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FAN ARRAY CONTROL SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS

[GO01]  This application claims priority to U8, Provisional Patent Apphication
61/255364 Bled October 27, 2009, which is a Continuation-In-Part of 115, patent
application Ser. No, 12/079,177, filed Mar, 24, 2008, which is a continpation of U158,
patent application Ser. No. 117595212, filed Nov. 9, 2006, now US. Patent No.
7.527.468%, which s a Continvation of ULS, Palent application Ser. No, 10/806,773, filed
Mar, 22, 2004, now LLS. Pai. No. 7,137,775, which 1s a Conthmation-Ta-Part of PCT
Patent Application Ser. No. PCT/US2004/08578. filed Mar. 19, 2004, and claims the
benefit of LK, Provisional Patent Application Ser. No. 60/456.413. filed Mar. 20, 2003,
and U8, Provisional Patent Application Ser. No. 60/554,702, filed Mar. 20, 2004, Al of

the above-referenced applications are hereby incorporated by reference i their entivety,
BACKGROUND OF THE INVENTION

[G002]  The present invention iy divected to a fan array fan section utitized in
an amr-handiimg svstem,

[G003]  Asr-handling svsterus {also referred to as ap air handler) have
waditionally been used to condition buildings or roms (hereinafter referred to as
“structures™). An air-handling system s defined as a structure that includes components
designed to work-together in order to condition air as part of the primary system for
ventilation of structores, The aw-handling svsiem may contain components such as
cooling coils, heating coils, filters, humidifiers, fans, sound attemstors, controls, and
other devices functioning to meet the needs of the structores. The aw-handling system
may be manufactured in a factory and brought o the structure to be installed or 1 may be
buih on site using the necessary devices {0 meet the functioning needs of the sructore.
The ar-handling compartiuent 102 of the air-handhing system includes the inlet plenum
112 prior to the fan inlet cone 104 and the discharge plenum 110, Within the-ap-handhing
compartment 102 18 situated the fan unit 100 (shown in FIGS. | and 2 ag an indet cone
104, a fan 106, and a wmotor 108), fan frame. and any appurtenance associated with the

function of the tan (e.g dampers, controls, scitling means, and associated cabinetev).
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Within the fan 106 is a fan wheel (not shown) having at least one blade. The fan wheel
has a fan wheel diametet that is measored rom one side of the ouler periphery of the fan
wheel to theopposite side of the outer periphery of the fan wheel. The dimensions of the
handling compartivent 102 such as height. width, and aieway length are determined by
consulting fan manofacturers data for the type of fan selected.

[G004] FIG. 1 shows an exemplary prior art air-handling system having a
single fan wait 100 housed in an ar-handling compartient 102, For exenplary poarposes.
the fan unit 100 13 shown having an inlet cong 104, a fan 106, and a motor 108, Larger
structures, structores requiring greater air volume, or siructures requiring ligher or lower
temperatures have generally needed a larger farounit 100 and a generally correspondingly
larger air-handling compartment 102,

[Q005] As shown m FIG. 1, an air-handling compartment 102 15 substantially
divided mio a discharge plenom 110 and an folet plenum 112, The combined discharge
plenum 110 and the inlet plenom 112 can be referred to ag the aivway path 120, The fan
unit 100 may be sitwated in the discharge plerum 110 as showa), the inlet plenum 112, or
partially within the inlet plenwmn 112 and partially within the discharge plenom 110, The
portion of the atrway path 120 i owhich the fan undt 100 is positioned may be generically
referred to asthe Man section” (indicated by reference nomeral 114), The size of the inlet
cone 104, the sive of the fan 106, the size the motor 108, and the size of the fan frame
{not shown) at Jeast partially determine the length of the airway path 120, Filter banks
[22 andfor cooling coils (not shown) may be-added to the system erther upstream or
downstream of the fan units 100,

[Q006] For example, a brst exemplary structure requiring 30,000 cubic {eet
per minute of alr How at six {6) inches water gage pressure would geserally requive a
prior ari ar-handling compariment 102 large enough to hoose a 35 inch wmpeller. a 100
horsepower motor, and supporting framework. The prior art air-handling compartment
102, intorn would be approximately 92 inches high by 114 to 147 inches wide and 106 {o
112 inches long. The minimum length of the an-handling compartment 102 andior
airway path 120 would be dictated by published manofacturers data for a given fan type,

motar size. and application. Prior art cabinet izing guides show exemplary rules for
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configuring an air-handling compartment 102, These rules are based on oplimization,
reguiations, and experimentation

[0007) For example, a second exemplary structure inclodes a recireudation air
handler used in semiconductor and pharmaceutical clean rooms requiving 26,000 cubic
feet per mimute at two {2) inches-water gage pressure. This structure would generally
requite a prior art air-handling system with a ai-handling compartment 102 large enough
1o house a 44 inch impeller, a 25 horsepower motor, and sapporting framework. The prior
art air-handling compartient 102, In turn would be approximately 78 inches high by 99
mches wide and 94 to 100 inghes long, The minimum length of the aw-handling
compariment 102 and/or airway path 120 would be dictated by pubhished manufacturers
data for a given fan type, motor size and application, Prior art cabinet sizing guides show
exemplary rules for configuring an air-handling compartment 102, These rules are based
on optimization, regulations, and experimentation.

[0008]  These prior art air-handling systems have many problems including
the following exemplary problems:

[(009] Because real estate (e structure space) 18 estremely expensive, the
larger size of the ar-handling compariment 102 is extremely undesirable.

[GO10] The single fan uniis 100 are expensive to produce and are generally
custom produced for each job,

[G011] Single fan units 100 are expensive to operate.

[00G12) Single fan wnits 100 are meflicient n that they only have optimal or
peak efficiency over a small portion of their operating range.

[0013) Ifa single fan unit 100 breaks down, there 18 no air conditioning at all,

[0014]  The low frequency sound of the karge fan umt 100 is hard to attenuate.

[GOLS] The high mass and forbulence of the large fan unit 100 can cause
undesirable vibration,

[0016] Heght restrictions have necessitated the ase of aw-handling systems
buill with two far units 100 arranged horivontally adjacent to cach other, It should be
noted, however, that a good enginecving practice is to design air handler cabinets and

discharge plenums 110 to be symmetrical to facilitate more tntlorm air flow across the
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width and height of the cabinet. Twin fan units 100 bave been wiilized where there is a
height restriction and the onit is designed with a high aspect ratio to gocommmodate the
desired flow rate. As shown in the Greenheck "Installation Operating and Maintenance
Manual" if side-by-side mstallation was contemplated, there were specilic instructions to
arrange the fans such that there was at least one fan whee!l diameter spacing between the
fan wheels and at least one-halt a fan wheel diameter between the fan and the walls or
ceilings. The Greenheck reference even specifically states that arrangements "with Jess
spacing will experience performance losses. ™ Normally, the air-handling system and aip-
handling conpariment 102 are designed for a anifbrm velocity gradient of 500 feet per
minute veloeity o the divection of air flow. The two fan unit 1030 air-handhing systems,
however, sitll substantially suffered rom the probloms of the single anit embodiments.
There was no recognition of advantages by increasing the namber of fan units 100 from
one to two, Further, the two fan unit 100 section exhibits a non-unitorm velocity gradient
i the region following the fan wait 100 that creates vneven air flow across filters, coils,
and sound atienuators.

[0017] if should be noted thai electrical devices have taken advantage of
multiple fan cooling systews. For example, ULS. Pat. No. 6414845 to Bounel uses a
muliiple-fan modular cooling component for installation in multiple component-bay
electronde devices, Although some of the advaniages realized in the Bonet system would
be realized in the present system. there are significant differences. For example, the
Bonet systemn 18 designed to facilitate elecironic component cooling by directing the
output from each fan to a specifie device or area. The Bonet system would not work {o
direct anr flow to all devices in the direction ol general air flow, Other patends such as
1.8, Pat. No, 4,767,262 to Simon and ULS. Pat. No. 6,388,880 to Ei-Ghobashy et al. teach
fan arcays for use with electronics.

[GD18] Even in the computer and machine industries. however, operating fans
i paraliel & taught against ag noi providing the desived results exeept in low system
resistance situations where fans operate in near free defiverv, For example, Sunon Group
has a web page i which they show two axial fans operating i parallel, but specifically
state that f "the parallel fans are applied to the higher svstem resistance that |an]

enclosure has, . . . less increase in flow results with parallel fan operation.” Similar
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examples of teaching against using fans m paralle! are found in an article accessible from
HighBeam Research’s libvary (hitpy/stait highbearm com) and an articke by Ian Meleod
accessible at (hitpd/wwwi.papstple.comy),

BRIEF DESCRIPTION OF THE INVENTION

[0019]  The presert invention is direcied to a fan array fan section In an aw-
handling system that includes a phurality of fan onits arranged in a fan array and
positioned within an air-handling compartment, One preferred embodiment way inchude
an array controller programmed to operate the plurality of fan units at peak efficiency.
The plurality of tan units may be arranged in a true array configiration, a spaced pattern
configuration, columns shghtly offset array configuration, or a staggered arrvay
configuration

[G020] The foregoing and other olyectives. features, and advantages of the
invention will be more readily understood upon consideration of the following detailed
description of the wnvention, taken i corgunction with the accompanying drawings.

[GD21] The foregoing and other olyectives. features, and advantages of the
invention will be more readily understood upon consideration of the following detailed
description of the wnvention, taken i corgunction with the accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

[0022) FIG. 1 1 a side view of an exemplary prior art aw-handling system
having a single large fan unit within an air-handling compariment.

[0023]  FIG. 2 58 a perspective view of an exemplary prior art large fan onit.

[GO24] FIG, 3 15 a side view of an exemplary fan array fan section iy an ap-
handling system of the present invention having a plurality of small fan unily within an
air-handiing compartment,

[Q025] FIG, 4 15 a plan or clevation view of a 4 x & exemplary fan array fan
section in an air-handling system of the present nvention having a plurality of small fan

units within an air-bandling compartment.
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[0026] FI(x 5 s a plan or elevation view of a 3 x 5 exemplary fan array fan

I
o

section in an atr-handling system of the present irvention having a plurality of small fan
anits within an a-handling compartment.

[0027]  FIG. 6 is a plan or clevation view of a 3 x 4 exemplary fan array fan
section in an air-handling system of the present vention having a plurality of small tan
anits within an a-handling compartment.

[0028]  FiG. 7 is a plan or elevation view of a 3 x 3 exemplary fan array fan
section in an air-handling system of the present vention having a plurality of small tan
anits within an a-handling compartment.

[0029]  FiG. 8 is a plan or clevation view of a 3 x | exemplary fan array fan
section in an air-handling system of the present vention having a plurality of small tan
units within an air-handling compartment.

[G030] FIG. 915 a plan or elevation view of an altersative exemplary fan array
fan section in an air-handling system of the present invention in which a plurality of
stmall fan units are arrapged W a spaced paltern array within an air-handling
compariment,

[0031] FIG. 10 i3 a plan or elevation view of an alternative exemplary lan
array fan section in an air-handhing system of the present invention in which a plurality of
small fan onits are arranged m a checker board array within an ab-handhing compartment.

[0032] FIG. 11 15 a plan or elevation view of an alternative exemplary fan
array fan section in an air-handhing system of the present invention in which a plurality of
small fan units are arranged in rows slightly offset array within an ap-handling
compartment,

[0033] FIG, 12 18 a plan or elevation view of an aliernative exemplary fan
arvay fan section m an air-hapdling system of the present pvention s which a plurality of
small fan unils are arranged in colomns shightly offset array within an ait-handhng
compartment,

¥

[(034] FIG. 13 i3 a plan or elevation view of a 5 x 5 exemplary fan array fan
section in an air-handling system of the present invention running at 52% capacity by

tnrning a portion of the fans on and a portion of the fans off
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[D0335) FH3. 14 is a-plan or elevation view of a 5 x 5 exemplary fan array fan
section in an div-handling sysiem of the present invention rtamying at 32% capacity by
turning a portion of the fans on and a portion of the fans ofll

[0036] FIG. 15 12 a side view ol an alternative exemplary thn array fan section
in an air-handling system of the present invention having a plurality of staggered smal
tan units within an air-handling compartment,

[0037] FiG. 16 is a perspective view of an exemplary fan array using a grid
system into which fan units are mounted.

[GO38] FIG, 17 is a perspective view of an exemplary fan array using a gnd
system or modular anits each of which mmcludes a fan wuis mounted within s own fan
anit chanther.

[0039] FIG, 18 is a perspeciive view Of an exemplary artay of dampeners that
may be positioned either i front of or behind the fan units.

[00443) FR3 19 is a fowchart showing an exemplary embodiment of a method
for controlling a fan array

{0041 FIG. 20 illustrates a proeess for caleslating motor load-effieiency that
may be carried out i connection with an alternaiive embodiment,

[0042] FIG. 21 illustrates a mudti-tier speed array processing seqguence carried
out in accordanee with an alternative embodiment to caleulate multiple sets of operative
fan units where each set of operative fan units includes a different RPM speed.

[0043) FICr 22 illustraes a fan arvay reconfiguration process implemented in
accordance with an alternative embodiment.

(0044 FIG. 23 illustrates a local fan array control system i accordance with
one enthodiment.

[0045] FIG. 24 illustrates a distributed tan array control svstent in accordance
with one embodiment.

[(46] FIG. 25 illostrates a distribnited fan arvay controd system i accordance

with another embodiment.
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[0047) Fity. 26 ilustrates a distributed fan array control system m decordance
with another embodiment.

[O048] FiG. 27 illustrates a distributed fan array control system m accordance
with another embodiment.

[(049] FIG. 28 illustrates a distributed tan array control svstent in accordance
with another embodiment.

[0030] FIG. 29 illustrates a distributed fan array control system in accordance
with another embodiment.

[GD51] FIG. 30 ilastrates a wave A and an opposite wave B formed in
accordance with an ersbodiment,

[G052]  FIG. 31 illusirates a fan apray formed in accordance with an alternative
embodiment,

[0033] FIG, 32 ilustrates an array of dampeners 250 formed in accordance
with an embodiment,

[0054] FIG 33 ilustrates an algorithim for operating a fan array in agcordance
with an ewbodiment.

0035 FRG. 34 dlustrates an algorithm for operating a fan array in accordanece
with an embodiment.

[0036] Fitr. 35 illustrates an algorithm {or operating a fan array i decordance
with an embodiment.

[0057] FIG. 36 illostrates an algorithm for operating a fan array in accordance
with an embodiment.

[0058] FIG. 37 dlustrates a local ftan array control svstem formed in
accordance with an ersbodiment,

[(059] FIG. 38 illustrates a distribnited  fan areay control system formed in
accordance with an embodiment,

[(D60] FIG. 39 ilhustrates a block diagram of a svstem formed n accordance

with an embodimnent,
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DETAILED DESCRIPTION OF THE INVENTION

[0061]  The presert invention is direcied to a fan array fan section in an aw-
handling system. As shown in FIGS. 3-12, the fan array fan section in the air-handling
system pses a plyratity of individual single fan unils 200, In one preforved embodiment,
the fun anits 200 are arranged i a true array (FIGS. 4-8), but altemative embodiments
may inchide, for example, alternative arrangements such as in a spaced pattern (F1G, 9),a
checker hoard (FIG. 10), rows slightly offset (FIG. 113, or columns stightly offset {(FIG.
123, As the present invention could be implemented with true arrays and/or alternative
arrays. the term "amray” 15 meant to be comprehensive.

[0062] The fan wuis 200 in the lon array of the present invention may be
spaced as fitile as 20% of a fan wheel diameter. Optimum operating conditions for a
closely arranged amray may be found at distances as low as 30% to 60% ol a fan wheel
diameter. By closely spacing the fan uaits 200, more air may be moved wn a smaller
space. For example. if the fan wheels of the fan onits 200 have a 20 inch fan wheel
diameter, ondy a 4 inch space (20%) 15 needed between the outer pevphery of one fan
wheel and the onter periphery of the adjacent fan wheel {0r a 2 inch space between the
outer periphery of a fan wheel and an the adjacent wall oy ceiling).

[(063] By using smaller fap units 200 it is possible to support the fan unils
200 with less intrusive structure (fan fame). This can be compared to the large fan frame
that supports prioy art fan vnits 100 and functions as a base. This large fan frame must be
large and sturdy enough to sapport the entive weight of the prior art fan unis 100
Because of their size and position, the known fan {rames cause nterference with air flow.,
In the preferred embodiment, therefore, the fan units 200 of the fan array mayv be
supporied by a frame that supports the motors 108 with a minimum restriction o awr flow.

[G064] As mentioned in the Background, others have tried using side-by-side
mstatlation of two fan wniis 100 arvanged borizontally adjacent to cach other within an
arr-handling system. As i also mentioned in the Background. fan arrays have been used
in electronic and computer assemblies, However, in the air-handling svsiem indusiry, it
has always been held that there must be significant spacing between the horizontally

arvanged fan wheels and that arrangements with less spacing will experience performance
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Josses, A single large fan moves all the alr in a cabinet. Using two of the same or slightly
smaller fans caused the air produced by one fan to interfere with the air produced by the
other fan. To alleviate the interference problem, the fans had o be spaced within certain
guidelines--generally providing a clear space between the lans of a distance of at least
oune wheel diameter (and a half a wheel diameter to an adjacent wall). Applying this
logie, # would not have made sense to add more fans. And even it additional fans had
been added, the spacing would have continued to be at least one wheel diameter between
fans. Huther, in the aw-handhing system industry, vertically stacking fan units would
have been anthinkable because the means fHr securing the fan uniis would not have heen
conducive to such stacking (they are designed to be positioned on the floor only).

[0063) it should be noted that the plenum fan is the preferred fan unit 200 of
the present invention. In particular, the APE-12]1. APF-141, APF-161, and APF-181
plennm fans (particularly the fan wheel and the fan cone) produced by Twin City Fan

Companies, Lid. of Minneapolis, Minn., ULS. has been found to work well, The reason

s

that plenam fans work best is that they do not produce poits of high velocity such a
those produced by axial fhns and hounsed centrifugal fans and large plenum lans,
Altermative embodiments use known fan units or fan uois yvet to be developed that will
not produce hugh velocity gradienis in the direction of air flow, Still other embodiments,
atbent less effictent, use fan wnits such as axial fans and/or centrifigal housed fans that
have pomts of high velocity in the direction of akr flow,

[0066G] I the preferred embodiment, each of the fan uaits 200 in the fan atray
fan section in the air-handling svstem i controlled by an array controller 300 (FIGS. 13
and 14). In one prefered embodiment. the array controller 300 may be programmed to
operate the fan units 200 af peak efficiency. In this peak efficiency embodiment, rather
than running all of the fan units 200 at a reduced efliciency. the array controller 300 turns
off certain fan units 200 and rung the remaining fan vnity 200 at peak efficiency. 1o an
alternative embodiment, the far units 200 could all run gt the same power level (e
efficiency and/or flow rate) of operation.

[G067]  Another advantage of the present invention is that the arrvay controfler
300 (which may be a variable frequency drive (VED) used for controlling fan speed and

thus flow rate and pressure, could be sized for the actual brake horsepower of the fan

-1
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array fan section in the air-handhing system. Since efficiency of the fan wall array can be
optimized over 8 wide range of flow rates and pressures, the aciual operating powet
consamed by the fan aray s substantially less than the actual operating power consumed
by the comparable prior art aw-handling svstems and the array controller’s power canld
be redoced accordingly. The wray controfler 300 could be sized to the aclual power
consumpiion of the fan array where ag the controller (which may have been a vartable
frequency drive) in a traditional design would be sived to the maximum nameplate rating
of the motor per Blectrical Code requirements. An example of a prior ant fan design
supplving 50,000 cubic feet per minute of air at 2.5 inches pressure, would require a 50
horsepower motor and 50 horsepower controller. The new invention will preferably use
an array of fourteen 2 horsepower motors and a 30 horsepower array controlier 300.
[D068) This invention solves many of the problems of the prior art air-
handling svstems including, but not hmited to real estate, reduced production costs,
reduced operating expenses, increased efficiency. mproved awr flow oniformity,

redondancy, sound attenuation advantages, and reduced vibration,

Controllability

[0069) As mentioned, preferably each of the fan vnits 200 in the fan array fan
section in the air-handling system is controlled by an array controller 300 (FIGS, 13 and
14y that may be programmed to operate the fan units 200 at peak efficiency. In this peak
efficiency embodiment, rather than rumning all of the fan units 200 at a reduced
efficiency, the aray controller 300 s able to tum off certain fan units 200 and ron the
remaining fan wsits 200 at peak efficiency. Preferably. the array controller 300 i able to
control fan units 200 individually, in predetermined groupings, andior ag a group as a
whole,

[0070]  For example, m the S x5 fan array such as that shown n FIGR. 5, 13,
ard 14, a person desiving to conivol the array may seleet desived air volume, a level of air
How, a patiern of air flow, and/or how many fan units 200 to operate. Torning fist to air
volume, each fan unit 200 in a § x § array contributes 4% of the total alr. In variable air
volume systems, which s what most structures have, only the number of fan units 200

required to meet the demand would operate. A control system (that may mchade the areay

-t~
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controller 3003 would be used to take fan vnats 200 on Boe (an "ON" fan unit 200} and oft
ling (an "OFF" fan wut 200) individually. This ability 10 twn fan uniis 200 on and off
could effectively chindnate. the need for a variable frequency drive. Simldarly, cach fan
anit 200 i3 a 5 x 5 array uses 495 of the total power and produces 4% of the level of air
flow, Using a control system to take fan unis 200 on line and off hine allows a user o
control power usage and/or air flow. The pattern ol air Hlow can also he controlled it that
would be desjrable. For example, depending on the system i iy possible to ereate a
pattern of air flow ondy around the edges of a cabinet or air only at the top. Finally,
individual fan vnits 200 may be taken on line and off line, This controllability may be
advantageous if one or more fan vnits 200 are not working properly, oeed to be
maintained (e.g. needs general service)., andfor need to be replaced. The problemaiic
individual fan units 200 may be taken off line while the remainder of the system remains
tolly functional. Once the individual fan units 200 are ready for use, they may be brought
back on Hne.

[G071] A further advastage to taking fan unils 200 on and off line occurs
when building or strocture control svstems require low volumes ol air at relatively high
pressures. Inthis case, the fan units 200 could be modulated to produce a stable operating
point and elimmate the surge effects thal sometimes plague structore owners and
maintenance stafl The surge effect 13 where the system presswre s too high for the fan
speed at 8 given vohume and the fan unit 200 has a tendency to go into stall.

[0072] Examples of controllability are shown in FIGS, 13 and 14, In the fan
arvay fan section in the air-bandling system shown in FIG. 13, the arvay controller 300
alternates "ON" fan onits 200 and "OFF" fan onits 200 in a first exenmiplary pattern as
shown so that the entire system Iy set to operate at 52% of the maximum rated air flow
but ondy conswmes 32% of full rated power. These mumbers are based on exemplary
typical fan operations in a structure. FIG. 14 shows the fan array fan section i the air-
handling system sei to operate at 32% of the maximum rated air flow but only consumes
17% of full rated power. These numbers are based on exemplary typical fan operations in
a structuve. In this embodiment, the array controiler 300 creates a second exemplary

pattern  of "OFF"  fan  wnits 200 and  "ON" fan units 200 as  shown
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Real Estate

[0073) The fan array fan section iy the air-handbing seetion 220 of the present
myvention preferably uses (60% to 80%4) less real estate than prior ant discharge plenums
120 (with the hundred serfes number being prior art as shown in FIG. 1 and the two
hundred series number being the present wvention as shown i FIG. 3} m air-handhing
systems. Comparing the prior art (FIG. 1) and the present invention (FIG. 3) shows 8
graphical representation of this shortening of the airway path 120, 220, There are many
reasons that asing mohtiple smaller fan units 200 can reduce the lenpth of the airway path
120, 220, For example. reducing the size of the fan wuit 100, 200 and mwotor 108, 208
redoces the length of the discharge plenum 110, 210, Similarly, reducing the size of the
infet cone 104, 204 reduces the length of the nlet plenum 112, 212, The length of the
discharge plenum 110, 210 can also be reduced because atr from the fan array fan section
i the air-handling svstem of the present invention s substantially untform whereas the
prior an air-handiing system has points of higher air velocity and needs time and space t©
nux so that the flow is uniform by the time it exits the air-handling compartment 102,
202. (This can also be deseribed as the higher static efficiency in that the present
mvention eliminates the need for settling means downstream from the discharge of a
priov art fan system because there 18 fittle or no need to transition from high velocity to
low velocity,) The fan array tan section i the abr-handling svstent takes in alr from the
wlet plenum 212 more evenly and efficiently than the prior art air-handling system so
that the lenath of the inlet plentm 112, 212 may be reduced.

[0074] For purposes 0f comparison, the first exempdary stracture set forth in
the Background of the Invention {a strueture requirmg 50,000 cubie feet per minute of air
flow at a pressure of six (6) wches water gage; will be used. Using the first exemplary
structwre an exemplary embodiment of the present invention could be served by a
nominal discharge plesum 210 of 89 inches high by 160 inches wide and 30 to 36 inches
long {as compared o 106 to 112 inches long in the prior art entbodiments), The discharge
plenum 210 would melude a 3 x4 fan areay fan section in the air-handbing svstem such as
the one shown in FIG. 0) having 12 fan onits 200, The space required for each exemplary

fan enit 200 would be a rectangular cube of approximately 24 to 30 ches on a side
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depending on the arcay confipuration. The ajrway path 220 48 42 to 48 inches (as
compared to 88 to 139 inches in the prior art embodiments).

[O075] For purposes of comparison, the second exemplary struetore set forth
i the Background of the Invention {a structure requiring 20,000 cubic feet per minute of
air flow at a pressure of two (2) inches water gage) will be used. Using the seeond
exemplary structure, an exemplary embodiment of the present invention could be served
by a nominal discharge plenunt 210 of 84 inches high by 84 inches wide, and 30 to 36
wches long (as compared to 94 to 100 inches long i the prior art ervbodiments). The
discharge plenum would melude a 3 x 3 fan array fan section in the aw-handling svstem
(such as the one shown m FIG. 7) having @ fan wots 200, The space required for each
exemnplary fan unit 200 wounld be a rectangular cube of approximaiely 24 to 30 inches on
a side depending on the array configuration. The awway path 220 is 42 to 48 mches (ay

compared to 71 to 95 inches in the prior art embodiments),

Reduced Production Costs

[0076] it is generally more cost effective to build the fan wray fan section in
the air-handhbing system of the present invention as compared to the single fag unit 100
used in prior art alr-handling systems. Part of this cost savings may be due to the fact that
individual fan units 200 of the fan apfay can be mass-produced. Part of this cost savings
may be due to the fact that 1t i3 less expensive to manufactore smaller fan vnits 200,
Whereas the prior art single fan units 100 were generally costom built Tor the particalar
purpose, the present ipvention couldd be implemented on a single type of fan woit 200, In
alternmative embodiments. there might be several fan units 200 having different sizes
anddfor powers (both input and ouwtpit). The different fan units 200 could be used v a

anit 200, Even when the smaller fan units 200 are custom made. the cost of producing

multiple fan units 200 for a partieuar projeet is almost always less that the cost of
producing a single large prior art fan unit 100 for the same project. This may be hecause
of the difficulties of producing the larger components and/or the cost of oblaining the
larger components necessary for the single large prior art {an unit 100. This cost savings

also extends to the cost of producing a smaller air-handling compartment 202,

14
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[0077]  In one preferred embodiment of the invention. the fan units 200 are

modular such that the system is "plog and plae)” Swueh modudar unis may be
implemented by including structure for interlocking on the exterior of the fan units 200
thenweles. Allernatively, such modular onits may be implemented by using separate
structure for interlocking the fan wndts 200, In still another altermative evsbodiment, such
modular uniis may be implemented by psing a goid system into which the fan units 200

may be placed.

Reduced Operating Expenses

D078 The fan array fan section in the a-handling system of the present
mvention preferably are less expensive to operale than prior ant air-handling systems
becanse of greater Hexibility of control and fine tuning to the operating requirements of
the structure. Also, by using smaller higher speed fan unity 200 that require less low

frequeney noise control and less static resistance 1o flow.

Increased Effciency

[0079] The fan array fan section m the air-handling system of the presemt
invention preferably is more efficient than prior art air-bandling systemy because each
simall tan oni 200 carn run at peak efficiency. The system could twirn individual fan units
200 on and off to prevent inefficiont use of particular fan units 200, It should be noted
that an array controller 300 could be used to control the fan units 200, As set forth ahove,
the array controfler 300 toms off certain fan uoits 200 and runs the rervaining fan units

200 at peak efficiency.

Redondancy

[QURQ] Multiple fan units 200 add to the redundancy of the system, It a single
fan unit 200 breaks down, there will still be cooling. The array controller 300 may take
disabled fan units 200 into consideration such that there is no noticeable depreciation in

cooling or air flow rate. This Rature may also be uselil during mamtenance as the amray



WO 2011/056319 PCT/US2010/050052

controller 300 may turn off fan units 200 that are to be maitained offline with no

noticeable depreciation i coohng or aw {low rate.

Sound Attenuation Advantages

[0081] The high treqoency sound of the small fan anus 200 is easier to
attenuate than the low frequency sound of the large fan wil. Beecause the fan wall has less
low frequeney sound energy. shorter less costly sound traps arg needed o attenunie the
hgher frequency sound produced by the plurality of small fan units 200 than the Jow
freguency sound produced by the single large fan vt 100, The plorality of fan units 200
will each operate in a manner such that acoustic waves from each unit will interact to
cancel sound at certain frequencies thuas creating a quieter operating unit than prior art

systems.

Reduced Vibration

[G082] The wmultiple fan units 200 of the present invention have smaller
wheels with lower mass and create less force doe to residual onbalance thos cansing less
vibration than the Jarge fan unit. The overall vibration of multiple fan wats 200 will
ransmit less energy to a structure since individual fans will tend fo cancel each other due
to shght ditferences in phase. Fach fan wmit 200 of the muliiple fan units 200 manage a
smaller percentage of the total air bandling requivement and thus produce less furbulence

i the air stream and substantially less vibration,

ALTERNATIVE EMBODIMENTS

[0083) As mentioned, in one preforred embodiment of the invention, the fan
units 200 are modular such that the svstem is "plag and play.” Such modular units may be
implemiented by including structure tor interlocking on the exterior of the farn units 200
themselves. Alternatively, such modular wnits may be implemented by using separate
structure for interfocking the fan enity 200, In still another alternative embodiment, such
moeduolar units may be implemented by using a prid svstem into which the fan unitg 200

may be placed.
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[O0&4) FItr. 16 shows an embodiment using an exemplary grid svstem 230
into which the fan unils 200 may be placed, In this embodiment the grd may be
positioned andfor built within the alre-handling compartment 202, The fan unity 200 may
then be posiioned into the grid openmgs, One advantage of this configuration s that
wdividual fan units 200 may be easily removed, maintamed, and/or rephced. This
embodiment uses an exemplary pnigque motor mount 232 that suppoits the motor 208
without interfering with air flow therearound. As shown, this exemplary motor mow
232 has a plurality of army that mount avound the fan inlet cone 204. It should be noted
that the dimensions of the grid are meant to be exemplary. The grid may be constructed
taking into consideration that the fan units 200 in the present invention may be spaced
with as hittle as 20% of a fan wheel diameter between the fan wnits 200

[OORS) FRy. 17 shows an embodiment using either a grid system or modutar
w240 osing separate structure {not shown) for interlocking the tan uaits 200, In this
exemplary embodiment, cach of the fan anits 200 are mounted on a more waditional
motor mount 242 within its own fan unit chamber 244, In one preferved embodiment, the
tan unit 200 and motor mount 242 are preferably suspended within their own fan unit
chamber 244 such thai there 38 an air relief passage 246 thercbelow. This air relieve
passage 246 teads to mprove air flow arotnd the fan units 200.

[O086] The fan onit chambers 244 shown i FIG. 17 may inchude one ore
more interfor ewrface made from or Bned with an acoustically absorptive material or

n

"insulation surface” 248, Going against conventional industyy wisdom that swfaces
canpot be placed in close proximity with the fan units 200, the present mvention places
one or more wsalation sarfaces 248 at least partially around each fan unit 200 without
disrupting air flow. The msulation surfaces 24% may oclpde one or more of the sides,
top, bottom, front, or back. Exemplary tvpes of msulation include, but are not limited to
traditional insulation board (such as that made from inorganic glass fibers (fiberglass)
alope or with a factory-applied foil-serim-kraft (FSK) tacing or a factory-applied all
service jacket (ASD)) or aliemative nsulation such as open cell toam such as that
diselosed 1 ULS. patent application Ser. No. 10/606435, which s assigned {o the
assignee ol the present mrvention, and which the disclosure of which is hereby

ncorporated by reference herein. Together, the insulation surfaces 248 on the fan unit
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chambers 244 tend to function as a coplanar silencer. Some of the benefits of using the
coplanar silencer include (1) no added airway length for splitters, (2) no pressure drop,
andfor (3) refatively low cost. The acoustic advantages of this and other embodiments
make the present vention ideal for use in concert halls, lecture halls, performing arts
centers, Hbranes, hospitals, and other applications that are acoustically sensitive.

[GD87] FIG. 17 shows airflow between the two panels 20 which represent
acoustically insulted surfaces and sowund attenuation lavers, FIGS. 17-19 show a first
embodiment i which a fiberglass core 22 has an open cell foam 24 layered with at least
one side of the liberglass core 22, FIGS. 17 and 19-22 show a second embodiment
combining the use of open cell foam 24 with for use of perforated rigid facing 26. FIGS.
22 argd 23 show a third embodiment in which the entire insalation board 10 18 replaced
with an uncoated open cell foam pad 22,

[G088]  Twrning first to the first embodiment shown in FIGS. 17-19, this
lavered embodiment includes a fiberglass core 22 {or other tvpe of nsulation) that has an
apen cell foam 24 layered with at least one side of the fiberglass core 22. One advantage
to using both the fiberglass material and the open cell foam maderial is that it 8 less
expensive than using open cell foam material alone because open cell foam move
expensive than {iberglass, Another advantage to using both the fiberglass material and the
open cell foam material is that it weighs less than using fiberglass material alone because
fiberglass weighs more than open cell foam. Another advantage to using both the
fiberglass material and the open cell ham material 18 that is that the two maderials
provide different types of acoustic msulation over a different range of frequencies.
Together, the two materials provide sound absorption over greater range of frequencies.
The graph below {shown with a vertical axis as the absorption eoefficient going from (o
1 and a horizontal axis showing the frequency going from 0 to 10,000 Hiz at
approximately the peak point) is meant to be exemplary and does not necessarily reflect

agcurate measarements.

[G089]  Altermative embodiments of the first layered embodiment include a
tiberglass core 22 with one side layered with open cell foam 24 (FIG. 17), a fiberglass

core 22 with both sides layered with open cell foam 24 (FI1G. 18), and a fiberglass core 22

~1§-
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and layered with open cell foam 24 secured by perforated rigid facing 26 (FIG. 19). The
bottom section 0f FIG. 22 showd the embodiment of FIG, 19 1y use inan exemplary air
handler. It should also be noted that ap alternative embodiment of the present invention
could mclude more tharn two layers of different types of msalation. For example, a four
faver version could be open cell foam, fiberglass, rockwool, and open cell foam. The
layered embodiment could actually be “toned™ using different tvpes of insulations,
different quantities of insulations, and different thicknesses of insulations to have the
desired acoustic properiies for the intended use,

[0090]  The present invention also includes a method for making an air
handler using the panels and layers. The method includes the steps of providing an air
handier system with at least one air handler surface, providing a core of first insulgtion
material having at least one layering surface. and providing a facing of epen cell foam
second msulation material. Then, the facing is af least partially layered to the at least one
layering surface to form a layered msulation board, Finally, the at least one air handler
surface ig at Jeast partially covered with the layered insulation board so that the facing i3
exposed 1o arflow through the air handler.

[G091]  Turning next to the second embodiment shown in FIGS. 17 and 19-22,
this perf-secured embodinment combines the use of open cell foam 24 with for use of
perforated rigid facing 26. Comwbining the use of open cell foam and perforated rigad
facing 16 provides significant advantages for use in air handlers. For example, the use of
the perforated rigid tacing 26 to secure the open cell foam 24 does not significantly
reduce the sound absorption gualities-of the-open cell foam 24. As shown in FIG. 20, the
open cell structure of the open cell toam 24 allows portions 0f the open cell foam 24 to
protrude from openings defined in the perforated rigid facing 26 {shown in front view in
FiG. 21). The exposed open cell foam 24 1s able to ahsorb sound waves. In one
embodiment, protrading open cell foam 24 formed between the openings in the
perforated rigid facing 260 absorbs sound waves. This can be compared o prior ar
embodiments in which sound waves are reflected by the substantially rigid diaphragms
formed by the smootly facing 14 being divided by the perforated rigid facing 16.

[0092) Alternative embodiments of the second perf-secured embodiment

include a fiberglass core 22 and layered with open cell foam 24 secured by pertorated

ST
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rigid facing 26 (FIG. 19) and non-layered open cell foam 24 secured by perforated rigid
facing 26 (the bottom section of Fix, 22), It should be nofed that alternative
embodiments may replace perforated rigid facing 26 shown in FIG. 21 with alternative
securing strocture such as perforated rigid facing 26 with alternatively shaped openings,
straps, nefting, wire grids, or other securing struchure suitable to prevent the open cell
foam 24 from being drawn tnward.

[0093] The present invention alse includes a method for making an aie
handler using the perf-secured embodiment. The method mcludes the steps of providing
an air handler svstem with at least one aw handler surface, providing open cell foam
nsulation material, and providing securing structure through which said facing may be
exposed. Then, the at least one air handler surface is gt least partially covered with the
open cell foam msulation material. Finally, the open cell foam insulation material is
secured 1o the at least one air handler strface so that the protrading open cell foam
insulation material is exposed to-sound waves anddor airflow through the air handler.

[0094]  Turning next to the third preferred embodiment shown in FIGK. 22 and
23, this uneoated embodiment combines the entire insulation board 10 s replaced with
uncoated open cell foam 24 This would be particularly suitable for uses in which the
presence of fiberglass would not be satistactory for the intended use or woald be
unacceptable to the intended chient. For example, pharmaceutical companies involved in
ingestible or fnjectable drugs would find # uvnacceptable to have any Hiberglass in the air
handler. Alternative embodiments of the second ancoaied embodiment include pneoated
open cell foam 24 secured by perfovated rigid facing 26 (FI1G. 22) wncoated open cell
foam 24 secwred i a Frawe 30 (FIG. 23).

[(D95] The present invention also includes a method for making an air
handier using the uncoated third embodiment, The method includes the sieps of providing
an air handler system with at keast one air handler sortace and open cell foany. The
method also includes the step of covering at least partially the at least one air handler
surface with the open cell foam.

[0096] The present invention is directed to the use of open cell foam i air
handlers that has the necessary durability, safety, and cleanliness properties for the

particular use. One exemplary open cell foam, melamine foam (Melamine--
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Formaldehyde-Polycondensate), has been shown to be quite suitable for this purpose.
Melamine is a lightweight, high temperature resistant, open cell foam that has excellent
thermal properties with superior sound absorption capabilities. Melamine is cleanable in
that it is relatively impervious to chenricals (e.g. it is able to withstand relatively caustic
cleaning agents such as SPOR-KLENZ® without breaking down). Melaine also meets
the flame spread, smoke density, and fuel contribution requirements necessary to comply
with Class-I building code regulations. Because #t does not shed particles, i can be used
in places where fiberglass would be precluded. Still further, as melamine is nert, it would
not cagse the health problems {such as those assoctated with fiberglas) for those who are
exposed {o the product. I also Is relatively attractive. It should be poted that melamine
foam has been used as acoustic insulation by such companies as illbruk (www illbeuk-
sonex.comd It should be noted that alternative open cell foams could be substituted for
melamine, For example, silicone or polyethane foam could be used as the open cell foam
of the present invention,

[G097] it should be noted that the present invention hay been primarily
discussed in terms of fiberglass as an alternative type of insulation. I should be noted that
ather types of insulation may be vsed in place of fiberglass fncloding, but not himited to
rockwool,

0098 Although the embodiments are discussed in terms of lavermyg
fiberglass material and the open cell foam material, alternative embodiments could
inchude, bonding the fiberglass material {o the open cell foam material, enclosing the
fiberglass matertal within the open cell foam material, coating the fiberglass material
with an open cell foam material, and other means for fayering the two materials, The term
“lavers” or Mayering™ are weant to encompass alt of these ermbodinsents ag well ag others
that would be known to those skilled in the art.

[0099] It should be noted that the term “air handlers™ Is meant to include, by
way of exaraple, recirculation air handlers, central aiv bandlers, silencer, sphitters (such as
parallel splitters). clean room cetling svstens, and commercialindustrial air handling
SYSLems.

[00100]  FIGS, 24-29 show an exemplary insulated grid system or modular unit

system interior surfaces are made from acoustically absorptive material or “insulation
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surface” 248, In this embodiment, each fan unit cell 244" preferably has a sturdy frame
250 that supports the insulation surfaces 248, In one preforred embodiment the frame
would form only the edges of a cube-shaped fan unit cell 244° and the insulation surfaces
248 would form the sides (e.g. top. bottom, and/or siles) of the cube-shaped fan wit cell
244° In alternative preferred embodiments, the frame may inchuade additional structure or
braces for support andfor strength, Together, the nsulation surfaces 248 of the fan unit
cells 2447 tend to function as a coplanar silencer. This is shown graphically in FIGS. 25-
29 where the coplapar silencer (formed by the insulation surfaces 248) reduces the sound
wave reaction as the sound waves travel through the insulation surfaces 248, For
example, in FIG. 25, the central fan unit 2004 is loudest in s own fan wt cell 2447 As
the sound of the fan spreads radially, it at leagt partinlly digsipates ag it passes twough the
serrounding insulation surfaces 248. This is shown graphically as the sound wave circles
being darkest in the contral fan onit cell 244" and Hghter i the surrounding fan unit cells
244 The vesult is that the sound from the central fan unit 200a that eventually emanates
from the system is softer than soond that woold emanale from a system without the
coplanar silencer. In FIG. 26, the first side fan anit 200b is loadest in its ows fan unit cell
244, As the sound of the {an spreads vadially, it at least partially dissipates as it passes
through the surroonding insulation surfaces 248, This is shown graphically as the sound
wave eircles being darkest in the central fan unit cell 244, lighter in the surrounding fan
uinit cells 2447, and still highter in fan unit cells 244" more distant from the orginating fan
undt 200bh, The result s that the sound from the fan unit 200b that eventually emanates
from the svstem is sofler than sound that would emanate from a svstemy without the
coplanar stteneer. FIG, 27 shows the first side fan wt 200b, a second side fan vnit 200¢,
and their respective sound waves, As shown graphically in FIG. 30, another principle of
the present invention is that as the sound waves interact, there 18 a degree of wgve
cancetlation such that the waves are self~extinguishing. FIG. 30 shows wave A and an
opposite wave B that are opposites and therefore interact to form a flat wave A+B. If
waves are not exactly opposite, then the combined wave will not be flat. but would have
some wave cancellation. This is a basie wave prineiple of which the present invention ig
able to avail iself The result of wave cancellation iy that the sound from the fan units

200b andd 200c¢ that eventually emanates from the sysfem 18 sofier than sound that would
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emanate from a system without the coplanar silencer. FIG. 28 emphasizes a first comer
fan unit 200d and its wave pattern. FIG, 29 emphasizes both the first corner fan it 2004
and a second corner fan unit 200b and their respective wave patterns, The analysis of
FIGS. 28 and 29 would be similar to that of FIGS, 26 and 27 respectively. It should he
noted that m the preferred embodiment, more than two fans might be running
simulianecusly and all the running fans would have wave patterns. The wave patterns of
all the running fans would be able to take advantage of both the dissipation {as they pass
though swrrounding nsulation surfaces 248) and wave cancellation of the coplanar
silencer.

(G101 Although FIG. 31 shows the discharge plenum 210 positioned
within the fan unit chambers 244, altermative embodiments of fan unit chambers 244
could enclose the inlet plenum 212, or at teast partially enclose both the inlet plenum 212
and the discharge plenum 210, Still other alternative embodiments of far unit chambers
244 may have grid or wire surfaces (that increase the salety of the present invention) or
be open (that would reduce costs).
Bypass Feature

[00102] Viudtiple fan onits enable the areay {o operate at a range of flow rates
from fuall Jow to partial flow where cach fan contributes /N air flow (where N equals the
sumber of fang), Most duwect drive fan syvstems operate at speeds other than full
synchronous motor speed in ovder {o match the heating or cooling requirements of the
structore. Speed control i3 pommally maimtained using variable frequency drives, Since
variable frequency drives are electronic devices, vach drive operating within an air
handling structure has a certain probability of fatlure. In a traditional air handling svstem,
if the VFD faily the air bandler will either shut down or be operated at full syachronous
speed of the motor i what is known as bypass mode. In traditional sysiems fan unils in
the air handler have to be throttled back through some mechanical means in order to Hmit
pressure and flow to meet the building requirements. Mechanical throtthing in bypass
mode ont traditional sysiems creates exeessive noise and redoces fan efliciency. The
present invention overcomes this problem by allowing for a change in the fan aray

output by turping ceriain fans off to meet the design point. The array can be tailored to
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meet the flow and pressure requirement without the need for mechanical throtiling and
subsequent added noise and reduction in efficiency.

[O103]  Although FIG. 31 shows the discharge plenum 210 positioned within
the fan unit chambers 244, alternative embodiments of fan unit chambers 244 could
enclose the inlet plenam 212, or at least partially enclose both the inlet plenam 212 and
the discharge plennm 210, Still other alternative embodiments-of fan wnit chambers 244
may have grid or wire surfaces (that increase the safety of the present invention) or he
open {that woald reduce costs),

[00104]  FIG. 32 shows an array of dampeners 250 that may be positioned
either in front of or behind the fan units 200 to at least partially prevent back drafis. In the
shown exemplary embodimentt, the dampeners 250 include a plurality of plates, each
plate positioned on s own pivoel. In the shown exemplary embodiment, the plurality of
plates stighily overlap each other. The shown embodiment is constructed such that when
air is flowing theoogh the far umits 200, the plates are i the open position and when the
air stops, gravity pulls the plates into the closed position. Preferably, each of the
dampeners 250 operates independently such that it some of the fan units 200 are ON and
some of the fan wnits 200 are OFF, the dampeners 250 can open or close accordingly.
Although shown as a simple mechanical embodiment, alternative embodiments could
wmchude structure that s controlled electronically and/or remotely from the dampeners
250

[00105] It shouald be noted that FIG. 4 shows a 4 x 6 fan array fan section inthe
air-handling system having twenty-four fan upits 200, FIG. 5 shows a 5 x5 fan array fan
section in the air-handling svstem having twentv-five fan anits 200, FIG. 6 showsa 3 x4

fan array fan section in the ai-handling system having twelve fan units 200, FIG. 7
shows a 3 x 3 fan arvay fan section m the air-handiing sydtem having nine fin anits 200,
and FIG, 8 shows a3 % | fan array fan section in the air-handling svstent having three tan
units 200, 1t should be noted that the array may be of any size oy dimension of more than
two fan units 200, It should be noted that althoogh the fan units 200 may be arranged ina
single plane (as shown in FIG. 3), an alternative array configuration could contain a
plurality of fan wiiis 200 that are arranged i a staggered configuration {as shown i FIG,

13y i mudtiple planes. It should be noted that ceoling coils {not shown) could be added to
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the system either upsiream or downstream of the fan vnits 200, It should be noted that,
although shown upsiream from the fan units 200, the filter bank 122, 222 could be
downstreant

[00106] It should be noted that an alternative embodiment would use a
horizontally arranged fan array. In other words, the embodiments shown in FIGS. 3-15
could be used horizontally ov vertically or in any divection perpendicular 1o the direction
of air flow, For exampde, if a vertical portion of air duct is functioning as the air-handling
compartment 202, the fan array may be arranged horizontally. This embodiment would
be particutarly practical in an air bandling compartment fov a return ajr shafi.

[00107] It should be noted that the fan section 214 may be any portion of the
atrway path 220 in which the fan nnits 200 are positioned, For example, the fan aniis 200
may be sitomied in the discharge plenan 210 {as shown), the inlet plenum 212, or
partially within the et plenum 212 and partially within the digcharge plenum 210, 1t
should also be poted that the air-handhng compartient 202 ruay be a section of air duet.
Control system

[00108]  Turning now to FIG. 33, an elecironic controller 300 may be
implemented to automatically select a sumber of operative fan units and the RPM speed
of each fan unit in order to achieve a predetermined or desired level of efficiency for the
overall tan avay. For example, the desired level of efficiency may be to approximately
maxiize the efficiencies, to attain a high percentage efficiency {e.g., 90%, 80%, efe)
and the like. In certain applications, fan units may achieve the desired kevel of efficiency
within a nartow RPM vange. 1o an exemplary embodiment, the controller 300 operates in
a feedback contrel loop to maintain the fan units 200 continuonsly operating in a desired
efficiency range.  The controller 300 varies the airflow andfor static pressure
continuonsly or periodically by varving the muvber of fan units 200 operative within the
array as envirommental parameters tor the building change. By way of example,
enviromuental parameters for a butlding include airflow, nunidity, temperature and the
like, For example, a farget environmental parameter for airflow may be set to one-half of
a maximum fan-array airflow capacity during the day and 4096 at night. Thus the

controller 300 may only tiun on halt of the tan unils 200 within the fan-array during the
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day and turn on 40% of the fan uniis at night. In this way, energy consumption may be
greatly reduced.

[OG109]  The controller 300 achieves a desired level of efficiency of the fan
array through the use of an Herative progess as shows mm FIG. 33, Building management
provides environmental parameters or programuped constraints, at 304, based on the air
handbing needs at a given time or over repeated time intervals,  These environmental
parameters or constraints 304 may include factors sach as static pressore. total airflow,
humidity. temperature and the hke for desired time periods (e.g., day, mght, week days,
weekend, eie), Initialdy, the controller 300 sets an iitial number of operative s to a
predetermimed number (e.g one) and sets an injtial RPM speed to a predetermined level
{e.g.. a fan nunimom or a percentage of the motor maxinmum rated RPM speed, ete.). Al
306, the controller 300 calculates a static pressure based on the curvent number of
operative fans and the current RPM speed for a pradetermuned CFM. Next, at 308, the
controller 300 determines whether the candidunie static pressure satisfies (e.g. corresponds
to) the programmed constraids (eg., programmed static pressore environmerial
parameter) that wag input by the building management operaior. 1 not, How moves to
3140, where it 1 determined whether the current RPM gpeed has reached a maximum for
the motor or fan, It not, flow moves o 312 where the RPM speed is incremented by a
predetermined amount and a new candidate static pressure is recalenlated at 306,

[00114]  Ifat 310, the RPM speed has reached the maximum rated level of the
motor or fan, then flow moves 1o 318 where the number of operative fans is incremented
by a predetermined amounnt. At 318, the RPM speed 18 reset to the intial RPM speed.
Next: a new candidate static pressure is caleulated at 300, The controller 300 repeats the
caleulations at 306-318 until the candidate static pressure cosresponds to the dlatic
pressure pat by the building management operator, which represents the RPM speed at
which a number of the fan units 200 should be run in order to satisly the programmed
environmental parameters or constraints. For example, the number of fans may represent
number of fan units 200 in the system. At 314, the controller 300 records, in wemory,
the RPM speed and number ol operative fan unils as a potential or candidate RPM/fan

anit combination that would achieve the programmed/input static pressure.
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[D0111]  Next at 316, the controller 300 determines whether the candidate
sumber of operative tan units equals the total number of fan onils in the fan array. 1 not,
flow returns to 318 where the number of operative fan wuis i3 again incremented and the
RPM speed is reset to the initial RPM speed. It the candidate number of aperative fan
unity equals the total muber of fan unis i the fan array, flow moves to 320, As the
progess Herates through the operation at 314, a tablke of potential RPM/an untt
comabinations is created where cach entry i the table inclodes a combination of a
candidate RPM speed and a rumber of operative fan units for the associated input static
pressure. Optionally, the candidate RPM speed and number of operative fan units may be
saved as the sole candidate for the corresponding static pressure and the remaining
operations 316-324 of FIG, 19 omitted.  Once the caleulation 306-318 is completed, the
controtler 300 bas created and saved multiple combimations of candidate RPM speeds and
candidate number of operative fan umis that each achigves the programunad or mpot
static’ pressure.

[G0112]  Contimsng in FIG. 33, at 320, the controller 300 successively analyzes
gach of the potential RPM/fan unit combinations saved in the fablk created at 314, For
each entry in the table, the controller 300 caleulates the horsepower requived to run the
corresponding number of operative fan uniis 200 (e.g.. for each combination of candidate
RPM speeds and candidate number of operative fan units that achieve the programmaed
static pressure).

[00113] For example. il one of the potential RPM/ fan unit combmations in the
table indicated that 5 fan units were to be operative at 2000 rpms, the controfler 300
would caleulate the power usage of cach of the five fan wis for the corresponding 2000
rpy speed. Similarly, if another potential RPMan unit combimation i the table
mdicated that 10 fan units should be operative at 1500 rpms, the controller would
calculate the power usage of each of the 10 fan units at 1300 rpms. OUnce the power
nsage 15 calculated for each potential RPM/fan unit combination, the controller 300 then
identifles at 322 a resultamt RPMitan unit combination that atilizes the desired power
usage {e.g., Jowest power). From the table of potential RPM/fan uoit combinations, the
system may seleet, at 322, the resultant RPM/ fan unit combination that requires the least

v

horsepower,  Then at 324, the controller 300 turns fan units 200 on or off uniil the
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number of operative fan units 200 corresponds to the resuliant RPM/Aun unit
combination. Al 324, the controller 300 adjusts the speed of the fan unis 200 that are
operative to corvespond to the RPM speed indicated in the respltant RPM/fan unijt
combination. In this way, the system will continuonsly select an efficient combination of
the murgber of operative fan units 200 and fan onit RPM speed o satisly the programmed
constraints 304 provided by the building management operator.

[00114]  The fan array may be ra by a single Variable Freguency Drive (VFD)
device. Optionally, a second VID may be available for redundancy purposes. The speed
at which the fan units 200 run may be the same for all fans which corresponds to the
result and RPM speed. Optionally, sets or groups of the fan units 200 may be coupled t©
different VFD devices, such that the RPM speed of cach set or group of fan units 200
may be independently controlied. For example, separate VIDs may be coupled to each
row, or cach column, of fan uniis 200, The fan units i cach row or colunmm may then be
set to a common RPM speeds (c.g., 1% and last rows set to operate af 2000 rpms, while
middle rows are set to operate at 3000 rpmn). Optionally, the each fan unit 200 may be
coupled to {or integrated with) a corresponding uwmique VED device, such that the RPM
speed of gach fan wnit 200 maxy be independently controlled.

[00115]  As a fhrther option. nuultiple VFDs nay be made generally available
without a direet refation to any partienkyr motor. The VEDS may be configured to be
dyvmamically coupled to one or more corresponding fan unils 200 at ron time.  In this
example, the number of VFDs may be used that correspond to the number of different
RPM speeds that are to be utilized simullaneously.  For example, one of the multiple
VFD may be coupled to a first set of fan wuts 200 that are set at an REM speed of 2000
rpm, while a second of the multiple VID may be coupled to a second set of fan units 200
that are set at an RPM speed of 3000 rpm.

[00116] The calculations at 306 may be made based upon lan curves 302
provided by the mamifaciorer at the e of installation. Fan curves 302 are calenlated by
taking an individoal fan anit 200 and measuring its static pressure output and horsepower
input as a function of total akrflow, This measurement may ocowr inside of the air-
handling system installed in the building, becanse the results will vary based on, for

instance, the size, shape, and configuration of the plenum in which the fan units 200 are
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placed. The resulting data way then be fitted with a polynomial curve—the fan curve
J02—preferably of fith or sixth order, with the tndependent variable being the awtlow,
The coefficients for each power of the independent variable corresponding to the besi-fit
curve are ound and recorded. Comumercially available data analysis software 18 suitable
for this tagk. When the ftting process is complete, an equation s oblained that  will
aceurately give the static pressure of a single fan unit 200 at a particular avllow, The

total static pressure of the system is then given by a summation equation as follows:

Z i f ? ,I N

CLOFMT
' .hf .hs
pressure polynomial curve it deseribed above, CFM is the aflow in cabic feet per

O, where Cnois the nth power coefficient from the static

snute, D s the total musber of fan wits 200 in the system, B8 number of operative
fan units 200, Ds i the design maximum speed of the fan units 200, Es i the actual
operating speed of the fany, and X i a the order of the polynomial used for the static
pressure curve fit. Given a static pressure and a required airflow, the comtroller 300 may
iteratively determine at 306-318 the RPM speed of the fan units 200 for each number of
operative fan unils 200 by inserting different values of RPMs, at 312, mio the staiic
pressure equation caleolated at 300 uniil the desired static pressore i reached at 308.
This process is repeated 318 {or a single fan anit 200, two fan units 200, and so on until
the total number of fan units 200 in the array has been reached. Each of'the RPM values
is then recorded 314 for use by the horsepower caleulation 320, The use of a computer
greatly speeds the process of finding the necessary fan unit speed for cach of the various
mambers of operative fan units 200,

[00117]  As deseribed above, a polynomial curve, again preferably of {ifth or
sixth order, is also fitted 1o the dafa showing brake horsepower as a tunction of airflow
foran mdividual fan unit 200, and the total consumption of the array is then be caleulated
by summing the consumption of individual fan wnits 200, The result of the speed
caleulation given above 15 used to simplify the borsepower caleulation. After caleulating
the necessary fan unit speed for each number of operative fang, the resultant operative
mumbet/RPM pairs 33 passed to the brake horsepower eguation given by

¥ I ; . e .
Z» COFM ﬁ;{ ) (F _J"‘ . where Cn is the nth power coefficient of the horsepower
.
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polynomial eurve it described above, CFM s the airflow in cubic feet per minute, D s
the total aumber of tan units 200 in the system, Ef s nwmber of operative fan uniig 200,
Ds s the design maximum spead of the fan anits 200, Es is the operating speed of the
tans taken from the static pressure equation, and X is 4 the order of the polynomial used
for the horsepower curve fil,  The controller 300 may then ealailate 320 the power
consumpiion of the one tan case, the two fan case, and so on up to the total number of fan
units 200 based upon the RPM information 314 from the staiic pressure equation 306, 1t
is then a simple matter for the controller 300 to identify 322 a preferred number of fan
anits 200 and the fan unit speed that will achieve a desired level of power Conswmption.
The controller 300 may then optionally directly adjust 324 the nomber of operative fan
uinits 200 o achieve the desired level of power consumption, ot # may optionally oulput a
stggestion for a lavan operator to huplement manually. In an exemplary embodiment,
the controller 300 recalculates the opltimal nomber of operative fan units 200 at an
interval of less than one minute. The frequency of recaleudation is limited only by the
speed of the computer performing the caleulation. T this way, changes i the building”s
neads may be rapidly implemented and high efficiency achieved at all timses,

[00118]  The controlfer 300 may be implemented in any of a number of ways.
For mstance, a general purpose compuier may be programmed {o confrol the fan array.
Alternatively, a programmable logic comtroller, i an exemplary embodiment, the
Siemens 87 controller, may be programmed with the necessary algorithm,  Either of these
may use variable-frequency drives, controlled by a digital signal, to control fan unit
speed, and digitally-controlled relays o swiich fan units 200 on and offt In the
alternative, the actual control of fan wuis 200 may be acconiplished by manual switches
and rheostats manipulated by human operators. The controller 300 wmay melude a stand
alone computer, laptop computer, a prograrnmable microcontrolier or precessor which
performs the various operations diseussed heremn. The controller 300 wmay mchude a
microprocessor, or equivalent control circnitry and may further include RAM or ROM
memory, logie and timing circuiiry, state machine civouitry, and 1O circnityy. The
details of the design and operation of the controller 300 are not ¢nitical to the present
mvention. Rather, any suttable controller 300 may be used that carries out the functions

described herein,
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[00119]  Fi: 34 illustraies a process for caleudating motor load-efficiency that
may be carried out W connection with an alternative embodiment.  For example, the
process of FIG. 34 may be inserted into the process of FIG. 33 in place of the horsepower
calenlation operation at 320, The electric motors coupled to the fan units are generally
configured 1o operate at 409 to 100% of the rated load (e.g.. the rated horsepower). For
example, 8 motor with a rated lpad of 10 horsepower (hp) may be confignred to operate
between 4 and 10 hp, Each motor exhibits a varying amwount of efficiency depending, 1o
part, on where the motor operates relative to the motor rated load. For example, a motor
may exhibit peak efficiency when operated at or near 70% or 85% of the motor rated
load. As a further example, a motor having a 10hp rated load may have an acceptable
load range of 4 to 10 hp. with a peak efliciency at 7.5 to 8.3 hp. Motor effictency may
decrease as the motor’s operating load moves below 40% of the rated load of moves near
100% of the mted load. The efficiency curve for miotors varies between individual
motors and based on motor size and rated load.

[GM20]  The process of FIG. 34 analyres values for various motor control
parameters to determing which values will resalt o the moior operating with a desired
leved of motor efficiency. At 402, the table of candidate RPM/ fan unit combinations (that
was creafed at 314 in FIGL33) is accessed and the first candidate combination is analyzed.
At 404, a test motor RPM speed is set to correspond to the candidate RPM speed in the
first candidate combination from the table. At 406, the contraller 300 calenlates the
current motor load (e.g.. m working horsepower) that would be experienced for an
individual fan unil when operated at the test motor RPM speed. The current motor load
i then compared to the motor’s full load (.. maximum horsepower) 1o oblain a
percentage full motor load that would be drawn by the motor when operating at the test
moetar candidate RPM speed.  For example, if the test motor candidate RPM speed were

-
¥
&

3000 rpry, the controller 300 may detersmine that this motor will operate al 7 horsepower.
If the motor has a full or maxinmm load of 10hp, then 7 hp would be a 70% of the full
motor foad,

[OG121]  Next, at 408 the controller 300 determines the motor efficiency from
the percentage full molor load calculated at 406, The motor efficiency may be

determined through algorithmic analysiy, or from efficiency tables. or from a motor load-
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efficiency curve, or a combination thereof and the ke, For example. # a motor is
operating at 70% of full motor load, a load-efficiency curve may indicate thai this motor
has an efficiency of 90% when at 70% full motor load. Once the motor efficiency has
been determiined, then at 410 the controller 300 records the motor efficiency. the
copresponding RPM speed, the percentage load and the number of operative fan units in a
table as a motor-refined candidate RPM/fan unit combimation. The foregoing information
may be recorded in the same table or a different {able as utilized at 314 to vecord the
candidate RPM/fan unit combinations,

[00122]  Nextat 412, the controller 412 determines whether the test motor RPM
speed is the last or only available RPM speed for the current muvber of fan units. If not,
How moves to 416 where the RPM speed 15 set {o g new RPM speed. For example, the
RPM speed may be increased or decreased by a set amount at 416, Next, the operations at
406 to 410 are repeated and a rew motor-refined candidate RPM/ lan unit combination is
obtained and saved in the table. The operations at 406 to 410 are repeated until the
current mumber of operative fan units bas no more available RPM speeds that may be
nsed, Forexample, the RPM speed may be successively stepped through a range of RPM
speeds that start at a set number of RPMs or at a set percentage below the candidate RPM
speed.  The operation at step 418 may up the RPS speed until reaching an RPM speed
that 1s a sel number-of RPMs, or a set percentage, above the candidate RPM speed. Once
the available RPM speeds are analyzed for the corrent number of operative fan anits,
flow moves from 412 to 414,

[G0123] At 414, the controller determines whether additional ecandidate
RPM/fan unit combinations exist in the table created at 314 (FIGe 333 Por example, i
the table mcludes ten candidate RPM/fan unit combinations, and there are five available
RPM speeds that are desired {o be tested with cach combination, then the operations at
406 to 412 are repeated five times (one for sach of the 3 available RPM speeds) for each
of the ten candidate RPM/fan onit combinations. In the foregoing example, the
operations at 406 1o 414 would create a table with 50 motor-retined candidate RPM/ fan
unit comtbinations. Thereafter, flow returns 1o 322 in FIG. 33, Returning to F1G. 33, at
322, the controller 300 selects the motor-refined candidate RPM/fan unit combination
that exhibited a desired notor efliciency and static pressure.

-a2-
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[00124]  FICr 35 illustrates a multi-tier speed array processing sequence carried
out in accordance with an alternative embodiment to calculate multiple sets of operajive
fan units where each set of operative fan wnits includes a different RPM speed.
Beginning at 502, the number of thers Is set. For example, two or three different RPM
speeds may be programmed to be used at the same thve. Por example, foterior fan vnits
may be operated af a higher RPM speed, while peripheral fan wits may be operated at a
fower fan speed, or vice versa. Alternatively, operative fan units in each row or each
column may be alternately assigoned first and second RPM speeds.  Thus. adjacent fan
anits may have different REM speeds, while all of the operative fan anits assigned the
fest RPM speed are interleaved with the operative fan onits assigned the second RPM
speed. For example, 8 fan array may be divided into fowr guadrants, with cach quadrant
assigned a different RPM speed. As a further example, operative fan units in a first
gquadrant of the fan array may be assigned a common RPM speed, while one or more
quadrants of the fan amay may be assigned a different RPM speed.  Alternatively,
opposed guadranis may be assigned a common RPM speed.

[00125] Returning to FiG 35, at 503 the controller 300 calculaies the portion
of the tolal static pressure 1o be contributed by each of the tiers. The tier contributions
may be equal or ditferent. The tier contributions may be proportional to the aumber of
fan units In each tier. For example, i a fivst tier inchades 30% of the total fan units, a
second tier nclades 25%. a third tier includes 15% and a fourth tier ncludes 109, then
each tier would be assigned a corresponding percentage(30%, 253%, 153%, 10%) of the
programmed static pressure.

[00126]  Next. at 304, the controller calculnies the number of operative fan
unity and the RPM speed for a aurrent tier. For example, wa two tier 25 fan unit array,

where the first and second tiers inclade 73% and 23%., respectively, ot the total fan units,
thenr 73% and 25% of the static pressure woutld be attributed to each tier. Hence, tier ong
may utilize 10 operdtive fan units out of 15 total fan units, whike tier two may olilize 2
operative fan units owt of 5 total {fan unis.

[G0127]  Next at 506 the RPM speed and nomber of operative fay units for a
current tier may be relined based on wotor efficiencies as discussed above i conpection

with FIGL 340 Optionally, the operation at 306 may be omitted entively. Next at S08 it is
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determined whether all of the tiers have been analyved and assigned RPM speeds and
mumbers of operative fan units, I nol, tow moves to 310 where the current tier i
incremented. The operations at 304 and 306 are repeated for the next tier. When at 308
i is determined that no more tiers exist, the process s completed.

[GD128]  FIG. 36 ihustrates a fan array reconfiguration process implemented in
accordance with an alternative embodiment. At 602, the controller 300 determines a
current or nitial conliguration of operative fan units.  For example, the initial
configuration of operative fan units may reserable a checker pattern where alternate fan
winits are ON and altermate fan units are OFF.  Afier 602, alternative steps may be
implemented. For example, in accordance with one embodiment, flow may move to 604
where the controller 300 accesses a collection of stored templates or  stored
preprogrammed patierns of operative fan units, Optionally, at 606, the controller 300 may
implemient an algorithm to awtomatically caleulate a new pattern for the operative fan
winits, Nexi, at 608, the controller 300 may updaie the current pattern of operative fan
units with a sew pattern of operative fan units from the templates of preprogrammed
patterns at 604, or calenlated at 606,

[G0129]  Different patierns may be preprogrammed or avtomatically caleulated
1o evenly distribute the life cvele of the fan units,.  For example, if a first pattern
resembles a checker pattern, the second pattern may include the gaps in the first pattem
Thus. i the first pattern of operative fan units includes fan units #1 43, #3, and #7 in the
first row, the sceond pattern of operajive fan units may inchude the fan units #2, #4, 46
and #8. The controfler 300 may periodically (e.g., every month, every guarter, ete.)
switch from one pattern to a different pattern. For example, it may be desirable to switch
patferns to evenly distribute the Hie cvele between the fan units.  Henee, over a multi-
vear period, all or most of the fan units would experience substanitally equal apounts of
operation time.

[OCT30]  As a further option, the patiern of operative fan units may only be

Ay

switched for shorter “cycle” periods oftime.  For example, once gach week, cach month,
each quarter, ete., the fan uoits that are novmally OFF may be “eyeled™ by turmning them
ON, while at least a portion of the fan units that were otherwise ON are torned OFF, The

fan units that are temporarily cycled ON may remain ON only for a shoet period of time

A
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{e.g., an hour, a day. ete.). Cycling fan upits ON for short periods of time may be
desirable 1o avoid damage, 1o the bearings and other parts of the motor and tan. that may
resplt from remaining stationary for excessively long peviods of time {eg., to avoid flat
spots forning on bearings).

[G0131]  FIG. 37 illustrates a local fan array control system 640 that may be
implemented in connection with an embodiment of the present Invention, The control
system 640 is “local™ in that it is physically located in relatively close proximity to the
fan array. For example, the control system 640 may be integrated into a common
framework with the fan armmay.  Alternatively, the control svstern 640 may be located
within the same building or within a common building campus/complex as one or more
tan arrays that are controlled by the control system 640, The control sysiem 640 includes
a controller 630 that performs the finctions discussed above in connection with FiGs, 33-
36, The controller 630 may resemble the controller 300, The controller 630 is
clectrically coupled 1o an array of motors 652-655 which represent the motors within, and
that drive, the B wmis 200, U should berealized that wove or fower motors and switches
may be otifized ag indicated by the dashed line arrows.

[G0132]  The controfler 6530 13 also  electrically comnected, over a
communications/switch line 686, to one or more variable frequency drives (VFD) 672
and 674, The VFD 674 may be a redundant VIFD that is only activated when the primary
VFD 672 fails oris serviced. The communications/switch line 686 enables the controller
650 10 control pperation of the VFDs 672, 674, The communications/swiich lne 686 also
controls the state {e.g.. open or closed) for switches 682 and 684, By opening or closing
the swiiches 682 and 684, the controller 650 connects one or both of the VFDs 672 and
674 1o the motors 6532-655. The VFD 672 provides a pulse width modulated (PWM)
power signal to the motors 6352-635, where the pulse width is changed to control the RPM
speed of the motors 6532-655,

[OG133]  The controller 630 1s connected over a motor switch Hne 668 to a
series of switches 662-665 which correspond in a one to one relation with the motors
632-655. The controller 630 conirols the open or closed state of the switches 662-663 to
render a select combination of the motors 632-655 operative.  The number and

combination of motors 632-655 that are rendered operative corresponds to the number of
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operative fan units caleulated above i connection with FiGs. 33-36. The motors 652-
655 are comnecied to a feedback line 670 through which the controlier 630 obtains
information regarding the motor operational status, Optionally, the feedback line 870
may he connected to sensors that provide measured values such as for the flow rate (in
cubic feet per minute), the statis pressure, and the like.

[G0134]  Opuonally, 3t may be desirable to use mulliple VEDs 672 and 674 at
the same time 1o control different portions of the fan anits. By way of example, the fiest
VFD 672 may be connected ondy to balf of the motors 652 and 633, while the second
VD 674 15 connected {o a remaining half of the motors 654 and 635

|[00135]  The controller 650 may be implemented as a remote computer, a
laptop and the like. The lines 686, 008 and 670 may be serial lines, parallel buses,
nternet lines and the ke, Optionally, the lines 686, 668 and 670 may be replaced with
wireless Hnks wherein the controller 650 communicates wireless with one or more of the
VEDs 672, 674, switches 682,684, switches 602-6635, motors 632-635, and sensors {e.g,
over a Wil Hnk, LAN, WAN, ete.). Forexample, the system controlier 650 may be part
of the building management system {BMS) that inclodes a workstation, operator uset
mierface, display. ete. The BSM may be configured to implement the functionality-of the
controller that is described above,

[00136]  FIG, 38 illusirates a distributed fan aray control system 700 in
accordance withrone embodiment. The distributed fan array control system 700 includes
a server 702 that is comnected 1o a database 704, a hardwired fan array terface 706, a
wireless fan array interface 708 and a user workstation 710 elecirically connected to a
commaunication system 712, The systern 700 may be used to support remoie control,
configuration and monitoring of fan arrays 720, 722, For example, the work station 710
or server 702 may perform the above discassed calculations as to the RPM speed and
aamber of operative fan units. The resultant RPM/ fan anit combination may be passed
over the internet. a telephone Hine or a dedicated loeal or wide area network to the fan
array 720, 722, such as through wireless or hardwired fan array interfaces 708 and 700,
Optionally, a fan arvay may trapsmit messages through the wireless or hardwired fan
array wterfaces 708 and 7006 to a system operator such as at user workstation 710, PDA

718, cell phone 716, ete. The fan arvay 720, 722 may transmit notices and feedback to an
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operator regarding errors that ocowr a predetermined nomber of times or for a
predetermined amount of time in one day ot one week, The server 702 may keep records
to determine where to rouie a service notice. The server 702 may retain the BSM mputs
requesting particular environmental parameters or programmed constraings, the tables of
candidate and resultant RPM/ fan unit combinations, the motor load-efficiency curves, the
fan corves, ete. The server may perform the caleulations discussed above in connection
with Figures 33-36,

[OG137]  The commication system 712 may be the internet, a votee over 1P
{VoIP'} gateway. 8 local plain old telephone service (POTS) such as a public switched
telephone network (PSTN), and the Hke. Alernatively, the communication system 712
may be a local area network (LAN}, a campus area network (CAN), 8 metropolitan arcs
network (MAN), or a wide area network (WAM). The server 702 mterfaces with the
communication system 712, soch as the internet or a local POTS bhased telephone system,
to transier information between the programmer 706, the wiveless fan array nterface 708,
the user workstation 710 as well ax a cell phone 716, and a personal data assistant (PDA)
718 to the databage 704 for storagefretrioval of records of information.  For mstance, the
server 702 may download, via a wireless connection 726, {o the cell phone 716 or the
PDA 718 the results of resuliant RPM/Aan wnit combinations, On the other hand, the
server 702 may upload raw fan arvay data from fan arrays 720 and 722,

|[00138]  Daiabase 704 is any commercially available database that stores
mformmtion i a record format in electronic memory,  The database 704 stores
information such as fan curves. past operation {hwe, load-efficiency corvesfiables,
candidate and resultant RPM/fan wit combinations, motor parameters, and the like. The
wiormation 1s downloaded into the database 704 via the server 702 or, allernatively, the
mformation is uploaded to the server from the database 704,

[00139]  The interfaces 706 and 708 inmterface with the fan arravs 720 and 722

The wireless commupicate wmay utiize protocols, such as Bluetooth, GSM, mfrared
wireless LANg, HIPERL AN, 3G, satellite, as well ag cirenit and packet data protocols,
angd the fike. The user workstation 710 may interface with the conmunication system
712 via the mternet or POTS o download wdormation via the server 702 from the

database 704.



WO 2011/056319 PCT/US2010/050052

[00140]  FI: 39 Hustrates a block diagram of example manvers in which
embodiments of the present invention may be stored, distribuied, and installed on a
computer-readable mediim. o FIG, 39, the "apphication” represents one or more of the
methods and process operations discussed shove. The application is initially generated
and stored as source code 800 on a source computer-readable mediom 802, The source
code 800 is then conveved over path 804 and processed by a compiler 806 o produce
ohiect code 808, The object code 838 iy conveved over path 810 and saved as one o
more application masters on a master computer-readable medhan 812, The object code
808 js then copied numerons times, as denoted by path 814, to produce production
applhication copies 816 that are saved on separate production computer-readable media
&18. The production computer-readable medin 818 are then conveyed, as denoted by
path 820, to various systems. devices, terminals and the ike.

[00141] A user terminal 822, a device 824 and a system 820 are shown as
examples of hardware components, on which the production compuier-readable medium
818 are installed as applications (as denoted by 828 thwough 832). For example, the
production computer-readable wedium 818 may be installed on the controlier 300,
Examples of the source, master, and production computer-readable mediom 802, 812,
and 818 mchude, but are not limited 1o, CDROM, RAM. ROM, Flash memory, RAID
drives, memory on a computer system, and the like. EHxamples of the paths 04, 810,
814, and 820 achude, but are not limited to, network paths, the internet, Bluetooth, GSM,
wfrared wireless LANs, HIPERLAN, 30, satetlite, and the ke, The paths 804, 810, 814,
and 820 may also vepresent public or private carrier services that transport one or more
phivsical copies of the source, master, or praduction computer-readable media 802, 812 or
818 between two geographic locations. The paths 804, 810, 814 and 820 may represent
threads carried out by one or more processors in parallel.  For esample. one computer
may hold the source code 800, compiler 806 and object code 808, Multiple computers
may operate in parallel to produce the production application copies 816, The paths 804,
810, 814, and 820 may be intra-state. inter-siate, intra-country, inter-country, ntra-
continental, inter-continental, and the hike.

[00142] The operations noted in FIG. 39 may be performed i a widely

distributed manner world-wide with only a portion thereol being performed in the United
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States. Forexample, the application source code 800 may be writien in the United States
and saved on A source compuier-readable medinm 802 i the United States, but
transporied {o another country (corresponding to path 804) before compiling, copying and
mstatlation.  Alternatively, the application source code 800 may be written in or outside
of the Umied States, compiled at a compiler 806 located i the United States and saved
on a naster computer-readable meditun 812 in the United States, but the objeet code 808
transporied {0 another country (corresponding to path 814) before copying and
installation. Alternatively, the application sowrce code 00 and object code 808 may be
produced in or outside of the United States, but production application copies 816
produced i or conveved to the United States (for example, as part of a staging operation)
betore the production application copics 8§16 are installed on user terminals 822, devices
824, andior systems 826 located in or outside the United States as applications 828
through 832.

[00143]  As osed throughouwt the specitication amd clamns, the phrases
“computer-readable medinm”™ and “instructions configured w07 shall vefr to any one o
all of (1) the source computer-readable medium 802 and source code 800, (1) the master
compuier-readable medium and object code 808, (i) the production compuier-readable
madium 818 and production application copies 816 and/or (iv) the applications 828
through 832 saved i memory i the terminal 822, device 824, and system §26.

[00144] It 38 to be understood that the above description is intended to be
ilustrative, and not restrictive,  For example, the above-described embodiments (and/or
aspects thereof) may be used in combination with each other. In addition, many
modifications may be made to adapt a particular situation or material to the teachings of
the ivention without departing from its scope.  While the dunensions and types of
materials described hereln are intended to define the parameters of the mvention, they are
by no means hnting and are exemplary embodiments. Many other ewsbodiments will be
apparent to those of skill i the ant upon reviewing the above description. The scope of
the nvention should, therefore. be determined with reference to the appended claims,
along with the full seope of equivalents to which such claims are entitled. In the
appended claims, the terms “neluding” and “in which” are used as the plain-English

equivalenty of the respective termy “comprising”™ and “wherein”  Moreover, in the
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following claims. the terms “first,” “second,” and “third.” ete. are used merely as labels,
and gre not intended 0 impose numerical requirements on their objects, Further, the
itations of the following claims are not written 1 means-plus-function format and are
not ntended to be interpreted based on 35 US.CL § 112, sixth paragraph. unless and until
such claim linitations expressty use the phrase “means for” followed by a statement of
function void of further structure.

[00145]  The tenns and expressions that have been emploved in the foregoing
specification are used ag terms of deseription and not of hmitation, and are not intended
to exclude equivalents of the features shown and deseribed or portions of them, The

scope of the invention is defined and Brited only by the claims that follow,
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WHAT IS CLAIMED IS

1.

2

13

Axn air handiimg svstem comprising:
a. A preselected number of individual fan anits;
b, said fan units arranged in a fan array. said array capable of operation with
a number of operative fan units less than the preselected number of fan

wnty; and

&

a controller capable of auiomatically conirolling selected fan units in said
array of fan anits in order fo improve total fan array efficiency;

d. wherein the controfler seleets an optimal number of operative fan units so

as to permit the operative fan un#ts to run at substantially peak efficiency.

The air handling system of claim | wherein the controller calonlates a necessary
fan unif speed to give a selected static pressure at a selected awtlow for all
numbers of operative fan unts from one fan vnit up to the preselecied number of
fan onits i the fan areay.
The aw handling system of claim 2 wherein the controller caleulates said
necessary fan unit speed by eratively incrementing fan uni speed and the
munber of operative fan anits,

The air bandling system of claimy 2 wherein a calenlated static presswre at the

e . FSRNRRRRDIY & SN S
selected arflow s given by the equation Z C.CFM t—fl (=), where G,

i
are coefficients determined by system design, CFM is the selecied airtlow m
cubie feet per minute, DI is the preselected number of fan units in the system, Ef

13 the munber of operative fan units, which is fteratively mcremented, D8 i3 a
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tn

6.

7.

design maximum speed of the fan wnits. Es is a gpeed of the fan units, which 13
iteratively incremented, and X is the total nunber of coeflicients,
The air handling svstem of claim 4 wherein X i8 5 or 6,
The air handling system of clairg 4 wheremn the values of coeflicients €, are
calowlated by a method comprising the steps off
a. measuring an empirical static pressure s a function of an empirieal
atrflow for a single fan w;
b. fitting the resulting data with a polynomial of order m, where m is an
nteger;
¢, setting the value of Gy equal to the coefficient of the nth-power term of the
titted polvnomial for n running from zero to my and
d. setting X equal to m
The air handling svstem of claim | wherein the controller first caletlates a power
level required to operate the fan array at a sclected static pressure, a selected
airflow, and with ditferent numbers of operative fhin wits, from one fan unit to the
preselected mumber of fan wmts i the fan array, and then adjusts the number of
operative fan units and a speed of the fhn units to mindmire the power level,

The ar handling system of claim 7 wherein the controller calculates the power

. X R 2 X N R
fevel required using the equation Z(( F 'MHQT} {
gpeii A ¥ Fo%y

OFf o 838 00 )
E ;'—) * . where €, are

coefficients determived by system design, CFM 13 the selected airflow In cubie
feet per munute, DM IS the preselected number of fan unils in the system, Ef is

number of operative fan units, which ig feratively ineremented, Ds iz a design

- .
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maximum speed of the fan units, Es i3 a speed of the fan units, which s Hteratively
incremented, and X s the total aomber of coefficients.
9. The air handling system of claim 8 wherein X is 5 or 6,
1. The air handling system of claim § wherein the value of Es corresponding to sach
value of il is given by the results of the calculation shown w claim 4.
11. The air handling system of claim § wherein the values of coefficients Cy are
calculated by a method comprising the steps of)
a. measuring the power level as a fonction of airflow for a single fan unit;
bo fitting the resulting data with a polynomial of order m, where m i an

integer;

&

setting the value of €, egual to the coeflicient of the nth-power term of the
fitted polvonomial for n running from zere to m; and

d. setting X equal to m,
12, An air handling system comprising:

a. A plurality of individual fan units;

b, said fan units arranged w a fan aveay; and

]

a controller capable of calenlating a set of parameters for controlling
selected fan onits m said wray of fan units in order to improve total fan
array etficiency.
3. A method for controlling an array of fan units, comprising the steps off

a. providing a preselected mumber of individual fan wmits, said fan wis
arranged iy a fan array, said array capable of operation with a number of

operative fan units less than the preselected number of fan units;
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b,

o

d.

PCT/US2010/050052

providing a controller capable of caleulating a power level required to
operate the array at a selected static pressare and a selected arflow for
different numbers of operative fan units;

identifying an optimum number of operative fan onits that will mininuze
the power level and

turning fan units on or off untd said optinum number of operative fan

uniis s reached,

14, The method of claim 13 wherein the controlier calculates the power level required

16.

Uy the oquation Z?

AR &/ S b - .y
LJOUFM t—;l (17, where O are coefficients

~~~~~ B By

o

determined by system design, CFM is the airflow n cobice feet per minufe, DY is

the preselected number of fan units in the system, Ef is number of operative fan

v

units, which i3 #eratively incremented, Ds is a design maximum speed of the fan

units, s is an operating speed of the fans, which is ieratively incremented and X

{8 the totad number of coefficients.

. The method of claim 14 wherein X i3 501 6.

The method of claim 14 wherein the values of coefficlents Cy ave calculated by a

method comprising the steps of!

i

b,

i,

measuring the power level as a function of airflow for a single fan unit;
fitting the resulting data with a polynomial of order m, where m i an
nteger;

sefting the value of €, equal to the coefficient of the nth-power term of the
titted polvnomial for n running from zero to my and

setting X equal to m.

e
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r
17.

18.

19,

20,

The method of elaim [3 fiwrther comprising the step of calenating a fan unit speed
reguired to provide a selected volame of atrflow at a selected static pressure for
different numbers of operative {an units, from one fan unit up O the preselected
nomber of fan units in the array.

The method of claim 17 wherein the results of the fan unit speed calculation
described i claim 17 are used m calenlating the power level,

The method of claim 13 wherein the static pressare is given by the equation

Z, SOCEM S {\-ﬁ)“ (?-}‘ ", where Uy are coefficients determined by system
A ks

design, CFM s the airflow in enubie feel per minute, DI is the preselected number
of fan units i the system, Ef s the nomber of operative fan onits, which is
tteratively incremented, Ds 15 the design maximum speed of the fan wts, Bs s an
operating speed of the fans, which is iterattvely incremented. and X is the total
mavber of coefficients.

The method of claim 19 wherein X is S or 6.

. The method of claim 19 wherein the values of coellicients Ty are caleulated by a

method comprising the steps off
a. measwring dan empivical static pressure as a function of an empirical
atrflow for a single fan w;
b fitting the resulting data with a polynomial of order m, where m is an
nteger;
¢. sefting the value of €, equal to the coeflicient of the nth-power term of the

titted polvnomial for n running from zero to my and

g, setting X equal to m
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22, The method of claim 13 wherein the controller alters the number of operative fan
units automatically,
23, Anawr handling system comprising:
a. A preselected nuwber of individual fan units;
b, said fan units arranged v a fan array, said array capable of operation with
a number of operative fan wuis less than the preselected number of fan
T RN
¢ a controfler capable of caletlating a power level required to operate the
array at a selected static pressure and a selected airflow for different
numbers of operative fan unis, identifving an optinum number of
operative fan umts that will minimize the power level, and turning fan
units on or off untll said optimum muvber of operative fan usils 18

reached.
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