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A REGENERATIVE ADSORPTION PROCESS AND
MULTI-REACTOR REGENERATIVE ADSORPTION CHILLER

FIELD OF THE INVENTION

This invention relates to a regenerative adsorption process and an adsorption chiller designed

for utilising waste heat typically having a temperature of below about 150°C for useful cooling.

BACKGROUND OF THE INVENTION

Two-reactor adsorption chillers have already been successfully commercialised in Japan [1,2].
By making use of a silica gel-water working pair, such chillers have managed to economically
harness the potential of low-grade waste heat for useful cooling before it is discharged into the
environment. Insofar as adsorption chillers are concerned, some methods have been devised
to improve the conversion efficiency of the potential waste heat to useful cooling. For
example, schemes have been proposed where such waste heat is used serially in a string of
adsorption chillers before it is finally discharged. As another example, a scheme has previously
been proposed where the desorption temperature is significantly reduced by means of multi-
stage thermal compression of the refrigerant vapour [3]. This enables waste heat to be further
utilized before it is finally purged to the environment. From the trend of developrnent of the
prior art, it would be desirable to further improve the conversion efficiency so that maxlmum

cooling capacity can be derived from a given hardware investment, waste heat and coolant flow
rate.

Of equal importance is the need for a stable chilled water outlet temperature. Based on
experimental measurement on a commercially available 10 kW two-reactor adsorption chiller,
under a typical cyclic steady state operation, the chilled water outlet temperature generally
fluctuates by +1.5°C [4]. While such fluctuation may be acceptable for sensible cooling and
rough process cooling requirements, it begins to pose a problem in dehumidification, and other
stringent cooling applications. In the latter field of usage, vapour compression or absorption
cooling devices have been employed downstream to attenuate the temperature oscillation. It
would therefore be desirable to provide a smoother chilled water outlet temperature so that

downstream temperature smoothening devices could be downsized or even eliminated.
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Sato et al. [5-6] have proposed a multi-reactor strategy involving cooling the adsorber with
refrigerant emanating from one or more evaporators. It may be desirable and more practical
to have the evaporator devoted to cooling the chilled water, with the evaporated refrigerant
being superheated at the adsorbers. Master-and-slave configuration is commonly found in these
references for the arrangement of the reactors. Such master-and-slave configurations for the
string of reactors may represent an under-utilization of downstream reactors. It would

therefore be attractive to eliminate such rigid configuration.

Many other designs [7-14] employ re-circulating fluid to boost the chiller’s coefficient of
performance. These arrangements are designed for use with a high temperature heat source,
which is usually economically valuable; they are done at the expense of a lower firing
temperature for the desorber and a higher cooling temperature for the adsorber. In the case
of low temperature (iypically 150°C or below) waste heat application, such a strategy may not
be feasible. In this case, the objective would then be to maximise the cooling throughput of the
chiller.

The present invention advantageously improves the recovery efficiency of waste heat to useful
cooling. Recognizing that cooling water for the adsorber and condenser is a scarce resource,
the invention aspires to achieve maximum cooling capacity for a given flow rate of waste heat
and cooling stream. This advantageously also ensures maximum conversion efficiency of waste

heat to useful cooling and reduces piping material for a given cooling capacity.

Advantageously, the invention also makes it possible to downsize or even eliminate the need
for downstream temperature smoothening devices by providing a more stable chilled water
outlet temperature.

Further, the invention advantageously reduces the risk of ice formation by providing for a

sequential start-up of the reactor or reactors when the chiller is activated.

SUMMARY OF THE INVENTION

According to one aspect of the invention there is provided a regenerative adsorption process
for application in an adsorption assembly comprising a condenser, an evaporator and a plurality

of reactors each alternately operating in adsorption and desorption modes, said process
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comprising:

passing a coolant through the condenser;

passing the coolant emanating from the condenser through reactors operating
in adsorption mode; and

passing waste heat from a waste heat source through reactors operating in
desorption mode; wherein said plurality of reactors are scheduled such that each reactor
alternately operates in adsorption and desorption modes for substantially identical time
intervals, and such that each reactor has an equal chance of being the first reactor to receive
the coolant emanating from the condenser when operating in adsorption mode, and the waste

heat from the waste heat source when operating in desorption mode.

According to another aspect of the invention there is provided a multi-reactor regenerative
adsorption chiller assembly comprising:

a condenser adapted to receive a coolant from a source;

an evaporator connected to said condenser to provide a refrigerant circuit;

a plurality of reactors, each being able to operate in adsorption and desorption
modes and having a coolant inlet to directly or indirectly receive coolant emitted from said
condenser when operating in adsorption mode, and a waste heat inlet for directly or indirectly
receiving waste heat from a waste heat source when operating in desorption mode; and control
means for controlling said plurality of reactors such that each reactor alternately operates in
adsorption and desorption modes for substantially identical time intervals, and such that each
reactor has an equal chance of being the first reactor to receive the coolant emanating from the
condenser when operating in adsorption mode, and the waste heat from the waste heat source
when operating in desorption mode.

The reactors operating in adsorption mode may be arranged in series and/or in parallel
depending upon the particular operation, and also depending on the total number of reactors

being used. However, the reactors operating in desorption mode are arranged in series.

In a preferred embodiment, the plurality of reactors comprises an even number of reactors,
wherein at substantially any instant during the process, half of the plurality of reactors operate
in _ads_orption mode and the other half of the plurality of reactors operate in desorption mode.
Most preferably, the plurality of reactors comprises at least four reactors.
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The flow rate of coolant and waste heat through the plurality of reactors operating in
adsorption and desorption modes respectively may be any suitable flow rate depending on the
particular size of chiller assembly and design of heat exchangers. Preferably, the coolant is
flowed through the reactors operating in adsorption mode at a suitable flow rate. A suitable
flow rate is preferably any flow rate that result in a transition or turbulent flow regime in the
channel of a heat exchanger, be it the chilled water, coolant and/or heat source. When the
plurality of reactors comprises four or more reactors, the flow rate of coolant through reactors
operating in adsorption mode is preferably at the suitable flow rate, irrespective of whether the
reactors operating in adsorption mode are arranged in series or in parallel. Sizing and flow

rates can be determined by those who are skilled in the art.

The waste heat is preferably flowed through the reactors operating in desorption mode at a
suitable flow rate. More preferably, where the plurality of reactors comprises four or more
reactors, the flow rate of waste heat through reactors operating in desorption mode is also

sized at the suitable flow rate.

Similarly, the flow rate of coolant through the condenser may be determined for a specific
application of the invention. It will be recognised that the flow rate of coolant through the
reactors operating in adsorption mode will be somewhat dependent on the flow rate of coolant
through the condenser. In a preferred embodiment, the flow rate of coolant through the

condenser is at a suitable flow rate as described above.

As discussed above, the adsorption assembly comprises a condenser, an evaporator and a
plurality of reactors, each of which alternatively operates in adsorption and desorption modes.
In a preferred embodiment, the plurality of reactors are arranged in series such that, in use,
reactors operating in adsorption mode constitute a first sub-series of reactors connected in
series and/or in parallel to receive coolant from the condenser and reactors operating in
desorption mode constitute a second sub-series of reactors connected in series to receive waste

heat from the waste heat source.

Each reactor is preferably composed of heat exchanging material and contains adsorbents. The
adsorbent could be any material, such as silica gel, that is able to adsorb, either by physisorption
and/or chemisorption refrigerant, for example water vapour, ammonia, or methanol at a typical

cooling tower temperature and desorb refrigerant at moderately low temperature (typically
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150°C or below). The coolant from a cooling tower is first passed through the condenser and
subsequently to each of the reactors operating in adsorption mode either in series or in parallel.
The waste heat source is passed serially from one reactor operating in desorption mode to
another reactor in the same mode. After passing through the last reactor operating in

desorption mode, the waste heat is purged from the system.

The reactors are scheduled such that each reactor alternately operates in adsorption and
desorption mode for substantially the same time interval, and that each reactor has equal
chance of being the first reactor to either receive the coolant emanating from the condenser or
the waste heat. Such a schedule ensures that maximum smoothening of chilled water outlet
temperature is achieved. This arrangement also facilitates maximum extraction of energy from
the waste heat to maximise cooling capacity. Cooling the condenser first and then the reactors

operating in adsorption mode ensures that minimum coolant flow rate is used.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawing which is incorporated into and constitutes a part of the description
of the invention, illustrates an embodiment of the invention and serves to explain the
principles of the invention. It is to be understood, however, that the drawing is designed for

purposes of illustration only, and not as a definition of the limits of the invention.

Figure 1 is a schematic of one embodiment of an adsorption chiller constructed according to
the present invention showing the operation of the multi-reactor regenerative strategy. Fluid
flow between reactors has been depicted as top-down. 1 refers to waste heat stream inlet, 2
refers to coolant inlet, 2a refers to coolant inlet to the reactor, 3 refers to waste heat stream
outlet, 4 refers to coolant outlet, and 5 refers to the outflow of excess coolant. The bold lines
depict the refrigerant circuit, while the thin lines depict the coolant and heat source circuit.

—D(]— indicates either a manual or electromagnetic on-off valve.

Figure 2 illustrates the relation of recovery efficiency, 1, as a function of dimensionless cycle
time, ® for two-, four-, and six-bed adsorption chillers.

Figure 3 illustrates the dimensionless outlet temperature, Tprofiles for the chilled water,

condenser coolant, adsorber coolant, and waste heat stream for two-, four-, and six-bed
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adsorption chillers under dynamic-steady-state condition. Due to the choice of non-

dimensionalising the temperature, the chilled water outlet dimensionless temperature turns out

to be negative, a direct reflection that the system is operating as a chiller.

DESCRIPTION OF THE EMBODIMENTS OF THE INVENTION

In detail now and referring to the drawings, FIG. 1 illustrates one embodiment of the multi-
reactor regenerative adsorption chiller assembly of the present invention. The N-reactor
regenerative adsorption chiller consists of N reactors, where N is even to achieve optimal

chilled water outlet temperature smoothening, a condenser and an evaporator.

In general, N/2 reactors operate under adsorption mode, while the other N/2 reactors operate
under desorption mode at any instant of use of the adsorption chiller. Coolant from a cooling
source enters the condenser at location 2 and travels through the condenser. Subsequently,
the coolant enters one or more reactors operating under adsorption mode through valve(s) 2a,
depending on whether the reactors are arranged in parallel or in series. A rated amount of
coolant flows through the reactors operating under adsorption mode, and is eventually purged

from port(s) 4. Excess coolant from the condenser is removed from port 5.

Heat source is introduced at any one port 1 and flows serially through all the N/2 reactors
operating under desorption mode and is purged from a port 3. The reactors are scheduled such
that each reactor alternately operates in adsorption and desorption mode for the same half-
cycle time interval, and that each reactor has equal chance of being the first reactor to either
receive the coolant émanating from the condenser through port 2a or the waste heat through

valve 1. The energy schedules may be best understood by referring to the following tables:



Table 1
The following table illustrates the general schedule for a series-cooled 4-reactor system.

Energy utilization schedule for a 4-reactor chiller

Reactor .
1 SW ads (2) ads (1) SW des (2) des (1)
Reactor
2 des (1) swW ads (2) ads (1) swW des (2)
Reactor
3 swW des (2) des (1) swW ads (2) ads (1)
Reactor
4 ads (1) SW des (2) des (1) SW ads (2)
Legend: )
ads: reactor operating in adsorption mode (adsorber)
des: reactor operating in desorption mode (desorber)
sw: switching from adsorber to desorber, and receiving heating stream from des(1) or switching
from desorber to adsorber, and receiving cooling stream from ads(1)
(1): this refers to the situation when the reactor receives either cooling stream from the condenser
or heating stream directly from the heat source.
(2): this refers to the situation when the reactor receives either cooling stream from ads(1) or
heating stream from des(1).
Note:
The width of each box is an indication of the relative time duration over one cycle.

The corresponding schedule for a parallel-cooled, 4-reactor system can be inferred from the
above table.



Table 2

The following table illustrates the general schedule for a series- or and parallel-cooled 6-reactor

system.

Two possible energy utilization schedules for a six-reactor chiller
Reactor| sw lads(3)] ads(2) ads(1) sw {des(3)] des(2) des(1)
Realctor des(1) | sw |ads(3)] ads(2) ads(1) sw |des(3)] des(2)
Reazctor des(2) des(1) | sw |ads(3)| ads(2) ads_(l) sw |des(3)
Rejctor sw |des(3)| des(2) des(1) sw lads(3)| ads(2) ads(1)
Re%tor ads(1) | sw |des(3)| des(2) des(1) sw |ads(3)] ads(2)
Reactor| ads(2) ads(1) | sw |des(3)| des(2) des(1) sw |ads(3)
Le6gend:

ads: reactor operating in adsorption mode (adsorber)

des: reactor operating in desorption mode (desorber)

sw: switching from adsorber to desorber, and receiving heating stream from des(2). Or
switching from desorber to adsorber, and receiving coolant from the condenser if it
is a parallel cooling scheme, or receiving coolant from the ads(2) if it is a series
cooling scheme. .

(1): this refers to the situation when the reactor receives either cooling stream from the
condenser or heating stream directly from the heat source.

(2): this refers to the situation when the reactor receives either cooling stream from
ads(1) or heating stream from des(1).

(3): this refers to the situation when the reactor receives heating stream from des(2); and
if it is a parallel cooling scheme, the reactor receives cooling stream directly from the
condenser, whereas if it is a series cooling scheme, the reactor receives cooling
stream from ads(2).

Note:

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

As discussed above, parallel cooling of one or more of the reactors operating under adsorption
mode may be possible. This will generally depend on the coolant flow rate through the
condenser. Typically, parallel cooling of one or more of the reactors operating under

adsorption mode is more practical for a system with six or more reactors.



Table 3
SW des des (N/2-1)
(N72)

Bed 1 sW ads | ads (N/2-1) des (2) des (1)

ads (N/2-1)
N/2+1
Bed

N/2+2

BedN-1| ads(N/22) | ads(N/2-3) des (N/2-3) ads (N/2-1)

BedN | ads(N/2-1) ads (N/2-2) sw | ads

des (N/2-1)

des (N/2-2)

Legend:

ads: reactor operating in adsorption mode (adsorbet)

des: reactor operating in desorption mode (desorber) :

sw: switching from adsorber to desorber, and receiving heating stream from des(N/2-1). Or switching from desorber to adsorber, and
receiving coolant from the condenser if it is a special parallel cooling scheme, or receiving coolant from the ads(N/2-1) if it is a series

cooling scheme.
(1): this refers to the situation when the reactor receives either cooling stream from the condenser or heating stream directly from the heat
source.

(D): where 1<I<N/2, this refets to the situation when the reactor receives either cooling stream from ads(I-1) or heating stream from des(I-1).

(N/2): this refers to the situation when the reactor receives heating stream from des(N/2-1); and if it is a special parallel cooling scheme, the
reactor receives cooling stream directly from the condenser, whereas if it is a series cooling scheme, the reactor receives cooling stream
from ads(N/2-1). .

Other than the special parallel cooling scheme mentioned above, a general parallel cooling scheme exists, where the cooling stream from the
condenser separately services ads(1) to ads(J), where 1<J<N/2, and ads(J+1) to ads(K), where J <K <N/2, and so on.

Note:
The width of each box is an indication of the relative time duration over one cycle.
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In general, the schedule for an N-reactor chiller, where N is even, is shown in Table 1. In
principle N could be odd, but this would not lead to optimal temperature smoothening of the
outlet chilled water. The N-reactor system is advantageously devised to start-up sequentially.
Specifically, during start-up, reactors operating under adsorption mode and reactors operating
under desorption mode are preferably activated one at a time so that a sudden depression of
the evaporator temperature is prevented thus reducing the risk of ice formation in the

evaporator.

The following technical analysis is provided only to demonstrate the efficacy of the invention.
This analysis has made use of certain specific technical specifications so as to quantatively
demonstrate the advantages of the invention. It is emphasised that other similar analyses based
on different technical specifications and even different formalisms are possible. Hence, the
associated specifications of the present analysis should not, in any way, be construed as

restrictive on the present invention.

Specifics of the analysis:

- linear-driving-force (LDF) kinetic equation, equation (1),

- silicagel-water binary system, equation (2),

- lumped-parameter treatment for the reactors, evaporator and condenser,
- specifications as delineated in Table 4.

The performance prediction of the proposed multi-bed regenerative strategy is based on an
extension of the verified design code for the commercial two-bed chiller [15-16). The structure
of the original formalism is essentially unchanged, except that the energy balances for the
condenser and evaporator have to be augmented to account for interaction with more than one
bed. Heat and mass balance equations must similarly be augmented; they must also handle the
additional bed transients. The rate of adsorption or desorption is governed by the linear driving
force kinetic equation:

dq _15t,u.D, exp[-E, /(RT)]
dt RZ

lo"(e,T)~q] (1

The coefficients of which were determined by Chihara and Suzuki [17] and g* is given by the

following empirical isotherm equation [19] which is based on the manufacturer’s proprietary
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B(T,)
g =A(TSE{P“(T'°‘ )] @

P, lng }

The energy balance for bed I, ignoring heat losses, during its interaction with the evaporator

can be written as

d_'fbedl dh
1+o, }———+ —uds
( Hex) it G bea 1 dt

s 1, oo o - co.

. N _
- NTerolingG)cc.-‘l Z(Tbed,l - T:)

i=1

The energy balance for the coolant can be expressed as

dT, |- — _
e _mbe,i -a‘l:—l = m[hf (Ti—l )" h, (Ti )+ NTU 10 S (-T—bed.I ~-T )] (3b)

fori=1toN. T,(0)=T,;(0)=0. T,(r)=T, ("’L.d when bed I is being cooled directly
by the coolant from the condenser, and T, ()= T, ('l:]bed ., When it is being cooled by the

coolant from bed I-1. Gpes (0) = Q*(Pevap(0), Toea (0)). It has been assumed that the relation
B (P.T)=h, (P, T)~ AHus holds at all time, so that the transient isosteric heat of

adsorption is insensitive to the instantaneous adsorbate concentration. The isosteric heat of
adsorption has been obtained from the work of Sakoda and Suzuki [20].

When the bed J is interacting with the condenser, its energy balance can be written as

AT dh,,
+
. Qea. dat

(+a,, )

- 61 %‘-’-;L’Zﬁm ~NTU healing mahmlinsch.i i(fhed.l ‘Ti )

(4a).

The energy balance for the coolant can be expressed as

dT, — ¢ — _
e _whe,i —d?l = Oy, [hf (Ti—l )-h, (T, )+ NTU heating Ce.i (de,x -T; )] (4b)
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fori=1toN. T,{0)=T,,,(0)=1. T,(t)=1 when bed J is being heated directly by the waste
heat source, and T,(t)=T, (‘l:]ml .., When it is being regenerated by the heating stream from

bed J-1. Quas(0) = G*(Peona(0), Treas(0)). The condenser has been assumed, relative to the beds
and evaporator, to be retaining negligible amount of refrigeration. However, since the
condenser heat exchanging tube has been designed to be corrugated by the manufacturer, the
enhanced surfaces will inevitably retain a thin film of condensate on the surface. This will
ensure that the condenser is always maintained at the refrigerant saturated vapour pressure.

Consequently, if dq,., /dt>0, 6;=0.

During bed switching, the bed pressure changes in tandem with the bed temperature. Hence,
in the current formalism, such operation has been assumed to be isosteric (i.e. dg/dt =0). This

phase of operation could still be described by the above equations, and the pressure prescribed
by the isotherm equation.

The evaporator is, in general, interacting with N/2 beds at any time, its energy balance can be

expressed as

dT.,. — d
(ocref + Ol )T:"i-+ h, (Tm)—g—:‘—

- 2 d —_ N —
=-h, (Toond )&91 Aoty = NTU 14 O 59 Z(Tevap =T ) (52)

=1 d i=l

- f.[&ﬁg-(’[‘m J+(1-8, h, (Pevap Tous )lqu,:

I=l dt

The rate of change of liquid refrigerant mass is given by

dq,., _i 8, dq pea x

dt ~ de (5b).

If bed k is interacting with the evaporator, O, = 1, and if it is interacting with the condenser, Oy

=1 when dqy,, /dt <0 and 8, = 0 when dq,., /dt>0.
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The energy balance for the chilled water can be expressed as
dT, =
O ovap_mbe,i —d‘t— = ")m«.hum [h ( -1) h (T )'*‘ NTU iyiioa Cotitioa I(chap -T )] (50

— o~ Ty =T
fori=1to Ni. T,(0)=T,, (0)=Ty()=—1"—", and 0.+ (0)=q’%-

h,i c,i

Finally, the energy balance for the condenser which is interacting with N/2 beds in general and

that of its coolant can be respectively expressed as

ﬁm
dq (6a), and
ﬁe ( cond > 1 bedJ) h (Tm)];ﬂ_NTU dmmomdz;, Toona T)
1= =
dT,
O oond _ mbe,i "(E’ = mmcond [h ( —1) h (T )+ NTU s \T. (—eond x)] (6b)

fori=1to N2. T,(0)=T,,(0)=T,(x)=0.

It is intuitively clear that, during the cyclic-steady-state operation of an N-bed chiller, where
all the beds are operating symmetrically, the optimal phase difference between the beds would
be 2«@N and that N has to be an even number. This would ensure that the condenser and

evaporator have minimum temperature fluctuation.

The above mentioned set of coupled equations is solved by the Adams-Moulton method found
in the DIVPAG subroutine of the IMSL Fortran library subroutines. The tolerance has been
set to 1E-8. Once the initial conditions are prescribed, the chiller is allowed to operate from
equilibrium to cyclic steady state. On a Pentium 233 MHz, 64 MB personal computer, it takes
about 110 min to calculate a six-bed chiller operation.

The non-dimensional cycle averaged cooling power is defined as

L
Qevp = O g0 C o 3 jﬁohilled.i ~ Touioto )i" : Q)

o

As mentioned earlier, since the invention focuses on the utilization of waste heat before it is
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ultimately purged to the environment, its enthalpy relative to that of the environment can be
viewed as being a fixed energy input to a system. Consequently, maximising cooling capacity
rather than the conventional coefficient of performance may be more pertinent. Thus, the

following conversion efficiency is accordingly defined:

. — i
n= EMI(TMMJ - Tchiuml.o )ﬂ: ®

MpeingCni o

The environment temperature has been selected to be Te;.

Performance comparison of two-, four-, and six-bed chillers

In order to effect a fair evaluation, the performances of the four- and six-bed chillers operating
at an optimal phase difference are compared against the result of a commercial two-bed chiller.

The parameters of the commercial two-bed chiller and those of the multi-bed chillers are
collated in table 4. It is emphasised that the total mass of adsorbent, refrigerant inventory and
heat exchanging material have been held fixed. In this description, there are presented various
cases when the adsorbers are cooled by the rated flow rate as delineated in Table 4. This will
ensure that heat exchange is undertaken in the transition flow region, so that pumping power
is kept to a minimum. One could always pipe all the coolant into the adsorbers. The improved
heat exchange will be at the expense of pumping power.

This comparison is meant solely as an example to demonstrate the virtues of the present
invention. In no way should the specific numbers provided for the various parameters be

construed as restrictive on the present invention.
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Table 4

Comparison of two-bed and multi-bed chillers specifications

Parameters 2-bed 4-bed 6-bed
Series cooling | Parallel cooling

Total coolant 2.89 1.37

flowrate (kg/s)

Total adsorber 1.52 (fresh 0.760 (piped 0.507 (piped 1.01 (piped
coolant stream from from from from
flowrate (kg/s) | cooling tower) condenser) condenser) condenser)
g 1.28 0.64 0.427

m 0.71

m 1.37

Ucoaling 1602.56

Uheating 1724.14

Uchitled 2557.54

Ucond 4115.23

Aped 2.46 | 1.23 l 0.820
| Acvap 1.91

Acond 3.73
| M, 47.0 23.5 15.7

Cp.HexMitex 77719.4x10° | 38859.7x10° 25906.5 x10°
CpevapMevap 4805.7x10°
| Co.contMeond 9372.08x10°

Vhed 1.778x10° | 8.89x10° | 5.93 x10°

Vevap 6.916x10°
| Voons 1.349x10>

The cost of construction necessarily goes up with the number of beds. But depending on the
prevailing economic conditions, the performance improvement of a multi-bed chiller over a
two-bed chille_r could outweigh the increase in capital investment. Structure wise, there should
not be a drastic increase in cost. The expensive leak-proof outer shell of the two-bed chiller
need not be changed significantly. One only needs to weld partitions and, of course, additional
insulated piping in each of the two beds to create a multi-bed system. The four large-bore-size,
vacuum-rated solenoid on-off valves of a two-bed system are replaced, in general, by 2N
similar but smaller valves for an N-bed system. It is imberaﬁve to mention that, just as in a two-

bed chiller, these on-off valves and the associated piping have to be designed such that the
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pressure drop between the bed and the evaporator/condenser is minimised. In general, each

additional bed requires five normal duty solenoid gate valves for flow control.

Figure 2 shows the recovery efficiency, 1 of the various multi-bed schemes as a function of
dimensionless cycle time, @. The recovery efficiency of a two-bed chiller at a standard rated
@ of 14.55 (corresponding to a cycle time of 450s) is 0.0478. It can be appreciated that, from
two to four beds, the recovery efficiency is boosted by about 70%, whereas from four to six
beds, the recovery efficiency is increased by another 40%. The six-bed-parallel configuration
can be observed to be marginally better than its series counterpart, but one has to pay the price
for added complexities. Specifically, flow metering has to be done carefully during design and
commissioning so that there is sufficient flow from the condenser to the two beds in series and
the one bed in parallel. One could anticipate that the recovery efficiency improves with the
number of beds, but this has to be balanced with the cost of construction. It is worth
mentioning that all these schemes have been operated at optimal switching time, @sw for
maximum peak chilled water outlet temperature suppression. Since the speed of operation
reduces with the number of beds, the optimal switching time tends to increase correspondingly.

@ for the two-bed, four-bed, six-bed parallel, and six-bed series are 1.13, 1.29, 1.46, and 1.78

respectively.

Figure 3 illustrates the dimensionless outlet temperatures for the coolants, waste heat stream
and chilled water during cyclic steady state. The trend for the 6-bed-parallel configuration has
been omitted for clarity. One observes that the waste heat outlet temperature generally
decreases with the number of beds, representing a better utilization of the waste heat before it
is purged. The condenser coolant peak temperature for the two-bed is significantly slashed,

rendering it suitable for subsequent cooling of the adsorbers. In the case of multi-bed chillers,
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chilled water outlet temperature tends to be smoothened. This may lead to the elimination of
downstream cooling devices for demanding process cooling and dehumidification. With the
same amount of resource commitment, chilled water outlet temperature and cycle average
cooling capacity necessarily drop but at a rate slower than the reduction in heat source and
coolant flowrate, lmulting in an improved recovery efﬂciency. In fact heat rejection and input
at the various components drop with an increase in the number of beds. Coupled with the fact
that there is a better match in temperature between the bed and the coolant/waste heat stream
and that the rate of change of temperature in the beds are slower, the entire chiller is working
more reversibly. This result in a mitigation of the various irreversibilities identified and

quantified in previous references [16].

The proposed multi-bed configuration also advantageously reduces the risk of ice formation
in the evaporation upon the initial pull-down. It is customary to purge the beds of any non-
condensibles before the inception. In a two-bed chiller, this leads to a vigorous boiling in the
evaporator and a sudden temperature depression, increasing the risk of ice formation. Whereas
in a multi-bed scheme, the N/2 adsorbers and desorbers start one at a time. Such a soft-start
ensures that the evaporator approaches the targeted temperature in a gradual manner. This

further implies that the total refrigerant inventory in the system can be reduced.

The present invention advantageously makes it possible to improve the recovery efficiency of
low grade waste heat via a multi-bed regenerative scheme. This ensures that the enthalpy of
waste stream relative to the environment is better utilized before being purged eventually. The
same scheme can also suppress the chilled water outlet temperature fluctuation. This suggests
that downstream temperature smoothening device may be downsized or eliminated for those
applications involving demanding process cooling or dehumidification. It is also

advantageously able to reduce the oscillation in the condenser coolant outlet temperature,
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making it possible to pipe the condenser coolant to further cool the adsorbers before finally
returning to the cooling tower. For the same cooling capacity, the waste heat and coolant
flowrates are reduced, resulting in an economy of piping material. By a better match between
beds and streams temperatures, it has also advantageously been possible to mitigate the heat
transfer bottleneck identified and quantified in previous references [16]. The reduction in the

speed of chiller also reduces the rate of entropy generation.

It has further been quantified that, compared with a two-bed scheme, a four-bed scheme
improves the recovery efficiency by about 70%. Whereas from a four- to a six-bed scheme,
the margin of improv;ment is about 40%. With a reduction in chiller’s speed, optimal
switching time also tends to increase with the number of beds so as to achieve maximum peak
chilled water temperature suppression. Finally, a multi-bed scheme makes it possible to start
the beds one at a time. This prevents a sudden temperature drop in the evaporator, reducing

the risk of ice formation.
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NOMENCLATURE

A coefficient appearing in the empirical isotherm corre_lation

Aped bed heat transfer area (m”)

Acvap evaporator heat transfer area (md)

Acond condenser heat transfer area (m?)

B index appearing in the empirical isotherm correlation

Cp,evap specific heat capacity of evaporator heat exchanging material
(kg'K")

Cpicond specific heat capacity of condenser heat exchanging material (Jkg'K™)

Cp.Hex specific heat capacity of heat exchanger tube and fin (Jkg'K™)

Cpeef specific heat capacity of liquid refrigerant (Jkg 'K™)

Cp.sg specific heat capacity of dry édsorbent (kg'Kh)

cP-sg

q fraction of refrigerant adsorbed by the adsorbent (kg per kg of dry
adsorbent)

q* fraction of refrigerant which can be adsorbed by the adsorbent under conditions
of saturation (kg per kg of dry adsorbent)

Qoed, 1 fraction of refrigerant adsorbed by the adsorbent in bed 1 (kg per kg of dry
adsorbent)

et ratio of the mass of liquid refrigerant inventory in the evaporator to that of the
dry adsorbent (kg pér kg of dry adsorbent)

qm ratio of the initial mass of liquid refrigerant inventory in the evaporator to that

of the dry adsorbent (kg per kg of dry adsorbent)
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mcond
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NTUcooling

NTUpinea

NTUcond
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ratio of the mass of condensed refrigerant in the condenser to that of the dry
adsorbent (kg per kg of dry adsorbent)

activation energy of surface diffusion (Jmol™)

pre-exponent constant in the kinetics equation (m’s™)

specific enthalpy of adsorbate (Jkg™)

saturated fluid specific enthalpy (Jkg™)

h
Cousg (Th,i - Tc,_i )

chilled water flowrate (kgs™)

condenser coolant flowrate (kgs™)
adsorber coolant flowrate (kgs™)

desorber waste heat source flowrate (kgs™)

m

 (
mass of condenser heat exchanger tube (kg)

mass of evaporator heat exchanger tube (kg)

mass of heat exchanger tube and fin in the bed (kg)
mass of silica gel mass in one bed (kg)

number of discrete elements in the heat exchanging tubes

U coniing Bpea /N
Ihcoolingcp(Tc.ij

U itted Amp / N,
M 400y (Tchill;:i)

Uoond Acond/N?.
rheond cp (Tc,i )
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Uhcaling Alx:d /N
rhlx::uingcp (’Fh.i)

pressure (Pa)

condenser pressure (Pa)

evaporator pressure (Pa)

saturated vapour pressure (Pa)

universal gas constant (Jmol 'K or Jkg'K™)

average radius of silica gel (m) |

time (s)

cycle time (s)

switching time (s)

temperature (K or °C)

bed I temperature (K or °C)

coolant water inlet temperature to the condenser (K or °C)
chilled water inlet temperature to the evaporator (K or °C)
chilled water outlet temperature from the evaporator (K or °C)
condenser temperature (K or °C)

evaporator temperature (K or °C)

waste heat supply temperature to the chiller (K or °C)
temperature of fluid within a discrete element i in the heat exchanging tube (K
or °C)

refrigerant temperature (K or °C)

silica gel temperature (K or °C)
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Uhcaling
ULttt
Ucond

Vx,_tube

Olcond
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urHex
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T-T,

T = T

adsorber heat transfer coefficient (Wm?K™")

desorber heat transfer coefficient (Wm’K™)

evaporator heat transfer coefficient (Wm?K™)

condenser heat transfer coefficient (Wm?K™)

Volume of fluid within the heat exchanging tube of component x, where x could

be the bed, evaporator, or condenser (m3)

Moondcp.oond
M’GCP.SS

M,_.c

evap ~ p.evap

M_c

ST Psg

Muexcp,ﬂex
Msscp»sg

Mn:fcp.mf
M._.c

Sg PSS

T. )V T, )/N
PV, ey (T )/N, ; if x refers to the bed, Nx=N, if x refers to the
MSSCPJS

evaporator and condenser, N,=N; and N,=N; respectively
flags governing the transient operation of bed I
isosteric heat of adsorption

AH,,
cp,sg (Th.i - Tc,i )

conversion efficiency, ratio of cycle averaged cooling capacity to the enthalpy

of waste heat stream relative to the environment
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CLAIMS:

1. A regenerative adsorption process for application in an adsorption assembly comprising
a condenser, an evaporator and a plurality of reactors each alternately operating in adsorption

and desorption modes, said process comprising:

5 passing a coolant through the condenser;
passing the coolant emanating from the condenser through reactors operating in

adsorption mode; and

passing waste heat from a waste heat source through reactors operating in desorption
mode; wherein said plurality of reactors are scheduled such that each reactor alternately
10  operates in adsorption and desorption modes for substantially identical time intervals, and such
that each reactor has an equal chance of being the first reactor to receive the coolant emanating
from the condenser when operating in adsorption mode, and the waste heat from the waste heat

source when operating in desorption mode.

2. A process according to claim 1, wherein said reactors operating in adsorption mode are

15  arranged in series and/or in parallel.

3. A process according to claim 1, wherein said plurality of reactors comprises an even
number of reactors, wherein at substantially any instant during said process half of said plurality

of reactors operate in adsorption mode and the other half of said plurality of reactors operate

in desorption mode.

20 4. A process according to claim 3, wherein said plurality of reactors comprises at least four

reactors.

S. A process according to claim 4, wherein the plurality of reactors comprises six reactors.
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6. A process according to claim 1, wherein the coolant is flowed through said reactors

-27-

operating in adsorption mode at a flow rate which provides a transition or turbulent flow

regime in the channel of a heat exchanger.

7. A process according to claim I, wherein the waste heat is flowed through said reactors

operating in desorption mode at a predetermined flow rate.

8. A process according to claim 1, wherein the of coolant is flowed through said condenser

is at a predetermined flow rate.

9. A multi-reactor regenerative adsorption chiller assembly comprising:

a condenser adapted to receive a coolant from a source;

an evaporator connected to said condenser to provide a refrigerant circuit;

a plurality of reactors, each being able to operate in adsorption and desorption modes
and having a coolant inlet to directly or indirectly receive coolant emitted from said condensor
when operating in adsorption mode, and a waste heat inlet for directly or indirectly receiving
waste heat from a waste heat source when operating in desorption mode; and control means
for controlling said plurality of reactors such that each reactor alternately operates in
adsorption and desorption modes for substantially identical time iﬁtervals, and such that each
reactor has an equal chance of being the first reactor to receive the coolant emanating from the
condenser when operating in adsorption mode, and the waste heat from the waste heat source
when operating in desorption mode.

10. An assembly according to claim 9, wherein said plurality of reactors are arranged in series
such that, in use, reactors operating in adsorption mode constitute a first sub-series of reactors
connected in series and/or in parallel to receive coolant from said condenser, and reactors

operating in desorption mode constitute a second sub-series of reactors connected in series to
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receive waste heat from said waste heat source.
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11. An assembly according to claim 9, wherein said plurality of reactors comprises an even
number of reactors, and wherein in use at substantially any instant half of said plurality of
reactors operate in adsorption mode and the other half of said plurality of reactors operate in

desorption mode.

12. An assembly according to claim 11, wherein said plurality of reactors comprises at least

four reactors.

13. An assembly according to claim 9, wherein each of said plurality of reactors is composed

of a heat exchanging material and contain an adsorbent, that binds adsorbate by physi-sorption

and/or chemi-sorption.

14. An assembly according to claim 13, wherein said adsorbent comprises silica gel.



