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2. Description of Background Art:

[0002] A central challenge in cooling science today is the development of miniaturized
chillers, in particular for microelectronic appliances such as personal computers. The general
aim is to develop a device that is: (1) compact; (2) virtually free of moving parts and reliable;
(3) efficient in converting input to cooling power (i.., a high Coefficient Of Performance or
COP for short); (4) capable of high cooling densities typically measured in Watt per square
centimetre (W/cm?); and (5) affordable. (COP is defined as the ratio of useful cooling power
to input power).

[0003] Various types of cooling devices have been, hitherto, proposed or commercialised
for the above-mentioned purposes. The simplest is forced air convection with the option of an
extended heat sink that effectively increases the heat source surface area for heat exchange
and/or the possibility of introducing ribs or barriers on the surfaces to be cooled to increase
air turbulence so as to realize better heat dissipation. This method is adequate for many types
of current microelectronic cooling applications; however, the current methods might cease to
satisfy the compactness constraints of future generations of microelectronic cooling
applications that will require a cooling density at least an order of magnitude higher than
presently required.

[0004]  Thermoelectric chillers are also in use, but suffer from inherently low COP
(typically in the range of 0.1-0.5 for the temperature ranges characteristic of many

microelectronic applications) and high cost. The low COP means that major increases in
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The evaporating ends of the heat pipes are judiciously arranged over the CPU while the
condensing ends of the same are laid out 50 as to effectively increase the surface area of the
heat sink.

[0008]  Mini vapour compression chillers {4] have also found applications. In one design,
the evaporator is arranged over the heat source surface while the mini condensing unit is
positioned away from the heat source. The advantage of such a system lies in its higher COP.
However, many moving parts are involved in the compressor and they have to be highly
reliable. Further scaling down of the compressor for miniaturized cooling applications may
also be a technical challenge, and this may lead to a sizable loss of compressor efficiency due
to high flow leakages and in turn the low chiller COP.

[0009] Thermoelectric chillers [5] satisfy the requirement of compactness, the absence of
moving parts except for the possibility of one or more cooling fans, and an insensitivity to
scale (since energy transfers’ derive from electron flows). Typically, commercial
thermoelectric devices comprise semiconductors, most commonly Bismuth Telluride. The
semiconductor is doped to produce an excess of electrons in one element (n-type), and a

dearth of electrons in the other element (p-type). Electrical power input drives electrons
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methanol, zeolite-water, activated carbon-nitrogen, activated carbon-methanol, etc. Silica gel-

water has been the preferred pair in commercial adsorption chiller development targeted for
process cooling or air-conditioning owing to: (a) silica gel’s comparatively large uptake
capacity for water; (b) the high latent heat of evaporation of water; (c) the relatively low
temperatures for desorption; and (d) the harmless nature of the chemicals.

[0013]  However the COP of commercial adsorption chiller driven by low temperature
waste heat (typically less than 85°C) is low, typically in the range of 0.1-0.6 for typical air-
conditioning and process cooling uses. The intrinsically low COP is related to: (i) small
temperature differences among the reservoirs; and (ii) the batch-wise system operating
characteristics.

[0014]  The technology of coupling a thermoelectric device (often referred to as a Peltier
device), to an adsorber and a desorber is not new [14].‘ It is typically applied to
humidification, dehumidification, gas purification, and gas detection. Its application in an
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thermoelectric device, the reactor attached to the cold junction acts’as either an adsorber or
absorber, while the second reactor attached to the hot junction acts as a desorber. When the
direction of flow of direct current through the thermoelectric device is reversed, the original
cold junction is switched into a hot junction, which in turn also switches the reactor from an
adsorber or absorber to a desorber. Concomitantly, the original hot junction is switched into a
cold junction, which in turn also switches the reactor from a desorber to an adsorber or

absorber. Such applications are typically found in gas purification.

SUMMARY OF THE INVENTION
[0017] We will now explain how a unique union of the adsorption and thermoelectric
chillers (electro-adsorption chiller) can produce a device that simultaneously fulfils the
following aims: (a) scale independence, and hence the option of chiller miniaturization and

system compactness; (b) no moving parts; (c) option of no coolant loops; (d) relatively high
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evaporator, respectively.
[0020] According to one aspect of the present invention, there is provided an electro-

adsorption chiller assembly comprising: |
[0021) a condenser, wherein the refrigerant can be cooled by forced air convection,
radiation, laid out heat pipes, by liquid coolant and/or such other means that are practiced by
those skilled in the art;

[0022]  an evaporator that produces useful cooling, which is connected to said condenser
by means of a simple on-off pressure reducing valve operated by means of electromagnetic,
pneumatic, hydraulic, solid-state or other principles so as to provide a refrigerant circuit; or
an evaporator that produces useful cooling which is connected to said condenser by means of
a simple on-off valve operated by means of electromagnetic, pneumatic, hydraulic, solid-state
or other principles and a serially connected hermetic or semi-hermetic pump that can either

spray the refrigerant onto the evaporator heat exchanger surface or distribute the refrigerant
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period of ctolndenser and evaporator and subsequently connected serially to the evaporator to operate as

an adsorber adsorbing vapour refrigerant from the evaporator for a substantial period of time
and the other junction simultaneously operating as a heating end and the reactor attached to
the heating end is heated up while it is isolated from both the condenser and evaporator and
subsequently connected serially to the condenser and operates as a desorber desorbing vapour
refrigerant to the condenser for a substantially identical time interval, and the pump, if any,
that is installed between the condenser and evaporator.

[0026] In a preferred embodiment, the refrigerant is water and the adsorbent is silica gel.
However, other polar fluids such as methanol, ammonia, etc. or polar dielectric refrigerant
can be used. Similarly, other adsorbents such as zeolite or activated carbon can be used.
[0027]  The reactor is preferably composed of good heat exchanging material and contains
a predetermined amount of adsorbent. The adsorbent could be any material, such as silica gel,
that is able to adsorb refrigerant, either by physisorption and/or chemisorption, for example
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boiling mode with the additional installation of micro channels or even stacked-up micro
channels with a honeycomb-like configuration in the pool of refrigerant and are in good

thermal contact and possibly good mechanical contact with the surfaces through which

thermal power is received by the pool of refrigerant so as to increase the cooling densities by
effectively increasing the ratio of heat transfer surface area to volume. However, this design
again cannot satisfy the orientation-independent constraint.

[0031] In a third aspect, refrigerant is mechanically sprayed onto the heat transfer
surfaces of the evaporator via a distributor with the heat transfer surfaces being preferably
installed with micro channels which are in good thermal and mechanical contact with the heat
transfer surface of the evaporator. In this design, an on-off control valve and a downstream
hermetic or semi-hermetic pump have to be installed between the condenser and evaporator
so that the condensed refrigerant is pressurized by the pump and delivered to the distributor.

This design is able to satisfy the orientation-independent constraint as well as the need for

high cooling density.
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additional condenser design comprises a micro-channel heat transfer surface and/or stacked

porous matrix with high thermal conductivity.

[0034] In every pair of reactors, when one reactor is being cooled and eventually
functions as an adsorber, the other reactor is being concomitantly heated and eventually
functions as a desorber for a substantially identical period. When more than one pair of
reactors are installed in the electro-adsorption chiller, the operation of each pair of reactor is
advantageously staggered so that the temperature profile in the evaporator can be smoother
than that experienced when only one pair of reactors is being installed in the chiller.

[0035] Further scope of applicability of the present invention will become apparent from the
detailed description given hereinafter. However, it should be understood that the detailed
description and specific examples, while indicating preferred embodiments of the invention, are

given by way of illustration only, since various changes and modifications within the spirit and
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evaporator 1 and condenser 9, respectively. Figure 4(b) illustrates a reverse operational mode

to Figure 4(a). Figure 4(c) illustrates an operational mode where the reactors 5 & 12 are

isolated from condenser 9 and evaporator 1;
[0041] Figure 5 is a schematic of a multi-pair electro-adsorption chiller with a compact

spool-valve arrangement;
[0042]  Figure 6 is a schematic diagram illustrating the principle of operation of a 2-

reactor electro-adsorption chiller; and

[0043]  Figure 7 is a typical temperature profile for the various modules in a 2-reactor

electro-adsorption chiller.

DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0044]  Referring to the drawings, Figure 1 illustrates a schematic view of one
embodiment of an electro-adsorption chiller equipped with a flooded-pressure expansion
valve that constitutes one aspect of the present invention. From the evaporator 1, heat is
transferred from the heat spreader or substrate 1a where the latter is in direct contact with a



[00411 Figure 5 is a schematic of a nmulti-pair electro-adsorption chiller
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profile for the various nodules in a 2-reactor electro-adsorption chiller.
DESCRI PTI ON OF THE PREFERRED EMBODI MENTS 100441 Referring to the draw ngs,
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the desorption mode). Vapour flows from the reactor 12 into the condenser 9 under the effect
of a positive pressure gradient. In this mode, the other end of the reactor 12 is shut to the
evaporator 1 via valve 14. The reactor 12 contains a pre-determined amount of absorbent 12a,
sealed within the finned surfaces 13 on one end and a perforated stainless steel mesh 12b on
the other. Refrigerant is desorbed from the absorbent and heat is received via the finned
surfaces 13. The high temperature of the finned surfaces 13 is maintained by the hot junctions
of the thermoelectric device 6, where the latter is powered by an electric current (DC) from a
power source or battery 20. Electricity flows through the electrical leads 19 and 21.
Depending on the operation mode of the reactor 12, the direction of current can be reversed
should the reactor 12 'be operated as an adsorber.
[0047] In order to ensure that the thermoelectric device 6 operates properly, each of the
two junctions are separately connected in a thermally conductive but electrically non-
conducting manner. This can be achieved by providing ceramic plates between the two

reactors 5 and .12. The thermoelectric device is connected to the battery 20 in such a manner
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surface. The L e e iSO TS B el i SheSRRNSR Tand: clbolthdt 1 is via
small tubes 16 and 18 as well as the expansion valve 17. The configuration shown here is that
of a conventional flooded-U-tube arrangement, and thus no control strategy is offered for the
operation of valve 17.
[0050] Another drawing, Figure 2, illustrates a schematic view of another embodiment of
the chiller, equipped with an electro-mechanical spray nozzle 23 and housed within the
evaporator 1. Together, they constitute another aspect of the claimed invention. An
electrically operated pump or injector 22 is used to inject the liquid refrigerant at a suitable
pressure into the spray nozzles 23. Within the evaporator 1, heat is transferred from the heat
spreader substrate 1a where the latter is in direct contact with a surface to be cooled. Boiling
of refrigerant (e.g., water vapour) takes place within the evaporator 'l and the generated
vapour flows into the reactor 5 via the pipe 2 and an on-off valve 3 (which is activated to be

opened during the adsorption mode) caused by the presence of a positive pressure gradient.



smal | tubes 16 and 18 as well as the expansion valve 17. The configuration
shown here is that of a conventional flooded-Utube arrangenent, and thus
no control strategy is offered for the operation of valve 17. [0050]
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and 21. Depending on the operation mode of the reactor 12, the direction of current can be
reversed should the reactor 12 be operated as an adsorber.
{0052] The roles of the condenser 9 and evaporator 1 are functionally similar to those
found in any conventional chiller; that is the condenser 9 rejects heat to the ambient
environment via air-cooled finned surfaces or coiled-tubes whilst the evaporator 1 draws heat
from the heat source surface. Spray nozzles 23 can be incorporated that deliver streams of
micro droplets (liquid droplets up to tens or hundreds of microns acting like projectiles)
landing on the heated surfaces of the heat spreader before vaporizing into vapour. The rate of
droplet delivery can be varied digitally by a computerized system through a feedback signal
according to the cooling demand of the evaporator 1. The link between the condenser 9 and

evaporator 1 (other than the reactors) is via small tubes 16 and 18 as well as the expansion

valve 17.
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and the evaporator 1.

[0055] In Figure 4(c), the position of the piston of the spool valve 24 can be manocuvred
to a null position where the reactors (5 and 12) of each pair of electro-adsorption chillers are
isolated from the condenser 9 and evaporator 1. This switching mode is a requirement of the
batch operation of the electro-adsorption cycle.

[0056] Internally, the spool valve 24 is sealed hermetically with grooves 24a on the
piston 24b. Sealing of refrigerant (under partial vacuum) flowing between chambers is
affected by “o”-rings 24c. Specially designed compartments connect the reactors with fine
flow passages within the valve body, linking them to the condenser 9 and evaporator 1 at
suitable parts of the batch cycle. Movement of the piston 24b during the above-mentioned
modes of operation is kept minimal to avoid excessive induced wear on the “o”-rings 24c.
Figure 5 shows a compact design of the device with multiple pairs of reactors and the spool-

valve 24. The reactors and spool valve 24 represent part of the present invention. The
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to the adsorber and desorber bed temperatures, respectively. The cycle is now completed. The
heating and cooling of the two beds 5 and 12 repeat, along with the flow of refrigerant to and

from the condenser 9, evaporator 1, adsorber and desorber.

[0060] The evaporator 1 design is distinctly important for the envisioned applications for
the following reasons. First, high cooling densities are demanded, Second, the device must be
orientation independent and the incorporation of the pump 22 and spray nozzles 23 would
enable the evaporator 1 to function in a variety of orientations. The nozzles 23 would inject
micro liquid droplets onto a heated substrate 1a.’

[0061]  The COP of the electro-adsorption chiller can be expressed in terms of the COPs
of the individual adsorption (subscript “ads”) and thermoelectric (subscript “TE”) chiller by
considering the overall energy flows (with all energy flows defined as positive). Referring to
Figures 1 or 2 and 6, the COPs of the individual components are defined as the nominal
cooling rate produced relative to the particular (electric or thémlal) power input:



t he adsorber and desorber bed tenperatures, respectively. The cycle is now
conpleted. The heating and cooling of the two beds 5 and 12 repeat, al ong
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i nportant for the envisioned applications for the follow ng reasons.
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orientations. The nozzles 23 would inject mcro liquid droplets onto a
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synbi ot i CGPPy: TEPBdd €8P wherate in tandem [00F®] The above equations |
to 5 relate to a single cooling nodule. Far larger cooling |oads can be

accommodated with an assenbly of many individual nodul es, as shown in

Fi gure 5.[086%i ngEauationdedemonstates e ainplifieation of the st COR when beth systams #eed t o
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Figure 5. A single condenser 9 and evaporator 1 would then be interfaced to the modules,
locally or remotely, via a customary spool valve 24.

[0071] Detailed operating schedules for the 2-bed, 4-bed and multi-bed electro-adsotption
chillers are presented in Tables 1 to 3. The plurality of the absorbent beds operating with
either one or more pairs of condenser-evaporator forms a part of the present invention. The
horizontal width of each box shown in the schedules represents the time interval required
with respect to the total cycle time. As an example, the performance of a two-bed electro-
adsorption chiller has been simulated using the specifications listed in Table 4. For these
mentioned parameters, Figure 7 shows a sample of the numerical solutions to these coupled
differential equations. It depicts the predictions of the dynamic temperatures of adsorber 5,
desorber 12, condenser 9 and evaporator 1 for 4 full cycles of the electro-adsorption chiller
operation. As can be seen from these results, cyclic steady state conditions in the chiller can
be achieved in three full cycles. At the specified cooling rate, the net COP of the single
electro-adsorption chiller in this particular situation is about 1.2, which is higher than the

individual COPs of the thermoelectric or adsorption chiller.
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WO 03/014635 PCT/ SQ02/ 00177 -17- Table 2: Energy Uilization
Schedul e for a 4-reactor electro-adsorption Chiller

adsadsswde3HR&/HMS5| v/ s-1 Jun-1 of TE-1Cold EndCol d EndHoPCEREMMIENd
React or - 2swdesdesswadsads VPs-1Y PS-1 Jun-2 of TE-2Hot EndHot EndCol d
EndCol d End Rect or - 3desswadsadsswdes V s-2Vps-2 Jun-1 of TE-2Hot EndCold
EndCol d EndHot End Reactor-4adsswdesdeggwads Vps-2Vps-2 Jun-2 of TE-2Col d

EndHot EndHot EndCol d End Legend: ads:

reactor operating in adsorption node

(adsorber) des: reactor operating in fhpso2:pti on node (desorber) sw
switching from adsorber to desorber, i.e. adsorber reactor receives heat
from the hot j uncgign, ofiy b ferdFRiberS-aRborptitnt CRIIGKY T om
desorber to adsor%%r&?.lgédﬁg?%g%%ggct or becones coﬁgl by the cold
junction quc@ g T [ng@i o a&sc AU E,qsTNE TEQRL PI @BEr af I Ng gader this
node i s psotated—F1 LYY t—te—cprdenser —anf gygpor ator . [ Jun- 1. not pr cold
i 1 af hao fo c o AP = " 1 - N
col'd | unpinshoRTEof LRt ot CCOOBAe O HO I TP HilERd, T O
t her el EREAAI-2rndul b SWyhey B85 rangest% omH Y b ‘9“@% i-—vot f@sge pelarity
switch fpr the j-th $¥B¥hmel ectrjc nodu sL; rangeb—fromito-P.
Not e: ThbJwi-lofil B ehch HetEnds ab | HatEsd; on| of ColgEnd [ o1\ ColdBad 4.1 o1 i on
over one| Reatbre3 des sw_| ads ads sw_| des
Vps-2 Vps-2
Jun-1 of TE-2 Hot End Cold End Cold End Hot End
Reactor-4 ads sw | des des sw | ads
Vps-2 Vps-2
Jun-2 of TE-2 ColdEnd | HotEnd Hot End Cold BEnd
{ Legend:

The reactor
evaporator.

to 2.

Note:

operating

ads: reactor operating in adsorption mode (adsorber)
des: reactor operating in desorption mode (desorber) .
sw: switching from adsorber to desorber, i.e. adsorber reactor receives heat from the l.lot
junction of the thermoelectric module or switching from desorber to adsorber, i.e.
desorber reactor becomes cool by the cold junction of the thermoelectric module.
under this mode is isolated from both the condenser and

Jun-1; hot or cold junction of the first junction of a thermoelectric xpodule.

Jun-2: hot or cold junction of the second junction of a thermoelectric module.
TE-i: i-th thermoelectric module, where i ranges from 1 to 2. .
Vps-j: voltage polarity switch for the j-th thermoelectric module, where j ranges from 1

The width of each box is an indication of the relative time duration over one cycle.




WO 03/ 014635 -18 PCT/ S@2/ 00177 Table 3: Energy Wilization Schedule for a
mul ti-reactor electro-adsorption Chiller

React or - 1swadsads. . ............ swdes Vs-1Vps-|I Jun-1 of TE-1
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Jun-2 of TE-1Hot EndHot End.............. Col d End
React or - 3desswadsads. . ............ Vps-2 Jun-.1 of TE-2Hot EndCol d EndCol d
End.............. React or - 4adssw desdesm ...... . ... Vps-2 Jun-2 of
TE- 2Col d EndHot EndHot End..............
Reactor-(2N-1)des.............. swads. . ............ Vs-N Jun-1 of TE- NHot
End.............. Cold End.............. Reactor-2Nads.............. swdes
Vps-N Jun-2 of TE-NCold End.......... t End.............. Legend: ads:
reactor operati AR-Ts orb r)..d 0,
desorption rmde% o‘f"‘1 g‘&ésquleg\’m ?ocrﬁl Cf&??%’rﬁr)e s%?l?gFo'ﬁﬁ nélélgr gr af ! |ngeI "
adsor ber react or receives—heat—from-th hot vheti-on—ef—t-he—thermaelectric
nodul e ofR Ielhi rod
beconmes ool by the
oper at i npJumatlef TEHi s eactor
evapor at pReactor-2 vesen
Vps-1 ' Vps-1
Jun-2 of TE-1 Hot End Hot End Cold End
Reactor-3 des | sw | ads ads erressesrenes
Vps-2
Jun-1 of TE-2 Hot End Cold End Cold End cesrerssrsrase
Reactor-4 - ads W des , des |
Vps-2
Jun-2 of TE-2 Cold End Hot End Hot End -
Reactor-(2N-1) [ sw | ads [ ... ennevane
Vps-N '
Jun-1 of TE-N Hot End ColdEnd | ..... cesrnsene
Reactor-2N ads sw | des
, . 1 Vps-N .
Jun-2 of TE-N Cold End cersensnrcanse _ Hot End cesenssasasase

Legend:
ads: reactor operating in adsorption mode (adsorber)
des: reactor operating in desorption mode (dcsorber)
sw: switching from adsorber to desorber, i.e. adsorber reactor receives heat from the hot
junction of the thermoelectric module or switching from desorber to adsorber, i.c.
desorber reactor becomes cool by the cold junction of the thermoelectric module. The
reactor operating under this mode is isolated from both the condenser and evaporator.
Jun-1: hot or cold junction of the first junction of a thermoelectric module. -
Jun-2: hot or cold junction of the second Junctlon of a thermoelectric module.
TE-i: i-th thermoelectric module, where i ranges from 1 to N where 2N is the total even
number of reactors.
Vps-j: voltage polarity switch for the j-th thermoelectric module, where j ranges from 1 to

Note: The width of each box is an indication of the relative time duration over one cycle.




Jun-1: hot or cold junction of the first junction of a thernoelectric
nodul e. Jun-2: hot or cold junction of the second junction of a

thernoel ectric nodule. TE-i: i-th thernoelectric nodule, where i ranges
from1l to WHPHUMASIN is the total even nunber of react orsPC'\r/ﬁgoﬁ/‘leol t age
polarity switch for the j-th thernoelectric nodule, where j ranges from1
to N. Note: The width of each box is an indication of the relative tine
duration over one cycle. WO 03/014635 -19 Table 4 Specifications of
conponent and material properties used “#¥% the sinul ation code Paraneter
orVal ue or descriptive equation, with units material pro erty

Thernoel ectric Electricalp, (51120.0 +163.4T., + 0.6279T."' ).10-8 (ohm -
cm resistivity Thermal Ak = (62605 0 - 277.7Ta, + 0.4131Ta , ) 10 (W/ cnK)
conduct i vi t FaledSpedifigasions (Jmmmnqntand)a@tml propertisoussdin she spaul Wﬂ/coriy
coefficient Thernoelectricw = 7.2x 10 (ka/m). density No. of NeQUP = 30

t her noel ¢ct Pagansetetjok € Téfahieroxldesopiptise equatio) with widlst s per uni t
t her noel ¢cinategialgprepeetyt |i sot herm and ki netic equations of the adsorbent and
adsorbat ¢ parr. g* =Ko. exp{ AHads TiRhnbelB¥éttid +{ K. 0o/ q. . exp{{AHads/ (RT)|}. P) Ea
da(t) = FERARaRT (0 - [95 T L sPkot4 R3A95 A R6179785.90DeoMm L zhgx 10 m

resistivity '

Thermal A, =(62605.0-271.7T,, + 0.4131T2).10°° (W / cmK)

conductivity '

Seebeck a, =(22224.0+930.6T,, —0.9905T,).107 (V' / K)

coefficient )

Thermoelectric Wi = 7.2x10° (kg/m°).

density

No. of Neouwp = 30

thermoelectric

couple

Terminal voltage | v =0.15 volts per unit thermoelectric element

Tsotherm and Kinetic equations of the adsorbent and adsorbate pair.
q* = Ko.exp{AHqe/(RT)} -P/[1+{Ko/q,.. exp{{AHus/(RT)}.P} "1'"

Ed
dg(t) _ 15D, ¢ X

*_
L T (@ )
’ P
Adsorber/desorber | Apeq = 12x 10 m*
bed heat transfer
area
Specific heat of Cpsg =924 1/kg K
silica gel

Kinetic constant D,, = 2.54 x10™ m*/s
Activation energy | E, = 4.2 x 10™ J/mole
Silica gel mass Mg =2x 10° ig_
Heat exchangei Mux =25 x10" kg
mass including fins
Total surface area | Agurface = 12 X 107 m”

of sorption bed

Average radius of | Rp=1.7x10"m

silica gel

Toth constant t; = 17 for type A silica gel.
Monolayer qm=0.29 kg kg™ for type A silica gel.

capacity




bed heat transfer area Specific heat of Cps = 924 J/kg.K silica gel Kinetic

constantD.. = 2.54 x10 m/s Activation energyE. = 4.2 x 10 J/nole Silica
gel massMp = 2 x 10- kg Heat exchanger' MHx = 25 x10' kg mass including fins
Total surf Q0 %‘é@ﬁ\ i = 12 x 10 mof sorption bed Aver agePEHEGQROBITRP =1. 7
x 10 msilica gel Toth constantt, = 17 for type A silica gel. Mnol ayerq,n
= 0.29 kg kg' for type A silica gel. capacity WO 03/014635 -20
PCT/ S&02/ 00177 Pre exponent Ko = (1. 30. gbxlo' kg Kg' - .kPa' constant
| soteric heat ofE H d: = 2.8x 106J / K§ adsor ptlon Oondenser Oondenser
heat And X i e S C : — t
exchanger S . erall
. FOK Pa-ﬁs-f—e#%eef—f—ke-l—en-t—@'ﬂ o+-at-of

heat U. d Isotencheatof AH¢¢,=2-3x10°J/kg

adsorption

) Condenser

Condenser heat Acond = 10x 107 m?

transfer area

Specific heat of Crux =903 J/kgK

heat exchanger

Mass of condenser | Mcona = 20.12 X107 kg

including fins

Overall heat Ucond = 900 W/m*“ X

transfer coefficient

Evaporator .

Evaporator heat Acup=2.0x 10" m*

transfer area -

Specific heat of Crevapm = 383.1 J/kg K

heat exchanger

Mass of evaporator | Mevsp =5.1 x 107 kg

including fins

Evaporator heat Uevap = 4000 W/m’K

conductance

(0072} The invention being thus described, it will be obvious that the same may be varied in
many ways. Such variations are not to be regarded as a departure from the spirit and scope of the
invention, and all such modifications as would be obvious to one skilled in the art are intended
to be included within the scope of the following claims.

[0073] The followihg references have been referred to by footnote numbers throughout the

specification and are hereby incorporated by reference thereto: |

[1] Drost M. Kevin., Michele Friedrich, Miniature heat pumps for portable and distributed

space conditioning applications, AIChE Spring national meeting, New Orleans, March
1998.

[2] Lee, D. Y. and K. Vafai. Comparative analysis of jet impingement and micro channel
cooling for high heat flux application, Int. J. Heat Mass Transfer, Vol. 42, pp. 1555-
1568, (1999).

[3] Yeh, L. T. Review of heat transfer technologies in electronic equipment, J. Electronic
Packaging, Vol. 117, pp. 333-339, (1995).

[4] Schmidt, Roger. Electronics cooling, IBM Corporation, Mailstation P932, (2000).



Evaporator heatAnp = 2.0 x 10 mtransfer area Specific heat of Cp,,,,pm=
383. 1 J/kg. K heat exchanger Mass of evaporatorKm=-5.1 x 10" kg i ncl udi ng
fins Evaporator heatUU,,,p = 4000 Wm K conductance [00721 The i nvention
bei ng t hus VREWIHEWEd, it will be obvious that the same mafCBSGIHMITY in
many ways. Such variations are not to be regarded as a departure fromthe
spirit and scope of the invention, and all such nodifications as would be
obvious to one skilled in the art are |ﬁtended to be included within the
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CRC Press LLC, - B FL. [6] Viswanathan, Vish V., Robert Wegeng.
and Kevin Drgs‘?p'q(léﬁ'e‘tg@g%& Adsorption for Energy and Chem cal Systens,

Paci fic Npgg Unsés H\edndONH| mmbmateurng.of[  Jsilida giebevater BdsorpforEcooBap aystemg T.
Kashi wagi . Par ametri.c,_stu il gel -water adsorption
refrigerati ofnergycya 17 ’Pﬁgyl’ ngéﬁ% eélggz)t her mal capacitance and heat
_(Ia_?(; Egng \e/ (r) I[ ]L{?bd?é’ahgpsl{@ N A Mlel€ GD RaéHiWagi PAVEKisEe4) Shdl B.B Sulla FEBdelinBHRAE
performance of two-bed, silica gel-water adsorption chillers, Int. J. Refrig., Vol. 22, pp.
194-204, (1998).
{10] Chua, H.T., K.C. Ng, A. Malek, T. Kashiwagi, A. Akisawa, and B.B. Saha, Multi-
reactor regeneraﬁvc adsorption chiller, submitted to INTRO — National University of
Singapore patent handling office, patent pending in Singapore, (1998b).
[11] Jones, J.A. Regenerative adsorbent heat pump, US Patent no. 5046319, (October
16,1990).
[12] Jones, J.A. Heat cascading regenerative sorption heat pump, US Patent no. 5463879,
(January 04, 1994).
[13] Jones, J.A. Three stage sorption type Cryogenic refrigeration systems and employing
heat generation, US Patent no. 5157398, (October 22,1991).
[14] Bdward G. Thermoelectric adsorber, US Patent no. 03734293, (March 04, 1970).
[15] Joji, K. Oxygen enriched air generator, JP patent no. 11319463, (May 14, 1998).
[16] Nario, H. and Hayashi Hidechika. Column thermostatic chamber, Japan patent no.
039428, (July 21, 1998).
[17] Kazuyuki, Iguchi, Mitani Toshikazu, and Takeuchi Kazuyos. Dehumidifier of Steam
permeable membrane type, JP patent no. 06154543, (November 18,1992).
[18] Takiya, K. and Negishi Nariaki. Absorbing apparatus, JP patent no. 07185248,

(December 28,1993).



1. pp. 139-148, (1997). (8) Cho, S .H and J.N. Kim Moddelling of a silica
gel / wat er adsorption-cooling system Energy, vol. 17, no. 9, pp. 829-839,
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| east one condenser cooling refrigeran at | east one evaporator for
cool i ng arﬁawatsm@pﬂbtlﬁoﬂdme&@égédadsgmﬂﬂn and desaEptiop MOd&Yapor at or  bei ng

connect ed 10 Sg s fbnd figHlochifiC G Ror Bid 3t RAATHY iferSQbatié CRLEDEIRE ! O

prOV|de a refrigerant circuit; at | 'east one pair of reactors connected to
said at | pawidedifer eaohdfsaidat laanﬂ onepair ef repatersy each of said at least one thermoelectric

chiller having two junctions separately connected in a thermally conductive but electrically
non-conductive manner, each of said at least one thermoelectric chiller being connected to a
DC power source that is able to perform a voltage polarity switch so that each of said two
junctions is capable of operating as a heating end and a cooling end, said DC power source
being capable of supply varying power to each of said at least one thermoelectric chiller; and
a control device for controlliné a process time interval, said pressure isolation device,
the at least one valve between the at least one pair of reactors and said at least one condenser
and said at least one evaporator, the voltage polarity of the DC power source, and the power
supply by the DC power source to each of said at least one thermoelectric chiller, wherein
one of said two junctions operates as a cooling end, one of said at least one pair of reactors
attached to said cooling end being cooled down while it is isolated from said at least one
condenser and said at least one evaporator and subsequently connected serially to said at least
one evaporator to operate as an adsorber adsorbing vapour refrigerant from said at least.one
evaporator for a substantial period of time, and wherein a second of said two junctions
simultaneously operates as a heating end, the other of said at.least one pair of reactors
attached to the heating end being heated up while it is isolated from said at least one
condenser and said at least one evaporator and subsequently connected serially to said at least
" one condenser to operate as a desorber desorbing vapour refrigerant to said at least one

condenser for a substantially identical time interval.



one evaporator through atleast one valve so as to provide a refrigerant
circuit such that each reactor is capable of operating in adsorption and
desorption nodes; at |east one thernoelectric chiller, one of said at |east
one t her mo@V@EIVHESchi Her bei ng provided for each of sai @CASGIEYET7 one
pair of reactors, each of said at |east one thernoelectric chiller having
two junctions separately connected in a thermal |y conductive but
electrically non-conductive manner, &]S of said at |east one

t hernoel ectric chiller being connect ed a DC power source that is able
to perfom a voltage polarity switch so that. each of said two junctions
is capabl e of operating as a heating end and a cooling end, said DC power
source being gapablihe Qlectrafidborpticll MiMét RSy 4ecsraing tﬁfclﬁﬁi t, @hereimasdidone
t hernoel ectric chi Her; and a control device for controlling a process tine
interval , mmuepsféﬁtm&eﬂcﬁdi‘ an oaeffopressure redyaing valve epesated, hé ope Pl thepowR en

t he at Ieast d I ndenser and said
at | east Oﬁgs%{}\%po? tl'&;la%l'%ﬂg &QF@%‘%@ lﬁélﬂltcaﬂnd s%ﬂﬂtsta%ﬁ)gge\?\e ¢ source. and
the power supply by the DC power source to each of said at |east one

t hernoel ectric chil er f sai td,0 ope a
cool ing end, ore of §|°313ch aﬁgégtg ?{a?sﬁe"q‘?l;\r,%%é:y ﬂl% &:?ipaghgg&t@% %‘zﬁld
cool i ng efﬁed@&bﬁ@lamldedcdmmwﬂedB-behdl s isolated fromsaid at |east one
condenser and said at | east one evaporator and subsequently connected
serially to said at | east one evaporator to operate as an adsorber

adsor bi ng vapoy; refmb%écﬁ’ﬁfadﬁdrﬁﬁﬂxﬁéihﬂeraisséxﬁﬁ?tacc&ﬂﬁlg ovelgar &f wherelr s#d
substantial period of time, and wherein a second of said t%pﬁ%cunctl ons

si nul tanemnsﬁsweoqs@lﬂmlbée‘a%c is ppesatech §yang, of e %’P\‘Iél"méﬁs‘@&l rpmagnetig,
pai r of % ét%c, f'i‘lfé‘ﬁﬂd ESlid Hfe g@»@&' Bd eRfeLRLGEbID SRURE cotipiding & lbist' s

i sol at ed f east one ndehser and said at | east one evapor at or
and subs ecpmembhgll}cmne@ecbuem@hc af bgmithermeticipuep farsprayingfefrigsrnt aatara hept

operate as desor r frigerant to said at |east one
condenser ?‘g]i‘ %‘5@?‘" ts?"a *;@@éﬁ?‘?@af&ﬁ me interval. WO 03/014635 -23

PCT/ S&2/ 00177 2 The el ectro-adsorption chiller assenbly according to

claiml1, vvhere|§1 saﬁ%ﬁ@sgﬁr&&g{!sol her Qﬁl‘!lé{ca%c&ﬁﬁntooa F RAESRVERd

reduci ng val ve “oper onsisting o ectromagneti c,
pneumat i c,prbdGedidblation dBcs bphraumb@ mv\af‘ ﬂxeSgroifm@oadls!mger dqrsmmprgnctm

hil | nbl di
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accor di ng ¢, sefidllyechnedtbifhcmetic ﬁml-lhémidrpﬁtdpﬁbi' disiribotiniethie ttdhg&'ampmttaaed

by one of the group consisting of elect romag ﬁ
heat exchanger surface of said at least one evaporator with a jet-impingement technique.

6. The electro-adsorption chiller assembly according to claim 1, wherein said
pressure isolation device is a flooded U-bend, said chiller assembly further comprising at
least one serially connected pump for spraying refrigerant onto a heat exchanger surface of

said at least one evaporator.

7. The electro-adsorption chilier assembly according to claim 1, wherein said
pressure isolation device is a flooded U-bend, said chiller assembly further comprising at
least one serially connected pump for distributing the refrigerant onto a heat exchanger

surface of said at least one evaporator with a jet impingement technique.



pneumatic, hydraulic, and solid-state power, said chiller assenbly further
conprising at |least one serially connected hernetic or sem -hernetic punp
for spraying refrigerant onto a heat exchanger surface of said at |east
one evapor AYQP3NE63Fhe el ectro-adsorption chiller assembly PEEEEPUING t o
claim1l1, wherein said pressure isolation device is operated by one of the
group consisting of electromagnetic, pneumatic, hydraulic, and solid-state
power, said chiller as further conprisipg at |east one serially connected
hernmetic or sem -hernetic punp for distributing the refrigerant onto a

heat exchanger surf cBiiftt a8 v, h

j et-inpi ngemen%3 tec nfal&é&égdsgxﬁi‘g ectro- aggoér%pt dﬁ{r%q::h%elr %gl}seg%mng?xd at
accor di ngleast inea'am 15 a spoel walmwe emraied by essofithe gmmpa:bns:shnteafrelwtmmagnehb owvded
U bend, said c er asse "3&’ qlll' ﬁémﬁ |sr ng at |east one serially
connect ed ‘587‘85‘ °’glﬂ>°f“£‘§ﬁ g ﬁcgaé’ﬁffﬂ BAtP¥ heat exchanger surface of
said at |east one evaporator. 7. The el ectro-adsorpti on chiller assenbly
according to claiml, wherein said pressure i sol ation device_ is,a f]ooded

U-bend, said chil | eFhesledimpdsomtipn ghillerasseimblyjageprding to e!m lowhersio gagh pf

connect edggpy 'i‘&cfo% u{j bachl df0datd BOIch Dk Slalr &‘%&&&s %h@rﬁeé’ﬁﬁhd&ﬁféﬂ@ﬂﬁ%nal
surface of said | east one evaporator with a jet iInpingement technique.

WD 03/ Ql4m¢\2nhlp@rﬁm;tm@wpnsmew erde%m@ha@%teraitqno eathar) gaid dingectp| v
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oper at ed y one 0 roup consi sting ectrom

pi eozoel etlmnnmlccpntecmﬂen, rsaldh;whhauhtmal lzemz boatrediostaaslée pﬁmh Ogsald' Ieactors

el ectro- adsor %x' on b) o Eﬁenprlléct% S%ng ng to claim1, wherein each of
sai d reactB° ﬁméﬁl St OB BSTpopletle SN pair of reactors conprises an
adsorbent material sealed within a finned surface on one side and a nesh
material on thg othgr, said finned rface ern ocat ed. a.side,.of each
of said react of% c%lﬁ‘fa&‘s'ﬁ‘isﬂrpélfm Qﬁ afisﬁ'é‘b ﬁ%"’?fﬂr’)‘éﬁ Zc?‘ﬁ"& & BTy thege,
nmesh nat esreal plb@hﬁ%ﬂ m@tﬁéamrre@ctm denmekted a6 pailelswith eachostharts saideardéast f r om
said at | east one therrm(ﬁ ectrrc chiller. 10. lTﬁi el ectro-adsorption
chiller a¥1BPIraly £ ardt epichy Ipast enegopdenser iy A ol YAtk o are. a plurality of
pairs of said reactors connected in parallel with each other to said at

| east one evaporator and said at |east one condenser spool yal ve. 11.
The el ectr o- adbler pt"rlwlerrrq pdsprpsien chilley assembhungegrding & éﬂ“‘i “&ﬁ@?’bfhﬁ‘?here

are a pl “&EB 53 ira o?gh&ss oPfai PRaloRSRRAQAC if PRAAEI W bathRAMeR dabth piik bfsaliBCH

ot her,
reactors is connected to the said at least one evaporator by at least one valve and separately

connected to said at least one condenser by another at least one valve.

12. A method of cooling with an electro-adsorption chiller assembly, said method
comprising the steps of:

providing at least one condenser for cooling refrigerant;

providing at least one evaporator for cooling a location to be cooled, said at least one
evaporator being connected to said at least one condenser by a pressure isolation device to
provide a refrigerant circuit;

providing at least one pair of reactors connected to said at least one condenser and
said at least one evaporator through at least one valve 5o as to provide a refrigerant circuit

such that each reactor is capable of operating in adsorption and desorption modes;



reactors is connected to the said at | east one evaporator by at |east one
val ve and separately connected to said at | east one condenser by another
at least one valve. 12. A method of cooling with an el ectro-adsorption
chiller asS¥@##014685, 4 nethod conprising the steps of pr ®ETEHGAYOUTT | east
one condenser for cooling refrigerant; providing at |east one evaporator
for cooling a |ocation to be cooled, said at | east one evaporator being
connected to said at | east one condenser by a pressure isolation device to
provide a refrigerant circuit; providi r-at |east one pair of reactors
connected to said at |east one condenser and said .at |east one evaporator
through at | eaBtoviding atdeastone theamaelechricochibier, ane of saigat taast enierthermoelestrich

that each ;ngr%f%%@évﬁw&! gcnpsfs%;ae t%as gaf‘ﬁﬁ%l% OQacﬂrbqsgi@%IQFe%t'%

nodes; providing a eas ernDe ectric er, one of
sai d at’ | theshoebertrid tieélerdmlvingt twiocjuncationk Isqrardjeiymgnmcmdl ieal tHeomallyacdnduétiveai d
each of said at |east one thernoelectric

at | east e Lr.of rea tors
chiller hg‘geh%g{%yf‘%ﬁq JHLYe APt ol y connected in a thermal |y conductive

but el ectri cal ¢ahnbstinpgCacisiCdaid/&t mﬂm themoelRbid étglleasa IE peredsoatcel mast
one thernoel ectric cﬁ

ller to a power sourcwa&{] is able . to g
vol tage pisiakiq toypesfprm @voliaes H%if‘“‘é!é(‘f’lﬁt%@ dhat ga¢ BYq Bietigns 18 ?fg €0 of
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capabl e o sup varylg_g power to each of said at |east one
t her noel etarymsponMO@ﬂGh ﬁéldmt&?ﬁtwmgleén@‘ﬁﬁﬁm@)ﬂ“ﬂ@v% for controlling a
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val ve bet ween one palr of rea and sai t one
condenser isalatiors dedceg thd atdsatst onevwlvabetmem the atteast ona pajeobrsactorst B}Idcﬂald #te DC
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as a cool fdugcegnld thBepodfer Ss‘applyalsy Itl&aSDC goeepaonrcefto eahcofosaid att laasheshet 0
sai d cool ing end bei cooled down while it is isolated fromsaid at |east
one conde oelectpcchillerit | east one evapor at or and subsequently connected -

serially to sabgtraling dne@$ kai@Mwo Wﬁﬁ&ﬂsadscu’cdoﬁmgmﬂdm of saitiaat lastsarelyair of
adsor bi ng vapour F

ri gerant,_ from said |.east ,.one ev tor f.0
subst ant i @IaCtB@r‘i“é@lWéfm gqlﬁirﬁmlﬁ'ﬁc? g] %BP&%&%G@W whilgitis FW@#@@E&W& E)¥°a§
two junct NS ndenser 4Riehid A 188¢ConelVEpdRhtbindubsequently connected serially to said at

least one evaporator to operate as an adsorber adsorbing vapour refrigerant from said at least
one evaporator for a substantial period of time; and '
simultaneously operating a second of said two junctions as a heating end, the other of
said at least one pair of reactors attached to the heating end being heated up while it is
isolated from said at least one condenser and said at least one evaporator and subsequently
connected serially to said at least one condenser to operate as a desorber desorbing vapour

refrigerant to said at least one condenser for a substantially identical time interval.

13.  The method of cooling with an electro-adsorption chiller assembly according
to claim 12, wherein said pressure isolation device is an on-off-pressure reducing valve, said
method further comprising the step of operating said on-off pressure reducing valve by one of

the group consisting of electromagnetic, pneumatic, hydraulic, and solid-state power.

14.  The method of cooling with an electro-adsorption chiller assembly according

to claim 12, wherein said pressure isolation device is a flooded U-bend.




said at | east one pair of reactors attached to the heating end bei ng heated
up while it is isolated fromsaid at | east one condenser and said at | east
one evaporator and subsequently connected serially to said at |east one
condenser WOBYYUAGSe as a desorber desorbing vapour refrFGEPIPRANY said at
| east one condenser for a substantially identical time interval. 13. The
nmet hod of cooling with an el ectro-adsorption chiller assenbly according to
claim 12, wherein said pressure isolation device is an on-off-pressure
reduci ng valve, said method further coMprising the step of operating said
on-of f pressure reducing valve by one of the group consisting of

el ectromagnetic, pneumatic, hydraulic, and solid-state power. 14. The

CTaim 12, whorbin ooimERef f hiifgaARPHELIAR: Fliohiudh RARFEe OB RO, |

claim 12, wher pressure | Ice’rs ooded U bend
03/ 014635to AamPCT AistHBR cdifyirising théstefldnd: et hod of cooling with an
el ectro-adsorption, chiller assenbly.accordi n%F to clajm 12 fg&;tspsglﬁg of

conpri sing t heORAERE §%id o BESSSHES J§Platgny dSYIRE SBY 1% S oY o BOWRy PUBISHIE o0k of

the groupeeARihaphbd pRéumARicERydiABIaisbid-sppowrt;i ¢, hydraulic, and
solid-state power; serially connecting at |east one punp; and spraying
refrigerant onsesialy GennectngH MstnePumPatl of said at | east one evapor at or

with said Ser%q’?w%ﬁ?{?ﬁﬁ{t%% t excBangbPSurfiRE B shi@ht 1685 bhé gvapbiatoravith

el ectro-adsorp er assenbly according to claim112, further

conpri si nenid barially epuncoted ppmpat i ng sai d pressure isol ation device by one of
the group consisting of electronagnetic, pneumatic, hydraulic, and
solid-state power; serially connecting a punp; and distributing the
refrigerant oni@ a Thamethod vficgelingswithi au eleotro-sdsorption dhilles asssmbly aogartingt or

with a jet-inpi nt technique. 17..The nethod of cooling with an
el ect r o- alRejrBt Pgmﬁfz?r@?"%%q@ﬁﬂeﬁs%fccordi ng to claim12, wherein said

pressure i sol app@arirhe \shide pressute fisolatiar dévivently e cbfrthieh gebupu commésting  of
conprising the steps of: serhgj{il&/, conpne éi pag at | east one punp; and
sprayi ng elepiroraegngtie, PHRYBAtic, ?IQXE‘%& PR e of said at | east one
evaporat or W t Reriafi§icOniRfih@h pymg;anaect ed punp.

distributing the refrigerant onto a heat exchanger surface of said at least one

evaporator with a jet-impingement technique.

17.  The method of cooling with an electro-adsorption chiller assembly according
to claim 12, wherein said pressure isolation device is a flooded U-bend, said method further
comprising the steps of:

serially connecting at least one pump; and

spraying refrigerant onto a heat exchanger surface of said at least one evaporator with

said serially connected pump.

18.  The method of cooling with an electro-adsorption chiller assembly according
to claim 12, wherein said pressure isolation device is a flooded U-bend, said method further
comprising the steps of:

serially connecting at least one pump; and

distributing the refrigerant onto a heat exchanger surface of said at least one

evaporator with a jet-impingement technique.




18. The method of cooling with an el ectro-adsorption chiller assenbly
according to claim12, wherein said pressure isolation device is a flooded
U-bend, said nethod further conprising the steps of serial l}é connecting at
| east one PYOP30146 distributing the refrigerant onto a hESTSEMWAiHger
surface of said at |east one evaporator with a jet-inpingenent technique.
WO 03/014635 -27- 19. The nethod of cooling with an el ectro- adsorption
chiller assenbly according to claim 12, wherein said at | east one valve is
a spool valve, said nethod further comp?i-sing the step of operating said
spool valve by one of the group consisting of electromagnetic or )

pi eozoel ect ri c19.pneThatethod wfaoaling with amdlesigo-adsosptianee sembly according

to claim 12, wherein said at least one valve is a spool valve, said method further comprising
the step of operating said spool valve by one of the group consisting of electromagnetic or

pieozoelectric, pneumatic, hydraulic, and solid-state power.




