
transfer mechanism 1s further configured to transfer heat
through the second heat transfer mechanism from the heat
exchanger coolant to a third coolant 1n the second heat trans-
fer mechamism. The system further comprises an 1ce storage
tank connected to the second heat transfer mechanism, where
the second condensing module includes a battery and a pump
connected to the battery and the ice storage tank, and where
the battery can be used to power the pump to circulate the
third coolant between the second heat transfer mechanmism
and the 1ce storage tank to cool the third coolant with the ice
and to cool the heat exchanger coolant with the third coolant.
The first and second condensing modules each have a cooling
capacity that 1s no greater than an expected cooling demand
for the heat exchanger coolant. The first and second condens-
ing modules each have a cooling capacity that 1s at least as
great as an expected cooling demand for the heat exchanger
coolant.

Various aspects of the invention may provide one or more
of the following advantages. A highly-available, fault-toler-
ant I'T cooling system may be provided. Heat exchanger mod-
ules can be easily added and/or removed from a cooling
system. Varying cooling needs can be accommodated. A
multi-vector cooling system may be provided. Three, and
possibly more, subsystems can be provided and selectively
used to cool coolant for cooling hot equipment exhaust gases.
Equipment can be cooled during power failures using battery
power and thermal ice storage. Applications of high-densities
ol heat-producing equipment can be supported. Hot equip-
ment exhaust gas can be cooled efficiently. Hot equipment
exhaust gas can be cooled without substantially mixing the
hot exhaust gas with cooler ambient gas. Heat-producing
equipment can be cooled without introducing moisture to
cooled exhaust gas. Load changes of heat-producing equip-
ment, e.g., 1 heat produced by a particular piece of equip-
ment, a change 1n number of pieces of equipment, and/or a
change i1n location of equipment, can be accommodated.
High-density cooling can be provided, e.g., for high-density
equipment mstallations. Cooling capacity demand increases
(e.g., mcremental increases) can be accommodated. Cooling
capacity can be modulated to better match thermal require-
ments. N+1 redundancy can be provided.

These and other advantages of the invention, along with the
invention 1itself, will be more fully understood after a review
ol the following figures, detailed description, and claims.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s a simplified block diagram of a cooling system
according to the mvention.

FI1G. 2 1s a simplified diagram of a cooling module of the
system shown in FIG. 1.

FIG. 3 1s a simplified diagram of a coolant distribution
section and a portion of a cooling module of the system shown

in FIG. 1.
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FIG. 4 1s a simplified diagram of a heat exchanger module
section of the system shown in FIG. 1.

FIG. 5 1s a simplified diagram of a backup coolant cooling
section of the system shown in FIG. 1.

FIG. 6 15 a block flow diagram of a process of selecting a
cooling mechanism for cooling coolant for use 1n cooling IT
equipment using the system shown 1n FIG. 1.

FIG. 7 1s a block flow diagram of a process of cooling I'T
equipment using the cooling module as shown 1n FIG. 2, the
coolant distribution section shown 1n FIG. 3, and the heat
exchanger module section shown 1n FIG. 4.

FIG. 8 1s a block flow diagram of a process of cooling
primary coolant using portions of the cooling module shown
in FIG. 2.

FIG. 9 1s a block flow diagram of a process of making 1ce
for backup cooling of coolant using the cooling module
shown 1n FI1G. 2 and the backup cooling section shown 1n FIG.
5.

FIG. 10 1s a block flow diagram of a process of cooling
secondary coolant using the backup coolant cooling section
shown 1n FIG. §.

FIG. 11 1s a block flow diagram of a process of adding a
heat exchanger module to the heat exchanger module section
shown 1n FIG. 4.

FIG. 12 1s a simplified diagram of portions of the system
shown 1n FIG. 1 for adding/removing heat exchanger mod-
ules.

FIG. 13 1s a block flow diagram of a process of removing a
heat exchanger module from the heat exchanger module sec-
tion shown 1n FIG. 4.

FIG. 14 1s simplified top view of an exemplary mechanical
layout of the system shown 1n FIG. 1.

FIG. 15 15 a block flow diagram of a process of assigning,
duties to cooling modules of the system shown 1n FIG. 1.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Embodiments of the invention provide techniques for cool-
ing I'T (Information Technology) equipment 1in the data center
environment. Exemplary embodiments of the invention
include one or more main condensing modules, a coolant
distribution section, a heat exchanger module section, and a
backup coolant section. The coolant distribution section
includes a bulk storage tank, an evacuation/recovery pump, a
manifold and hoses. The condensing modules section sends
cool liquid to the heat exchanger module section by means of
the distribution section, where the liquid 1s evaporated, vapor
phase, 1nto gas by hot air from the I'T equipment, and the
vapor coolant 1s returned to the main condensing module(s).
At the main condensing module(s), a primary cooling portion
cools the heated vapor coolant back into a liquid for supply to
the heat exchanger module section by the distribution section.
In the case of a failure to one of the primary condensing
modules, a secondary condensing module can cool and con-
dense the heated vapor coolant 11 power has not failed to the
system. IT power has failed to the system, the backup coolant
section that includes several ice storage tanks can continue to
cool, without using high power consumption vapor compres-
sion systems, the heated coolant from the heat exchange
module section for the duration of battery life or depletion of
ice storage of the system. Other embodiments are within the
scope of the invention.

Referring to FIG. 1, an I'T cooling system 10 includes main
condensing modules 12, a processor 13, a backup section 14,
a coolant distribution and storage section 16, and a heat
exchanger (HE) module section 18. While three condensing
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modules 12 are shown in FIG. 1, other quantities of the
modules 12 (e.g., one or two) may be used. The system 10 1s
configured to cool hot IT exhaust air 1n the HE module section
18 by supplying HE coolant from the coolant distributor 16
that 1s cooled and condensed by the condensing modules 12.
The modules 12 cool and condense the vapor coolant using a
primary condenser/evaporator (C/E) 20 1n conjunction with a
vapor compressor 24 and a condenser 26. The system 10,
however, may cool and condense the HE coolant using the
backup section 14. The backup section 14 here 1s an 1ce
storage and glycol distribution section, but it 1s possible that
the backup section 14 could be a chilled water system acting,
as either the primary or backup system. The modules 12 may
be connected to the backup section 14 through a single pair of
input output lines or multiple lines (e.g., a pair corresponding
to each module 12). The secondary condenser 22 may be used
in cases where there 1s a failure to the primary condenser 20
but not a power failure, while the backup section 14 may be
used 1f there 1s a power failure affecting the primary con-
denser 20. The secondary condenser 22 1s configured to oper-
ate as an evaporator interacting with the primary condenser
20 1n a standby-mode to form ice 1n the 1ce storage section 14
for future use in cases of one or more failures (e.g., power
loss) affecting the primary condenser 20.

The processor 13 1s connected to the modules 12 and the
sections 14, 16, 18 for monitoring and controlling operation
of the system 10. Functions described below relating devices
(e.g., PID controllers) and/or to control of devices noted may
be performed by measuring appropriate characteristics of the
system, monitoring measurements by the processor 13, hav-
ing the processor 13 manipulate the measurements, and hav-
ing the processor 13 provide appropriate control signals to
appropriate devices. The processors 13 may be physically
disposed within one of the modules 12 or the sections 14, 16,
18. Further, more than one processor may be used, and the
processors disposed at different locations, e.g., in multiple
ones, and possibly all, of the modules 12 and/or sections 14,
16, 18. The discussion below refers only to the processor 13,
but other embodiments are included in the discussion by
reference to the processor 13.

Referring to FIG. 2, the main condensing module 12
includes the primary C/E 20, the secondary/ice generation
C/E 22, the vapor compressor 24, and the condenser 26. The
cooling module 12 1s configured to cool coolant that 1s heated
in the HE module section 18 (FIG. 1), condense this coolant
and provide the cooled, condensed coolant for return to the
HE module section 18 for use 1n cooling further hot air, e.g.,
produced by IT equipment. The coolant recerved from the HE
module section 18 and cooled by the module 12 1s referred to
as HE coolant, and may be any of various coolants, preferably
R134A. Coolant used between the primary C/E 20, the com-
pressor 24, and the condenser 26 1s referred to as primary
coolant and may be any of a variety of coolants, preferably
R410A. Also, fluid used between the secondary C/E 22 and
the backup section 14 1s referred to as secondary coolant and
may be any of a variety of coolants, preferably a glycol-water
solution. The module 12 1s further configured to chill the
glycol solution, e.g., during times when the particular module
12 1s not used to condense heated IT air, and provide this
chulled solution to the backup section 14, that includes ice
storage tanks to produce/store 1ce for backup cooling of the
HE coolant. The module 12 1s further conﬁgured to melt the
ice, e.g., during failures of the primary C/E 20, in the backup
section 14 to cool and condense the HE coolant for cooling
the heated IT air. The module 12 provides redundancy
through the redundant C/Es 20, 22 as desired (e.g., 11 the C/E

20 1s unavailable, the C/E 22 can still provide condensing).
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The primary C/E 20, the vapor compressor 24, and the
condenser 26 are connected and configured to cool/condense
the vapor HE coolant received 1n a line 30 as regulated by an
1solation valve 31. The primary C/E 20 1s configured to absorb
heat from the hot vapor HE coolant through a heat exchanger
into the primary coolant (“hot” being used as a relative term
as the vapor HE coolant 1s typically <70° F.). The vapor HE
coolant enters the primary C/E 20 through an mput 32, is
cooled by the primary C/E 20, and cool, liquid HE coolant
exits through an output 34 into an HE coolant container 36.
Heat 1s transferred from the HE coolant to the primary cool-
ant, thereby cooling the HE coolant and heating the primary
coolant. The heated primary coolant passes from the primary
C/E 20 to the compressor 24. The compressor 24 1s config-
ured to mechanically increase the pressure of the primary
coolant such that the primary coolant entering the condenser
26 1s at a saturation temperature above the temperature of
fluid entering the condenser from the supply line 38. The
compressor 24 1s connected to the condenser 26 to pass the
high-pressure (e.g., about 440 psi) high-temperature (e.g.,
about 190° F.) primary coolant to the condenser 26. The
condenser 26 1s configured to cool and condense the primary
coolant through heat exchange (via heat exchanger plates)
with condenser water supplied via a line 38 and expelled
through a line 40, with the lines 38, 40 connected by an
1solation valve 42. The amount of water supplied through the
line 40 1s regulated, to maintain design pressures, by a regu-
lator valve 44 connected to the intake line 38. The condenser
26 cools the primary coolant suificiently below saturation to
induce a phase change to leave the primary coolant as a
subcooled liquid. The condenser 26 1s connected to the pri-
mary C/E 20 and configured to supply relatively high-pres-
sure (e.g., about 440 psi), relatively moderate-temperature
(e.g., about 105° F.) sub-cooled liquid primary coolant to the
primary C/E 20.

The HE coolant container 36 1s configured and disposed to
retain HE coolant at an equilibrium level between the primary
and secondary C/Es 20, 22. The container 36 1s configured to
hold liquid HE coolant flowing from the C/Es 20, 22. The
container 36 1s physically disposed with a bottom 46 at a
known elevation from the bottoms 48, 50 of the C/Es 20, 22
and sized such that the container extends higher than a level of
the HE coolant. The level of the HE coolant equalizes to the
same level in the C/Es 20, 22 and the container 36. This level
1s monitored by liquid level sensor 100 (FIG. 3). Additional
HE coolant may be added to the container 36 through a fill
line 52 as controlled by a solenoid valve 54. Furthermore
excessive HE coolant may be purged back to bulk storage
tanks by opening a solenoid valve 106 (FIG. 3). A circulation
line 111 1s connected through the bottom 46 of the container
36 through which the liquid HE coolant can be circulated
back to the HE module section 18.

The secondary C/E 22 1s connected to an intake line 72 and
an output line 74 for receiving and providing the glycol solu-
tion from and to the backup ice storage section 14 (FIG. 1).
The C/E 22 may also be supported by means of connection to
an external chilled water system instead of ice storage, with
the C/E 22 possibly functioning as the primary cooler of the
vapor phase first coolant from the HEs 18. The lines 72, 74 are
separated by an 1solation valve 76 and glycol coming into the
secondary C/E 22 1s regulated by a regulation valve 78. Clo-
sure of the valve 76 will facilitate 2-way operation of the
regulation valve 78.

Various sensors and controllers are provided for monitor-
ing characteristics and regulating operation of the module 12.
A temperature sensor 56 and a pressure sensor 38 are config-
ured to monitor characteristics of the HE coolant 1n the con-
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tainer 36. Temperature and pressure values from these sensors
56, 58 are provided to an HE coolant pressure PID (propor-
tional+integral+derivative) controller 60. The PID controller
60 uses the received values to send control signals to the
regulation valve 78 and to a glycol circulation pump 77. The
signals to the pump 77 cause the pump 77 to circulate glycol
for ice production (described below). The PID controller 60
also sends control signals to a variable frequency drive 62 to
regulate the HE coolant pressure, in conjunction with the HE
coolant temperature, to help keep the HE coolant condensing
pressure sulliciently below a determined pressure associated
with the HE coolant temperature. For example, the pressure1s
controlled such that the HE coolant temperature and pressure
are at a desired combination when entering the HE modules
150 (e.g., at saturation with the HE coolant temperature being
above a dewpoint temperature of heated I'T exhaust air). Typi-
cally, the HE coolant pressure leaving the drive 62 1s about 5
psig below that of a desired heat exchanger evaporator pres-
sure, thus facilitating a pressure differential for transporting
the primary coolant from the heat exchanger section 18 back
to the condensing modules 12. The variable frequency drive
62 controls the operating speed of the compressor 24 1n
response to the control signals from the PID controller 60.
The PID controller 60 also sends control signals to a regula-
tion valve 78. A temperature sensor 64 and a pressure sensor
66 are configured to monitor characteristics of the heat
exchanger coolant exiting from the primary C/E 20 on 1ts way
to the compressor 24. The sensors 64, 66 provide 1indicia of
the temperature and pressure of the heat exchanger coolant to
a superheat PID controller 68. The PID controller 68 uses the
indicia of temperature of suction gas from the sensor 64 to
determine and send control signals to an electronic expansion
valve 70 to regulate the superheat of the suction gas to main-
tain the superheat at a desired value (or within a desired range
of values). Typically, the superheat 1s maintained between
about 5° F. and about 20° F. above saturation to help prevent
possible liquid ingestion by the compressor 24 and resulting,
damage to the compressor 24. A pressure sensor 80 1s con-
figured and connected to measure the pressure of the high-
pressure, high-temperature primary coolant on 1ts way to the
condenser 26 from the compressor 24. Pressure values from
the sensor 80 are used by a discharge pressure PID controller
82 to determine and send control signals to the glycol flow
control valve 44. These control signals cause the valve 44 to
regulate glycol or water flow to maintain the compressor
discharge pressure at a desired level. A sight glass 71 and a
filter dryer 73 are provided 1n the line connecting the con-
denser 26 and the C/E 20 to allow viewing, and provide
cleaning and dehydration, respectively, of the primary cool-
ant.

Referring to FIG. 3, the HE Coolant distribution/storage
section 16 1s physically itertwined with portions of the con-
densing modules 12 and includes a receiver/reservolr 90, a
temperature sensor 92, a pressure sensor 94, a reclaim/
vacuum pump 126, and a circulation pump 98. Each of the
condensing modules 12 has a circulation pump 98, with only
one of the cooling modules 12 shown 1n FIG. 3. The distri-
bution section 16 1s configured to pump the heat exchanger
coolant from the condenser 12 (FIG. 2) to the heat exchanger
module section 18 (FIG. 1). The distribution section 16 1s
turther configured to evacuate heat exchanger modules that
are newly connected to the heat exchanger module section 18,
and to reclaim heat exchanger coolant from a heat exchanger
module to be removed from the HE module section 18.

The circulation pump 98, the pressure differential sensor
100, a liquid level PID controller 102, variable frequency
controller 104, and the liquid purge valve 106, are configured
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to provide the HE coolant to the HE module section 18 via a
liquid output line 110 at desired pressure and temperature.
The pump 98 1s connected to the outlet line 110 from the
container 36. The line 111 feeding the line 110 includes a
swing-type check valve 114 to help ensure one-directional
flow of the HE coolant 1n the feed line 111. The line 110
includes a sight glass 112 for viewing the HE coolant and a
filter/dryer 116 that 1s conﬁgured to clean and dehydrate the
HE coolant. The sensor 100 1s configured to provide an 1ndi-
cation of pressure differential between a top 45 and the bot-
tom 46 of the container 36. This pressure difference is pro-
portional to the liquid level 1n the container 36, which 1s even
with the liquid levels 1n the C/Es 20, 22. The pressure ditier-
ence 1ndication 1s provided to the PID controller 102 that
produces and sends control signals to the variable frequency
controller 104. The controller 104 sends signals to the pump
98 to regulate the speed of the pump 98 to maintain a desired
liquid level 1n the container 36 and the C/Es 20, 22. This level
1s maintained despite varying mass tlow rates 1n the primary
C/E 20, vapor compressor 24, and condenser 26 due to tluc-
tuating heat loads managed by the heat exchanger section 18.
The output HE coolant from the pump 98 feeds into the
common output line 110 for conveying the HE coolant to the
HE module section 18. If the liquid level remains high, or
rises more than a threshold amount (e.g., rises at all), and/or
above a threshold level, after the pump 98 has been operating
at or near full speed (capacity), then the purge valve 106 will
be opened by the processor 13 to direct some of the HE
coolant to the reservoir 90 through a line 122. Alternatively, a
mechanical pressure-activated valve may be used that senses
excessive discharge pressure at the pump 98 and opens to
divert flow 1nto the reservoir 90, replacing the electrically-
controlled solenoid valve 106.

HE coolant may be added to any of the primary coolant
modules 12 as desired by operation of the liquid fill solenoid
54. With the fill solenoid 54 open, HE coolant from the
reservolr 90 will be gravity-fed into a fill line 124. HE coolant
in the fill line 124 1s provided to the container 36 1n each
coolant module 12 whose fill solenoid 54 1s open. The sole-
noid 128 1s controlled by the processor 13 to supply coolant to
the container 36 1t the pump 98 1s operating at or near mini-
mum capacity and the liquid level 1n the container 36 drops
more than a threshold amount (e.g., drops at all) and/or below
a threshold level.

The level sensor 100, the pump 98, the purge valve 106, the
solenoid 54, and the processor 13 serve as a liquid level
control system. The liquid level in the container 36 1s regu-
lated by the purge valve 106 and the solenoid 54 under the
control of the processor 13 depending upon the operation of
the pump 98 and the status of the liquid level. This system
helps to ensure that the liquid level stays within a desired
range and that hence each cooling module 12 handles a fair
share of the cooling load. Thus, this system helps provide a
condenser-charge optimization system that helps optimize
usage of the multiple cooling modules 12 and distribute cool-
ing load somewhat evenly.

The distribution/storage section 16 further includes a

reclaim solenoid 128 and a vacuum solenoid 130 in addition
to the reclaim/vacuum pump 126. The reclaim/vacuum pump
126 1s configured to assist with removing and adding HE
modules from/to the HE module section 18. The pump 126 1s
connected to recovery/vacuum line 132 that 1s connected to
the HE module section 18. The pump 126 i1s configured to
pump liquid or vapor phase HE coolant through the line 132
from the HE module section 18 and output the liquid coolant
through the reclaim solenoid 128 to the reservoir 90 (with the
reclaim solenoid 128 open and the vacuum solenoid 130
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closed). The pump 126 1s further configured to pump gases to
evacuate an interior chamber of an HE module of the module
section 18. The pump 126 can pump gases through the line
132 from the HE module section 18 and exhaust the pumped
gases to the atmosphere through the vacuum solenoid 130
(with the vacuum solenoid 130 open and the reclaim solenoid
128 closed).

Heated gas HE coolant to be cooled, condensed, and
returned to the HE module section 1s recerved from the HE
module section 18 through a vapor line 134. The heated HE
coolant 1s provided to the C/Es 20, 22 of each of the pnmary
condensing modules 12 whose vapor 1solation solenoid 31 1s
open.

Referring to FIGS. 2-3, the module 12 can be set to provide
chilled secondary coolant to the backup ice storage section 14
(FIG. 1) to produce ice for backup cooling of the HE coolant.
For this mode of operation, the vapor 1solation valve 31 1s
closed such that hot, vapor HE coolant 1s not provided to the
C/Es 20, 22. In this mode, the C/Es 20, 22 work in tandem to
cool the secondary coolant, e.g., a glycol solution, and pro-
vide the glycol solution to ice storage tanks. The liquid level
in the container 36 1s adjusted as desired for performance by
opening the liquid fill solenoid 54 or opening the liquid purge
solenoid 106 and running the circulation pump 98. In 1ce
generation mode, the C/Es 20, 22 and the glycol circulation
pump 77 are activated. The C/E 20 operates as a condenser
and the C/E 22 operates as an evaporator. The primary HE
coolant 1s passed between the devices 20, 22, with the device
20 cooling the HE coolant to well below the 32° F. freezing
point of water, e¢.g., 0° F. Heat of condensation 1n the device
20 1s transferred to the primary coolant system 20, 24, 26. The
HE coolant circulated to the device 22 will undergo a phase
change 1n the device 22, absorbing heat from the glycol solu-
tion and evaporating. The heat of evaporation absorbed from
the glycol solution by means of heat transfer in the device 22
1s the heat of fusion liberated from the 1ce storage tanks (see
FIG. 5 and description below).

Referring to FIG. 4, the HE module section 18 includes a
set of heat exchanger modules 150 connected to the liquid
input line 110, the recovery/vacuum line 132, and the vapor
line 134 via a liquid shutoit valve 152, a recovery/evacuation
1solation valve 154, and a vapor 1solation valve 156. While
three modules 150 are shown, other quantities of the modules
150 (e.g., one, two, four, five, etc.) may be used. The modules
150 are preferably connected to the 1solation valves 152, 154,
156 with flexible hoses. The functionality of the valves 152,
154, 156, and 168 may be combined into a multi-function,
multi-way valve block mounted to the header assembly 110,
132, 134. The shutoil valves 152, 154, 156 can be any of a
variety of valves, e.g., electric solenoid valves, with the valve
152 inhibiting tlow of coolant prior to proper module com-
missioning (FIG. 11); The heat exchanger module section 18
1s configured to transier heat from hot I'T equipment exhaust
air into the HE coolant, supplied via the liquid line 110, which
becomes heated and 1s expelled through the vapor line 134 to
the C/Es 20, 22 (FIGS, 1, 3).

The heat exchanger modules 150 each include a set of fans
158 (shown representatively as a single fan), input tempera-
ture and humidity sensors 160, 162, an output air temperature
sensor 164, a pressure sensor 166, a pressure regulator valve
168, finned heat exchanger tubes 170, and a dew point calcu-
lator 172 and PID controllers 174, 176 implemented by the
processor 13 (FIG. 1). The dew point calculator 172 1imple-
mented by the processor 13 1s configured to momtor the
temperature and humidity of the input heated I'T equipment
exhaust air via the sensors 160, 162 to determine the dew
point of incoming air. Based on the temperature and humidity
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of the incoming air, the calculator 172 further determines a
pressure set point for incoming HE coolant and supplies this
set point to the PID controller 174. The PID controller 174
uses the monitored HE coolant pressure indicated by the
pressure sensor 166 as a process variable (PV) to determine a
desired pressure of the HE coolant within the finned HE tube
170. The PID controller 174 regulates the pressure regulator
valve 168 to provide a desired HE coolant evaporator pressure
such that the pressure of the HE coolant within the heat
exchanger tube 170 corresponds to a saturation temperature
that 1s slightly above the I'T air dewpoint as determined by the
microprocessor 13. The HE coolant preferably does not
induce condensation of the air passing over the heat
exchanger tube 170 providing a sensible cooling process.

The processor 13 further monitors and regulates the output
air temperature from the heat exchanger modules 150. The
PID controller 176 monitors the temperature via the sensor
164 of the air exiting the module 150. Based on this informa-
tion, the PID controller 176 determines an output that 1s
provided to the PID controller 174 as a set point offset. The
PID controller 174 uses the offset to control the flow regulator
valve 168 to control the flow of the HE coolant through the
heat exchanger tube 170 such that the output temperature of
the exhausted air from the module 150 1s at a desired tem-
perature (or within a desired temperature range).

The modules 150 can be arranged 1n a variety of manners,
¢.g., to provide total desired cooling capacity, to provide
redundancy between the modules 150, to provide both total
desired cooling and redundancy, etc.

Referring to FIG. 5, the backup section 14 includes 1ce
storage modules 180 that each include an air pump 182, a
differential pressure sensor 184, a fluid level monitoring tube
186, an 1ce storage tank 188, a finned heat exchanger 190, and
1solation valves 192, 194. Only one of the modules 180 1s
shown 1n detail 1n FIG. 5. Further, the number of 1ce storage
modules 180 shown 1s exemplary and not limiting, with fewer
or more modules 180 being possible (e.g., further cascaded as
shown). The heat exchanger 190 1s disposed 1n a reservoir of
the tank 188 for holding water that may be converted to ice.
The reservoirs 176 contain water while the secondary coolant
comprises a glycol and water mixture. The tank 188 1s con-
nected to the line 74 (FIG. 2) through the motorized ball valve
192 to receive the secondary coolant for the heat exchanger
190. The tank 188 1s further connected to the line 72 (FI1G. 2)
through the ball valve 194 such that the secondary coolant can
flow from the heat exchanger 190 to the line 72.

Ice quantity can be monitored using the air pump 182, the
pressure sensor 184, and the monitoring tube 186. The tube
186 1s submersed 1n water in the tank 188 and pressurized
using the air pump 182. The air pressure within the tube 186
displaces the water column in the tube 186 with a small
quantity of air escaping in the form of bubbles from an open-
ing 1n a bottom of the tube 186. The air pressure within the
tube 1s directly proportional to the column height of water
displaced which 1s related to the amount of ice 1n the tank 188
(as more 1ce 1s formed, the water expands and occupies more
volume such that the liquid level rises). The pressure sensor
184 monitors the pressure used to displace the water from the
tube 186. The monitored pressure 1s used to provide 1ce quan-
tity information (e.g., 1in real time) and 1s used by the proces-
sor 13 (FIG. 1) to regulate the motorized ball valve 192 to
1solate tanks 188 from the glycol solution supply line 74 (e.g.,
for fully 1ce regenerated tanks 188). Thus, some 1ce tanks 188
may continue to receive the secondary coolant and continue
to produce ice while other modules 180 do not (e.g., helping
to prevent over Ireezing in the tanks 188 that fully regenerate
betore others).
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Referring to FIG. 15, with further reference to FIG. 1, a
process 410 for assessing the cooling demands and capacity
of the system 10 and allocating cooling modules 12 accord-
ingly includes the stages shown. The process 410 1s exem-
plary only and not limiting. The process 410 may be modified,
¢.g., by adding, removing, or rearranging the stages shown.
The process 410 1s preferably performed upon power up of
the system 10, as indicated by stage 412. The process 410,
however, may be performed at other times and 1n response to
other events (e.g., a command from a user of the system 10).

The processor 13 uses programmed information about the
module(s)12 and the system 10 to make module assignments.
The processor 13 1s preferably programmed with a maximum
expected cooling demand and maximum cooling capacity of
the module(s) 12. Alternatively, the module(s) 12 may pro-
vide information to the processor 13 as to the cooling capacity
of the corresponding module 12. Multiple cooling modules
12 preferably provide equal cooling capacity, although they
may provide different capacities. The process 410 will yield
assignments of the cooling module(s) 12 as primary, primary
lag, or redundant. The primary cooling module 12 1s the
module 12 that 1s used to cool the HE coolant unless the
module 12 1s inoperative. A cooling module 12 1s assigned as
a primary lag module if the maximum expected cooling
capacity to be supplied exceeds the maximum cooling capac-
ity of the primary module 12. The primary lag module 12 1s
preferably used only when the cooling demand actually
exceeds the cooling capacity of the primary module 12. Mul-
tiple modules 12 could be labeled as primary lag modules 12,
with each primary lag module 12 being assigned a priority
number indicative of the order 1n which each such module 12
1s activated 1n response to increasing cooling demand. A
cooling module 12 1s assigned as a redundant module i1 the
maximum expected cooling capacity to be supplied does not
exceed the maximum cooling capacity of the primary
module(s) 12. Multiple modules 12 could be labeled as redun-
dant modules 12, with each redundant module 12 being
assigned a priority number indicative of the order 1n which
cach such module 12 is activated in response to increasing
cooling demand, or the order in which each redundant module
12 1s checked for operability. As an illustrative, but not lim-
iting, example, the process 410 1s shown with the system 10
having three cooling modules 12, each with 40 kW cooling
capacity, and an expected maximum cooling demand of 80
kW.

At stage 414, the system 10 interrogates 1itself, with the
processor 13 polling the condensing modules 12. The proces-
sor 13 polls the modules 12 to determine how many modules
12 are 1n the system 10. Depending on whether the processor
13 determines that there are one, two, or three of the cooling
modules 12, the process 410 proceeds to stage 416, 418, or
420, respectively. The processor 13 1s preferably pro-
grammed to know the maximum number of cooling modules
12 to expect, 1n this example three, so that i the determined
count 1s zero or above the expected maximum, then the pro-
cessor 13 re-polls the cooling modules 12.

At stage 416, the sole cooling module 12 1s assigned to be
the primary cooling modules 12. The sole cooling module 12
1s labeled as the primary module 12 because 1t 1s the module
12 that 1s used to cool the HE coolant unless the module 12 1s
inoperative.

At stage 418, with two cooling modules 12 1n the system
10, an 1nquiry 1s made as to whether the maximum cooling
demand of the system 10 exceeds the cooling capacity, here
40 kW, of one of the cooling modules 12. If the demand does
not exceed the individual cooling capacity, then at stage 422
the processor 13 assigns one of the modules 12 to be the
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primary module and the other cooling module 12 to be a
redundant cooling module. If the demand does exceed the
individual cooling capacity, then the processor 13 assigns one
of the modules 12 to be the primary module and the other
module 12 to be a primary lag module.

At stage 420, with three cooling modules 12 1n the system
10, an 1nquiry 1s made as to whether the maximum cooling
demand of the system 10 exceeds the cooling capacity, here

40 kW, of one of the cooling modules 12. If the demand does
not exceed the individual cooling capacity, then at stage 426
the processor 13 assigns one of the modules 12 to be the
primary module, a second of the modules 12 to be aredundant
#1 module, and the other cooling module 12 to be a redundant
#2 cooling module. If the demand does exceed the individual
cooling capacity, then the processor 13 (knowing the maxi-
mum demand 1s 80 kW) assigns one of the modules 12 to be
the primary module, a second of the modules 12 to be a
primary lag module, and the other module 12 to be a redun-
dant module.

The flow of the process 410 1s exemplary and not limiting.
For example, 11 the system 10 contained more than three
cooling modules 12, then 1inquiries could be made for differ-
ent demand thresholds, such as whether demand exceeds
capacity of one module 12 and whether demand exceeds
capacity of two modules 12. As another example, to make
module assignments, the processor 13 could assign a first
module 12 as the primary module, and then compare the
maximum expected cooling demand with the cooling capac-
ity of the primary module 12. If the demand exceeds the
capacity, then the processor 13 could assign other modules 12
as primary lag modules 12 as available and as needed (with
priorities for multiple lag modules 12) until the maximum
cooling capacity of the primary modules 12 meets or exceeds
the maximum expected cooling demand. Remaining cooling
modules 12, 11 any, would be assigned as redundant modules
12 with priorities assigned to multiple redundant modules 12.
Still other techniques for allocating the cooling modules 12
could be used.

Referring to FIG. 6, with further reference to FIGS. 1-5, a
process 200 for operating the system 10 to allot cooling
modules 12, to cool heated I'T exhaust air, and to make ice for
backup cooling of the heated IT exhaust air includes the
stages shown. The process 200 1s exemplary only and not
limiting. The process 200 may be modified, e.g., by adding,
removing, or rearranging the stages shown.

At stage 202, an inquiry 1s made as to whether the present
load cooling demand exceeds the cooling capacity of the
primary cooling module(s) 12. For each module 12, the pro-
cessor 13 determines whether the primary C/E 20 1s opera-
tional, that 1s, receiving adequate power and 1s not broken.
The processor 13 determines whether there has been a cata-
strophic failure to the primary C/E 20 that would inhibit the
C/E 20 from providing adequate cooling of the HE coolant for
the HE module section 18 (e.g., inadequate power supply,
malfunction, etc.). The processor 13 determines which pri-
mary cooling module(s) 12 are operational and the cooling
capacity provided by the operational primary cooling
module(s) 12, if any. The processor 13 compares the current
load demand against the capacity of the operational primary
cooling module(s) 12. If the demand exceeds the capacity
(e.g., 1f a primary cooling module 12 1s failing/not opera-
tional), then the process 200 proceeds to stage 214. If the
demand may be met by the operational primary cooling mod-
ule(s) 12, then the process 200 proceeds to stage 204.

At stage 204, the primary cooling module(s) 12, 1n particu-
lar the C/E(s) 20 1s(are) used to cool the HE coolant. In each
primary module 12, the compressor 24 and the condenser 26
supply cool primary coolant to the C/E 20 to cool the HE
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coolant tlowing through the C/E 20. The cooled HE coolant 1s
then used by the HE module section 18, as described below
with reference to FIG. 7, to cool the hot IT exhaust air.

Atstage 206, with the primary module(s) cooling the IT arr,
the processor 13 inquires as to whether a redundant cooling
module 1s available and operational. The processor 13 deter-
mines whether any redundant modules exist 1n the system 10
as determined/assigned 1n the process 410, and if so whether
the redundant module(s) 12 1s(are) operational. The processor
13 can determine, e.g., whether there i1s adequate power,
whether the pumps 98 are operational and whether the sec-
ondary C/E 22 1s operational.

At stage 208, the processor 13 inquires as to whether 1t 1s
currently desired to prepare the backup coolant (here, 1ce) 1n
the backup cooling section 14. The processor 13 may, for
example, determine whether 1t 1s currently an off-peak time
for utility power use, whether the current price for power use
1s at a desirable rate, and/or whether the current time of day
and/or day of week 1s desirable (e.g., a weeknight or a week-
end). The processor 13 further preferably determines whether
any of the 1ce tanks 188 are below a desired level of ice. The
processor 13 communicates with the level indicators 184 of
the modules 180 to determine the levels of ice 1n the tanks 188
and determines whether any of these levels 1s below what 1s
desired. If any level 1s below a desired level, then the proces-
sor 13 can decide to make 1ce. It the processor 13 determines
that 1t 1s not desirable to prepare the backup coolant, then the
process 200 proceeds to stage 210. At stage 210, the processor
13 ensures that power 1s oif to the secondary C/E 22 of the
redundant module(s) 12. I, however, the processor 13 deter-
mines that it 1s desirable to prepare the backup coolant, then
the process 200 proceeds to stage 212.

Atstage 212, the backup coolant 1s prepared, here 1ce being
formed. The primary and secondary C/Es 20, 22 of the opera-
tional redundant module(s) 12 are operated 1n conjunction
with the backup ice storage cooling section 14 to produce ice
in the 1ce storage tanks 188. If the secondary C/E(s) 22 1s(are)
non-operational for any reason (e.g., lack of power or having,
a catastrophic or other failure making operation undesirable),
then the backup coolant will not be prepared (e.g., 1ce not
formed for use 1n cooling).

At stage 214, having determined that the primary
module(s) cannot meet the cooling demand, the processor 13
makes an inquiry as to whether a sufficient combination of
operational redundant and primary modules 12 exists for
meeting the cooling demand. The redundant modules 12 are
checked 1n succession of their priority numbers 1 multiple
redundant modules 12 exist until sufficient total cooling
capacity 1s reached for the demand. If such a combination 1s
determined, the process 200 proceeds to stage 216 where the
determined combination of primary and/or redundant mod-
ules 12 1s used to cool the HE coolant and thus the hot IT
exhaust air (as described with respect to FIG. 7). If a combi-
nation of primary and redundant modules 12 1s not deter-
mined by the processor 13 that will meet the cooling demand,
then the process 200 proceeds to stage 218.

At stage 218, the processor 13 makes an inquiry as to
whether a suificient combination of redundant, primary, and
backup modules 12 exists for meeting the cooling demand.
The processor 13 determines whether the cooling demand can
be met by the operational primary and redundant modules 12,
il any, plus any backup cooling module 12, that 1s, a module
12 whose primary C/E 20 1s non-operational but whose sec-
ondary C/E 22 1s operational. The power for the secondary
C/E 1s preferably provided by battery backup, e.g., from an
uninterruptible power supply (UPS) 23 such that a utility
power lailure causing the primary C/E 20 to be inoperable
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does not cause the secondary C/E to be inoperable. The pro-
cessor 13 also determines whether there 1s sutlicient backup
coolant (here 1ce) for cooling the secondary coolant for cool-
ing the HE coolant and thus the hot I'T exhaust air. If the
conditions do not provide for suificient cooling to meet the
demand adequately, then the process 200 proceeds to stage
220 where the system 10 1s used to provide as much cooling
capacity as possible to sustain IT functionality as long as
possible. If the conditions do provide for suificient cooling to
meet the demand adequately, then the process 200 proceeds to
stage 222.

At stage 222, the determined combination of primary,
redundant, and/or backup modules 12 are used to cool the HE
coolant. The backup coolant ice storage section 14 1s used to
cool the secondary coolant for the backup modules 12. The
secondary coolant 1s pumped through the ice storage tanks
188 to cool the secondary coolant while melting the 1ce 1n the
tanks 188. The secondary coolant 1s pumped through the C/E
22 of each backup module 12 for use 1in cooling the HE
coolant that 1s then used to cool the hot I'T exhaust air.

The process 200 loops back to stage 202 to periodically
determine again whether the cooling demand can be met by
the primary cooling module(s) 12. If the state of the system 10
changes from the primary cooling module(s) 12 not being
able to meet the demand to being able to meet the demand,
then any redundant or backup modules 12 previously used are
shut down (e.g., use of UPS battery power terminated), and
the primary module(s) 12 used to cool the HE coolant.

Reterring to FIG. 7, with turther reference to FIGS. 1-4, 6,
a process 230 for cooling the HE coolant and the hot IT
exhaust air (see stages 204, 216, and 222 shown 1n FIG. 6)
includes the stages shown. The process 230, however, 1s
exemplary only and not limiting. The process 230 may be
altered, e.g., by having stages added, removed, or rearranged.

At stage 232, hot, vapor HE coolant 1s cooled and con-
densed in the condensing module 12. The vapor HE coolant
enters the module 12 through the line 30 with the 1solation
valve 31 open. As the HE coolant tflows into the C/E 20 (stage
2035) or the C/E 22 (stage 218), heat from the vapor 1s trans-
terred through a heat exchanger 1n the respective C/E 20, 22
that contains relatively cool primary or secondary coolant,
respectively. Enough heat 1s transferred to cause the HE cool-
ant to condense to a sub-cooled liquid and to pool/collect at
the bottom of the respective C/E 20, 22. The HE coolant 1s
sub-cooled 1n that 1t 1s below 1ts saturation point, thus requir-
ing heating before 1t would boil/evaporate/change phase from
liquid to gas.

At stage 234, the liquid HE coolant 1s pumped by the
coolant distributor 16 to the HE module section 18. The
sensor 100 provides an indication of pressure differential
between the top 45 and the bottom 46 of the container 36. The
pressure difference indication 1s used by the PI-D controller
102- to produce and send control signals to the variable fre-
quency controller 104. The controller 104 sends signals to the
pump 98 to regulate the speed of the pump 98 to maintain a
desired liquid level 1n the container 36 and the C/Es 20, 22.
The circulation pump(s) 98 of the operational cooling
module(s)s 12 pumps the HE coolant through the liquid line
110 to the HE module section 18. The HE coolant may be
viewed through the sight glass 112 1n the line 110 to deter-
mine liquid quality and moisture content of the HE coolant.
The liquid 1n the line 110 1s cleaned and dehydrated by the
filter/dryer 116. The operating pump(s) 98 increases the pres-
sure of the HE coolant to a level that the HE coolant, after
losing some pressure due to piping losses 1n transit to the
section 18, pressure loss 1n the shutofl valve 156, and 1n the

valve 168,
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will be at a pressure such that the HE coolant will evaporate at
a temperature that 1s above the dew point temperature of the
exhausted IT arr.

The processor 13 monitors the temperature and humidity
of the IT exhaust air indicated by the sensors 160, 162 and
determines the corresponding dew point of the exhaust air.
Using the calculated dew point for each HE module 150, the
processor 13 determines desired evaporation temperatures
tor the HE coolant, e.g., the dew point temperatures plus a
safety margin, e.g., ol a few degrees Fahrenheit. The proces-
sor 13 uses these temperatures 1 conjunction with a known
relationship between the HE coolant’s saturation point
(evaporation point) and the coolant’s temperature and pres-
sure to determine desired pressures of the HE coolant within

the HE tubes 170.

The processor 13 further monitors and regulates the output
air temperature from the heat exchanger modules 150 and
determines a dew point ofiset. The PID controller 176 moni-

tors the temperature via the sensor 164 of the air exiting the
module 150. Based on this information, the PID controller
176 determines an output that 1s provided to the PID control-
ler 174 as a set point offset.

The PID controller 174 regulates the pressure of the HE
coolant within the HE tube 170 to provide a desired output
temperature of the exiting I'T air while inhibiting condensa-
tion of the I'T air. The PID controller 174 uses the monitored
HE coolant pressure indicated by the pressure sensor 166 as a
process variable (PV), the set point provided by the PID
controller 172 related to the dew point of the I'T air, and the set
point oifset provided by the PID controller 176 to determine
a desired pressure of the HE coolant within the filmed HE
tube 170. The PID controller 174 regulates the pressure regu-
lator valve 168 to provide a desired pressure within the HE
150 such that the pressure and temperature of the HE coolant
in the heat exchanger tube 170. The pressure as sensed by
pressure sensor 166 1s also regulated such that the tempera-
ture of the HE coolant 1s slightly above the dew point of the
return air such that the HE coolant preferably will not induce
significant condensation of moisture contained in the air pass-
ing over the heat exchanger tube 170 providing a sensible
cooling process. The controller 174 also controls the flow
regulator valve 168 to control the flow of the HE coolant
through the heat exchanger tube 170 such that the output
temperature of the exhausted air from the module 150 1s at a
desired temperature (or within a desired temperature range).

At stage 236, the HE coolant passes through the HE tubes
170, absorbs heat from the I'T exhaust air passing by the tubes
170 and evaporates, thereby cooling the I'T exhaust air. The
HE coolant enters the module 150 through the shutoil valve
152 and tlexible tubing. The valve 168 1s opened and closed as
appropriate under the control of the PID controller 174 to
maintain the pressure and temperature of the HE coolant
above the dew point of the I'T air outside the tubes 170. The
HE coolant changes phase from saturated liquid to saturated
vapor, and increases 1n enthalpy, as 1t passes through the tubes
170. The latent heat from the I'T exhaust air blown across the
tubes 170 by the fans 158 1s removed by passing through the
tubes 170 into the HE coolant, thus “cooling” the I'T exhaust
air (by removing the heat).

At stage 238, the HE coolant 1s returned to the cooling
module 12. The HE coolant 1s drawn from the tubes 170,
through tlexible piping, through the 1solation valve 152, and
through the vapor line 134. The gas-phase HE coolant flows
through the line 134 to the inlet of the cooling module 12, and
into the appropriate C/E 20, 22 for cooling/condensing. The
process 230 returns to stage 232.
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Referring to FIG. 8, with further reference to FIGS. 1-2,
and 6, a process 240 for implementing the stage 204 (FIG. 6)
for providing sub-cooled liquid primary coolant to the C/E
expansion valve 70 to cool the HE coolant, and recycling
primary coolant heated and evaporated 1n the C/E 20 to be
compressed, cooled and condensed includes the stages
shown. The process 240 1s exemplary and not limiting. The
process 240 may be modified, e.g., by adding, removing, or
rearranging stages.

At stage 242, high-pressure liquid primary coolant 1s sup-

plied from the Condenser 26 to the primary C/E 20. The

primary coolant passes from the condenser 26 through the
sight glass 71 for viewing of quality of the primary coolant,
and through the filter/dryer 73 for dehydration and cleaning.
The pressure of the liquid primary coolant 1s dropped/reduced
by the expansion valve 70 so that the primary coolant 1s
saturated and ready to change phase to a vapor. The primary
coolant 1s metered into the primary C/E 20 by the expansion
valve 70.

At stage 244, the primary coolant changes phase into a
vapor. Latent heat from the HE coolant passing through the
C/E 20 transters through plates and 1s absorbed by the pri-
mary coolant. This heat causes the primary coolant to convert
from a saturated liquid to a super-heated gas. The primary
coolant 1ncreases 1n enthalpy while the HE coolant corre-
spondingly decreases in enthalpy. The PID controller 68
monitors the temperature and pressure of the primary coolant
exiting the C/E 20 and actuates the expansion valve 70 such
that the temperature and pressure of the primary coolant are at
desired levels (superheated vapor leaving the C/E 20)

At stage 246, the primary coolant gas 1s provided to the
compressor 24. The compressor 24 provides suction to draw
the primary coolant from the C/E 20. Pressure values from the
sensor 80 are used by the discharge pressure PID controller 82
to determine and send control signals to the glycol flow con-
trol valve 44. These control signals cause the valve 44 to
regulate glycol flow to maintain the compressor discharge
pressure at a desired level such that the primary coolant enter-
ing the condenser 26 1s at the desired pressure. With this
arrangement, a relatively high-temperature (e.g., about 190°
F.), relatively high-pressure (e.g., about 445 ps1) gas exits the
compressor 24.

At stage 248, the primary coolant 1s cooled and condensed
and supplied to the primary C/E 20. The gas exiting the
compressor 24 enters the condenser 26. The condenser 26
cools the primary coolant by passing heat from the primary
coolant to the coolant received from the line 38. The primary
coolant leaves the condenser 38 as a relatively high-pressure
(e.g., about 440 psi1), relatively moderate-temperature (e.g.,
about 105° F.) sub-cooled liquid. This liquid is provided to the
primary C/E 20. The process 240 returns to stage 242 to repeat
the cycle of heating/evaporating the primary coolant, cooling/
condensing the primary coolant, and recycling the primary
coolant for heating, eftc.

Referring to FI1G. 9, with further reference to FIGS. 1, 2, 5,
and 6, a process 260 for implementing the stage 210 (FIG. 6)
for making ice 1in the tanks 188 includes the stages shown. The
process 260 for the 1ce-generation mode of the sections 12, 14
1s exemplary and not limiting. The process 260 may be modi-
fied, e.g., by adding, removing, or rearranging stages.

At stage 262, the processor 13 actuates the pump(s) 77 to
pump the secondary coolant to the backup coolant modules
180. If a pump 77 1s not operational (at least desirably so),
then the processor 13 reports a failure, deactivates the pump
77, and actuates a redundant pump. If the secondary coolant
1s being adequately pumped, then the process 260 proceeds.
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At stage 264, the primary C/E 20 chills the HE coolant for
use 1n cooling the secondary coolant. The primary C/E 20
chills the HE coolant that passes between the primary C/E 20
and the secondary C/E 22 with the 1solation valve 31 shut to
1solate the cooling module 12 from the HE module section 18.
The HE coolant absorbs heat from the secondary coolant
through a heat exchanger in the secondary C/E 22 (acting as
an evaporator) to cool the secondary coolant (e.g., to near 0°
E.).

At stage 266, the chilled secondary coolant 1s routed to the
ice storage modules 180 to produce 1ce 1n the tanks 188. The
secondary coolant tlows through the line 74 to the modules
180 and into the tanks 188. Which tank(s) 188 receive sec-
ondary coolant and how much 1s controlled by the processor
13. The processor 13 monitors the levels of ice indicated by
the level indicator 184 of each of the tanks 188 and actuates
the control valves 192 associated with the tanks 188 to regu-
late the flow of secondary coolant through the tanks 188. As
the coolant passes through the heat-transier coils 190 1n the
tanks 188, heat 1s transferred from the water 1n the tanks 188
into the glycol-water secondary coolant such that the water
freezes, formmg ice. The formation of 1ce causes the level of
the water 1n the correspondmg tanks 188 to rise, increasing
the pressure to overcome in the tube 186 by the air pump 182.
When the level rises to a desired level, as detected by the level
detector 184 of the tanks 188, then the flow of secondary
coolant to that tank 188 1s stopped. When the levels of all the
tanks 188 reach desired levels, then the ice-making mode 1s
preferably terminated. The 1ce making may be terminated at
any time 1f the processor 13 determines that it 1s no longer
desirable to snake 1ce (e.g., it 1s now peak time for power
cost).

At stage 268, the secondary coolant 1s recycled. The sec-
ondary coolant leaving the tanks 188 flows back through the
valve 194, the line 72, and back to the secondary C/E 22 and
the tanks 188.

Referring to FIG. 10, with turther reference to FIGS. 1, 2,
5 and 6, a process 270 for implementing the stage 216 (FIG.
6) for chilling the secondary coolant and the HE coolant using
the ice 1n the tanks 188 includes the stages shown. The pro-
cess 270 1s exemplary and not limiting. The process 270 may
be modified, e.g., by adding, removing, or rearranging stages.

At stage 272, the processor 13 actuates the pump(s) 77 ({or
exemplary purposes, multiple sections 12 are assumed) to
pump the secondary coolant. If the pumps 77 cannot
adequately pump the secondary coolant to provide sufficient
flow of the secondary coolant, then the processor 13 reports a
fallure and selects the alternate redudant pump 77. If the
secondary coolant 1s being adequately pumped, then the pro-
cess 270 proceeds. The actuated pump(s) 77 pumps the sec-
ondary coolant to the 1ce tanks 188.

At stage 274, the secondary coolant 1s routed to the ice
tanks 188 (for exemplary purposes, multiple tanks 188 are
assumed). The motorized ball valves 192 are controlled by the

processor 13 to route the hot secondary coolant to desired
tanks 188, e¢.g., the tanks 188 that have suil]

icient 1ce to cool
the secondary coolant. The secondary coolant (which 1s
heated 1n the C/E 22 as described below) 1s routed through the
1solation valves 192 under the control of the processor 13 to
the1ce tanks 188. The hot secondary coolant 1s passed through
the tanks 188 where heat transiers from the coolant through
the heat exchanger coils 190 1nto the ice. The transierred heat
melts the ice while the coolant 1s cooled by the loss of heat.

At stage 276, the cooled coolant i1s routed through the
secondary C/E 22 to cool the HE coolant. The secondary
coolant leaves the tanks 188 and 1s pumped by the pumps 77
to the secondary C/E 22. Heat transfers through the heat
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exchanger of the C/E 22 from the HE coolant to the secondary
coolant, heating the secondary coolant and cooling the HE
coolant. The processor 13 controls the flow of the secondary
coolant to maintain desired pressure and temperature of the
HE coolant as cooled by the secondary coolant. The heated
secondary coolant then 1s recycled through the 1ce tanks 188
for further cooling. This continues until either the primary
C/E 20 becomes operational, the secondary C/E 22 becomes
operational, cooling of the secondary coolant 1s not desired
(e.g., the IT air does not need cooling), or the ice 1n the tanks
188 1s depleted such that the secondary coolant can no longer
adequately cool the HE coolant. This 1s indicated by the return
of the process 200 to stage 202 (FIG. 6).

Referring to FIG. 11, with further reference to FI1GS. 1,34,

and 12, with particular reference to FIG. 12, a process 290 for
adding a heat exchanger module 150 to the HE module sec-
tion 18 includes the stages shown. The process 290 1s exem-
plary and not limiting. The process 290 may be modified, e.g.,
by adding, removing, or rearranging stages.

At stage 292, the new HE module 150 1s connected to the
liquid line 110, recover/vacuum line 132, and the vapor line
134 through flexible tubes. The flexible nature of the tubes
helps make connection of the module 150 quick and easy. The
shutoil valves 152, 154, 156 are all i, or put in, the off
position, inhibiting flow of the HE coolant into the module
150.

At stage 294, gas 1s evacuated from the evaporation tubes
170 of the new HE module 150. The shutoil valve 154 corre-
sponding to the new module 150 1s opened, allowing gas 1n
the evaporation tubes 170 of the new module 150 to be drawn
out. The vacuum pump 126 1s actuated by the processor 13 to
suck gas from the tubes 170 through the reclaim/vacuum line
132. The gas vacuumed by the pump 126 1s exhausted to the
atmosphere, with the valve 130 open and the valve 128
closed. The vacuum pump 126 1s operated until a desired
pressure 1s reached in the tubes 170, e.g., a vacuum of 28" Hg
as indicated by the pressure sensor 166. The shutoil valve 154
1s closed and the pump 126 1s deactivated.

At stage 296, the new module 150 1s put 1n fluid commu-
nication with the HE coolant inlet line 110 for recerving HE
coolant. The shutoff valves 152 and 156 are opened 1n
response to control signals from the processor 13, allowing
the HE coolant to flow through the new module 150.

Referring to FIG. 13, with further reference to FIGS. 14,
and 12, a process 300 for removing a heat exchanger module
150 from the HE module section 18 includes the stages
shown. The process 300 1s exemplary and not limiting. The
process 300 may be modified, e.g., by adding, removing, or
rearranging stages.

At stage 302, fluid communication between the module
150 and the HE coolant inlet line 110 1s cut off to inhibit the
module 150 from receiving HE coolant. The shutoff valves
152 and 156 are closed i response to control signals from the
processor 13, mmhibiting the HE coolant from flowing into the
module 150 to be removed.

At stage 304, HE coolant 1s reclaimed from the evaporation
tubes 170 of the HE module 150 to be removed. The reclaim/
shutoif valve 154 corresponding to the module 150 1s opened,
allowing HE coolant remaining in the evaporation tubes 170
to be drawn out. The processor 13 actuates the reclaim pump
126 to pull the HE coolant from the tubes 170 through the
reclaim/vacuum line 132. The HE coolant recovered by the
pump 126 1s supplied through the valve 128 (with the valve
130 closed) to the HE cooling receiver 90. The reclaim/
recovery pump 126 1s operated until a desired pressure 1s
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reached in the tubes 170, e.g., 20" Hg as indicated by the
pressure sensor 166. The shutoif valve 154 1s closed and the
pump 126 1s deactivated.

At stage 306, the HE module 150 1s disconnected from the
flexible tubes connecting the module 150 to the lines 110,
132, 134. The shutoil valves 152, 154, 156 are all 1n, or put 1n,
the ofl position, inhibiting flow to/from the lines 110, 132,
134.

Referring to FIGS. 1, 4, and 14, a preferred physical layout
of the system 10 1s shown 1n aroom 400. The system 1s shown
in use 1 FIG. 14 with two rows of equipment racks 312. As
shown, some ol the racks 312 contain power distribution units
(PDUs), some contain uninterruptible power supplies
(UPSs), and others contain other equipment such as telecom-
munications equipment. The heat exchanger modules 150
have housings that are connected to legs 314 that extend away
from the modules 150 and that include feet 316 that are
configured to rest on top of and be attached to the racks 312.
The modules 150 are disposed above the tops of the racks 312
and directly over a hot aisle 318 between the rows of the racks
312. The hot aisle 318 1s the region 1nto which the racks 312
exhaust their heated air. The modules 150 are preferably
disposed at least partially, and more preferably substantially
entirely, directly over the aisle 318 (as shown, entirely over
the aisle 318) with the modules 150, legs 314, and feet 316
straddling the aisle 318. The modules 150 are connected to the
primary cooling modules 12 and coolant distribution section
16 through a line 320 that includes the mput line 110, the
output line 134, the reclaim/vacuum line 132 (FIG. 3), and
approprate electrical lines. The modules 12 and the section
16 are preferably contained 1n a housing 322 and are prefer-
ably disposed remotely from the racks 312, although any of
these components could be disposed 1n one or more rows of
the racks 312. The ice tanks 188 are contained in a housing,
324 disposed remotely from both the racks 312 and the hous-
ing 322. As indicated, some 1ce tanks 188 can be disposed 1n
a separate housing 326 that 1s displaced from the housing 324.
The tanks 188 may also be disposed 1n one or more rows of the
racks 312. Physical layouts of the system 10 other than that
shown 1n FIG. 14 are possible.

Other embodiments are within the scope and spirit of the
appended claims. For example, due to the nature of software,
functions described above can be implemented using sofit-
ware, hardware, firmware, hardwiring, or combinations of
any of these. Features implementing functions may also be
physically located at various positions, including being dis-
tributed such that portions of functions are implemented at
different physical locations. Further, while only one vacuumy/
reclaim line 134 1s shown and described above, multiple lines
may be used. For example, separate lines may be used for
vacuuming gas and reclaiming HE coolant. In this case, each
line would preferably have a shutoff valve to inhibit undesired
flow of gas or coolant.

Still other embodiments are within the scope of the mven-
tion. For example, the cooling module 12 may be imple-
mented without the primary C/E 20, the compressor 24, or the
condenser 26. In this case, the secondary C/E 22 would pret-
erably be connected to a building chilled water supply via the
lines 72, 74. In this configuration, the cooling modules 12
could be cascaded as with the modules 12 including the
primary C/E 20, the compressor 24, and the condenser 26. Ice
backup could be used with this arrangement, e.g., 11 switches/
valves were placed in the lines 72, 74 that could selectively
fluidly couple the building chilled water or the 1ce storage to
the C/E 22. Further embodiments could use the cooling mod-
ules 12 without the secondary C/E 22. Also, the heat
exchanger module section 18 may include more than one heat
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exchanger, e.g., five or more heat exchangers, and the heat
exchanger(s) may have any of a variety of form factors.

Further, while the description above refers to the invention,
the description may include more than one 1nvention.

What 1s claimed 1s:

1. A system for cooling gas heated by heat-producing elec-
tronic equipment, the system comprising:

a heat exchanger configured to transier heat from the

heated gas to a first coolant;

a first cooling module connected for fluid communication
with the heat exchanger and including a first condenser
configured to cool and condense incoming first coolant
from vapor to liguid, the first cooling module being
configured to transier heat from the first coolant to a
second coolant to cool the first coolant;

a second cooling module connected for fluid communica-
tion with the heat exchanger and including a second
condenser configured to cool and condense mmcoming
first coolant from vapor to liquid, the second cooling
module being configured to transier heat from the first
coolant to a third coolant to cool the first coolant; and

a condenser-charge controller configured to regulate a first
coolant liquid level 1n the first condenser.

2. The system of claim 1 wherein the condenser-charge
controller comprises first and second condenser-charge con-
troller subsystems connected and configured to control liquid
levels 1n the first and second condensers, respectively.

3. The system of claim 2 wherein the first and second
subsystems each include a liquid level sensor configured to
determine a liquid level 1n the respective condenser, a pump,
and a controller coupled to the pump and the liquid level
sensor and configured to regulate the pump to affect the
corresponding liquid level.

4. The system of claim 3 wherein the liquid level sensor 1s
a pressure differential sensor and wherein the cooling module
includes a coolant container connected to the condenser and
the pump and the liquid level sensor 1s connected to the
coolant container to determine the liquid level 1n the coolant
container, the liquid level 1n the coolant container being
related to the liquid level of the condenser.

5. The system of claim 3 wherein the first and second
cooling modules further comprise:

a container connected to the condenser and configured to

store the first coolant;

a pump connected to the container and configured to pump
the first coolant from the container;

a purge mechanism connected to the pump;

a purge controller coupled to the purge mechanism and
configured to actuate the purge mechanism to purge at
least some of the first coolant pumped by the pump;

a fill mechanism connected to the container; and

a 11ll controller coupled to the fill mechanism and config-
ured to actuate the fill mechanism to supply liquid first
coolant to the container.

6. The system of claim S wherein the purge controller 1s
configured to actuate the purge mechamsm 1f the pump 1is
operating at about full capacity and the liquid level of the
container rises above an upper threshold level and/or more
than a first threshold amount.

7. The system of claim 5 wherein the fill controller 1s
configured to actuate the fill mechanism if the pump 1s oper-
ating at about mimimum capacity and the liquid level of the
container drops below a lower threshold level and/or more
than a second threshold amount.

8. A system for cooling gas heated by passing the gas over
heat-producing equipment to cool the equipment, the system
comprising;
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a heat exchanger including a heat exchanger heat transier
mechanism configured to transfer heat from the heated
gas to a heat exchanger coolant;

a first condensing module connected for fluid communica-
tion with the heat exchanger and including a first heat
transier mechanism, the first condensing module being
configured to transfer heat through the first heat transfer
mechanism from the heat exchanger coolant to a first
coolant 1n the first heat transfer mechanism;

a second condensing module connected for fluid commu-
nication with the heat exchanger and including a second
heat transfer mechanism, the second condensing module
being configured to transier heat through the second heat
transier mechanism from the heat exchanger coolant to
a second coolant 1n the second heat transfer mechanism;
and

a processor coupled to the first and second condensing
modules and configured to assign a cooling task to each
of the condensing modules based upon expected cooling
demand for the heat exchanger coolant and cooling
capacities providable by at least ore of the first [and] or
second condensing modules;

wherein the processor 1s configured to assign the first con-
densing module as a primary module for cooling the heat
exchanger coolant, to assign the second condensing
module as a lag module, for cooling the heat exchanger
coolant, 11 the expected cooling demand exceeds a cool-
ing capacity providable by the first condensing module,
and to assign the second condensing module as a redun-
dant module 11 the cooling capacity of the first condens-
ing module plus the cooling capacity of any lag condens-
ing modules 1s at least as great as the expected cooling
demand, the redundant module being designated for use
in cooling a backup refrigerant if the primary module
and any lag modules are operational and for cooling the
heat exchanger coolant 11 the primary module or any lag
modules are not operational.

9. The system of claim 8 wherein the first and second

condensing modules are coupled in parallel through a single
coolant loop to the heat exchanger.

10. The system of claim 8 wherein the primary condensing
module 1s used to cool the heat exchanger coolant unless the
primary condensing module 1s inoperative, the lag module, 1T
any, 1s used to cool the heat exchanger coolant 11 the cooling
demand exceeds the cooling capacity of the primary module
and any other lag module, and the redundant module, 11 any,
1s used to cool the heat exchanger coolant 1f any of the primary
and lag, 1T any, modules 1s inoperative and the cooling demand
exceeds the cooling capacity of the operative primary and lag,
if any, modules, and 1s used to produce 1ce 1f the cooling
capacity of the operative primary and lag, if any, modules at
he cooling demand.

least meets t

11. The system of claim 8 wherein the first and second
condensing modules each have a cooling capacity that 1s no
greater than an expected cooling demand for the heat
exchanger coolant.

12. The system of claim 8 wherein the first and second
condensing modules each have a cooling capacity that 1s at
least as great as an expected cooling demand for the heat
exchanger coolant.

13. The system of claim 8 wherein the second heat transfer
mechanism 1s further configured to transier heat through the
second heat transter mechanism from the heat exchanger
coolant to a third coolant 1n the second heat transier mecha-
nism.
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14. A system for cooling gas heated by passing the gas over
heat-producing equipment to cool the equipment, the system
comprising;

a heat exchanger including a heat exchanger heat transfer
mechanism configured to transier heat from the heated
gas to a heat exchanger coolant;

a {irst condensing module connected for fluid communica-
tion with the heat exchanger and including a first heat
transier mechanism, the first condensing module being
configured to transfer heat through the first heat transfer
mechanism from the heat exchanger coolant to a first
coolant 1n the first heat transfer mechanism; and

a second condensing module connected for fluid commu-
nication with the heat exchanger and including a second
heat transfer mechanism, the second condensing module
being configured to transier heat through the second heat
transier mechanism from the heat exchanger coolant to
a second coolant 1n the second heat transfer mechanism;

wherein the system 1s configured to use excess cooling
capacity of the second condensing module to produce
ice for use in cooling the heat exchanger coolant if the
first condensing module 1s mnoperative.

15. The system of claim 14 wherein the second heat trans-
fer mechanism 1s further configured to transfer heat through
the second heat transfer mechanism from the heat exchanger
coolant to a third coolant 1n the second heat transfer mecha-
nism.

16. A system for cooling gas heated by passing the gas over
heat-producing equipment to cool the equipment, the system
comprising;

a heat exchanger including a heat exchanger heat transfer
mechanism configured to transier heat from the heated
gas to a heat exchanger coolant;

a {irst condensing module connected for fluid communica-
tion with the heat exchanger and including a first heat
transier mechanism, the first condensing module being
configured to transfer heat through the first heat transfer
mechanism from the heat exchanger coolant to a first
coolant 1n the first heat transfer mechanism;

a second condensing module connected for fluid commu-
nication with the heat exchanger and including a second
heat transfer mechanism, the second condensing module
being configured to transier heat through the second heat
transter mechanism from the heat exchanger coolant to
a second coolant 1in the second heat transfer mechanism,
wherein the second heat transfer mechanism is further
configured to transier heat through the second heat
transier mechanism from the heat exchanger coolant to
a third coolant in the second heat transfer mechanism],
wherein the second heat transfer mechanism 1s further
configured to transier heat through the second heat
transier mechanism from the heat exchanger coolant to
a third coolant in the second heat transfer mechanism]:
and

an 1ce storage tank connected to the second heat transfer
mechanism, wherein the second condensing module
includes a battery and a pump that 1s connected to the
battery and the 1ce storage tank, and wherein the battery
1s configured to power the pump and the pump 1s con-
nected and configured to circulate the third coolant
between the second heat transfer mechanism and the ice
storage tank to cool the third coolant with the 1ce and to
cool the heat exchanger coolant with the third coolant.

17. The system of claim 16 further comprising a processor
coupled to the first and second condensing modules and con-
figured to assign a cooling task to each of the condensing
modules based upon expected cooling demand for the heat
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exchanger coolant and cooling capacities providable by at
least the first and second condensing modules.
18. The system of claim 16 wherein the second heat trans-
ter mechanism 1s further configured to transier heat through
the second heat transfer mechanism from the heat exchanger
coolant to a third coolant 1n the second heat transtfer mecha-
nism.
19. The system of claim [13] 14 further comprising a
processor coupled to the first and second condensing modules
and configured to assign a cooling task to each of the con-
densing modules based upon expected cooling demand for
the heat exchanger coolant and cooling capacities providable
by at least the first and second condensing modules.
20. The system of claim 1 further comprising:
a coolant distribution subsystem connected to the heat
exchanger and the first and second cooling modules and
configured to transfer the cooled first coolant from the
first and second cooling modules to the heat exchanger
and to transfer the heated first coolant from the heat
exchanger to the first and second cooling modules; and
at least one processor coupled to the coolant distribution
subsystem and the heat exchanger, and configured to:
determine a dew point of the gas associated with the heat
exchanger,

monitor a physical characteristic of the first coolant
relevant to saturation of the first coolant; and

control supply of the first coolant to the heat exchanger
such that a combination of temperature and pressure
of the first coolant entering the heat exchanger put the
first coolant at a saturation point of the first coolant
with a first coolant temperature being above the deter-
mined dew point temperature.

21. The system of claim 20 wherein the coolant distribution
subsystem further comprises a first coolant temperature sen-
sor and a first coolant pressure sensor configured to monitor
temperature and pressure of the first coolant exiting the first
and second cooling modules, the at least one processor being
coupled to the first coolant temperature sensor and the first
coolant pressure sensor and configured to vegulate the first
and second cooling modules such that the temperature and

pressure of the first coolant exiting the first and second cool-
ing modules are at desired levels.

22. The system of claim 20 wherein the heat exchanger is
part of a heat exchanger section that includes multiple heat
exchangers and whevein the at least one processor is config-
ured to:

determine vespective dew points of the gas in respective

vicinities of each of the multiple heat exchangers;
monitor the physical characteristic of the first coolant near

an entrance to each of the multiple heat exchangers; and
control supply of the first coolant to the multiple heat

exchangers such that combinations of temperature and

pressure of the first coolant enteving respective ones of

the multiple heat exchangers put the first coolant at
saturation points of the first coolant with respective first
coolant temperatures being above respective deter-
mined dew point temperatures.

23. The system of claim 20 further comprising a heat
exchanger temperature (HET) sensor and a heat exchanger
humidity (HEH) sensor configured to monitor a temperature
and a humidity of the heated gas disposed adjacent to the heat
exchanger, the at least one processor being coupled to the
HET sensor and to the HEH sensor and being configured to
use temperature and humidity indicia from the HET and HEH

sensors to determine the at least one dew point.
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24. The system of claim 1 further comprising:

a first shutoff valve connected to an output of the first
cooling module for rveceiving the first coolant and con-
nected to an input of the heat exchanger to selectively
permit flow of the first coolant from the first cooling
module to the heat exchanger,

a second shutoff valve connected to an output of the heat
exchanger and connected to an input of the first cooling
module to selectively permit flow of the first coolant from
the heat exchanger toward the first cooling module;

a thivd shutoff valve coupled to the heat exchanger; and

a pump arrangement connected to the third shutoff valve
and configured to draw gas and the first coolant through
the third shutoff valve from the heat exchanger.

25. The system of claim 24 wherein the pump arrangement
is configured to vent the drawn gas to a region external to the
system.

206. The system of claim 24 wherein the pump arrangement
is further connected to the first cooling module and is config-
ured to convey the drawn first coolant to the first cooling

module.

27. The system of claim 24 further comprising a plurality of
sets of first, second, and third shutoff valves connected to the
output of the first cooling module, the input of the first cooling
module, and the pump arrangement, vespectively, the system

further comprising a processor coupled to the first, second,

and thivd shutoff valves of each of the plurality of sets and to
the pump arrangement, the processor being configured to
control the shutoff valves and the pump arrangement such
that:
in vesponse to an indication to add a new heat exchanger to
the system with the new heat exchanger being coupled to
a new set of the first, second, and thivd shutoff valves, the
processor will cause the first and second shutoff valves of
the new set to be closed, the thivd shutoff valve of the new
set to be opened, the pump arrangement to drvaw gas
from the new heat exchanger until a desired pressuve is
attained in the new heat exchanger and then the proces-
sor will cause the third shutoff valve of the new set to be
closed, and the first and second shutoff valves of the new
set to be opened; and
in response to an indication to vemove a certain heat
exchanger from the system with the certain heat
exchanger being coupled to a certain set of the first,
second, and thivd shutoff valves, the processor will cause
the first and second shutoff valves of the certain set to be
closed, the third shutoff valve of the certain set to be
opened, the pump arrangement to draw the first coolant
from the certain heat exchanger until a desired pressure
is attained in the certain heat exchanger and then the
processor will cause the thivd shutoff valve of the certain
set to be closed, and the first and second shutoff valves of
the certain set to be opened.
28. The system of claim 16 further comprising:
an outgoing pump coupled to the second condensing mod-
ule and the heat exchanger and configured to pump the
heat exchanger coolant from the second condensing
module to the heat exchanger; and
wherein the second heat transfer mechanism comprises
cooling means for transferving the heat from the heat
exchanger coolant through at least one of a plurality of
heat transfer elements into at least one of the second
coolant or the third coolant.
29. The system of claim 28 wherein the cooling means is
configured to select between which one of the second coolant
and the third coolant to use to cool the first coolant.
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30. The system of claim 28 wherein the cooling means
includes primary cooling means for cooling the second cool-
ant.

31. The system of claim 30 wherein the primary cooling
means is configured to cool the third coolant, and the cooling
means is configured to divect the thivd coolant cooled by the
primary means to the ice storvage tankto freeze water stored in
the ice storage tank.

32. The system of claim 30 wherein the cooling means is
configured to regulate amounts of the second coolant pro-
vided to the second condensing module to control at least a
temperature of the first coolant pumped from the second con-
densing module.

33. The system of claim 30 further comprising pump vegu-
lator means for regulating the outgoing pump to control pres-
sure of the first coolant such that the first coolant entering the

heat exchanger will be at saturation while a temperature of

the first coolant enteving the heat exchanger is above a dew
point temperature of the heated gas in a vicinity of the heat
exchanger.
34. The system of claim 8 further comprising:
a plurality of equipment vacks configurved to house the
heat-producing equipment, the racks being arranged in
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rows such that equipment disposed in the vacks will vent
hot airv into an aisle defined between the vows of racks;
and

a heat exchanger unit including the heat exchanger, the

heat exchanger unit including:

a housing configured to contain the heat exchanger, and

a mounting apparatus connected to the housing and to at

least one rack, the mounting apparatus configured such
that the heat exchanger is disposed at least partially
vertically aligned with the aisle.

35. The system of claim 34 whevrein the mounting apparatus
is configured such that the heat exchanger is disposed at least
partially directly over the aisle.

36. The system of claim 35 whevrein the mounting apparatus
is configured such that the heat exchanger is disposed sub-
stantially entively directly over the aisle.

37. The system of claim 36 wherein the mounting apparatus
is configured to connect to at least one rvack in each of two
different vows of the equipment rvacks such that the heat
exchanger unit straddles the aisle.
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