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Abstract

An important drawback of solid sorption systems which are operated in batch mode against liquid sorption systems is the imperfect h
exchange between loaded and unloaded adsorbent, as compared to the almost perfect counter-flow solution heat exchanger. We will disc
simple hardware solution for a significant improvement.

We divide the batch reactors into several compartments, not with respect to the refrigerant side, but with respect to the heat transfer mec
(heat exchanger loop). If these compartments have individual and arbitrary heat exchange possibilities with each other the efficiency of t
recovery can be improved from a co-flow characteristic to a cross-flow characteristic. We want to stress that this is different from a multi-bed
multistage arrangement.

The method is explained, and an algorithm for deriving the exchange efficiency is given. Although this paper is only meant for outlining tt
basic mechanism, a proposition for realisation of the external hydronic circuit is given in addition.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction an important drawback of solid sorption systems against lig-
uid sorption systems is the imperfect heat exchange between
Cooling is accomplished in most cases by using electriloaded and unloaded adsorbent, as compared to the almost per-

cally driven compression chillers. If cheap heat is available hedCt counter-flow solution heat exchanger. We will discuss a
driven sorption chillers are being used also. Adsorption chiller§imple hardware solution to this problem which gives rise for
(using solid adsorbents) or chillers which make use of chemi@ Significant improvement. _ _

cal reactions for heat transformation are not as commonly used '"€reé is @ huge amount of literature about sorption heat

as absorption chillers (using liquid absorbing solutions). Probalf@nsformation devices which use solids. For further reading

bly, a closed adsorption cycle will never be thermodynamicalI)fes'pec'a"y the proceedings Qf the respective conferences are
or economically competitive to a liquid sorption cycle in an '€commended [1-10]. We will be very short about the funda-

application where both types of cycle are technically feasiblemen_taIS and conce_ntrate on our specific problem. )
Fig. 1 shows a simple process scheme of an adsorption cool-

However, liquid sorption systems are not always feasible due to

a restricted field of operation and, moreover, there might be a9 ddtewce. Ittma|rg)|/:afl:ons:jst§|:\?£ elvaijr? ra:ctv{f cqndenseCI,
opportunity for open cycles such as desiccant systems. and two reactors an - I the Tollowing, we always

The most significant feature of solid sorption systems iSW|II use the word sorption reactor instead of adsorber be-

the fact that they operate in batch mode. As a consequencgause the process taking place may be as well an adsorption
as well as a homogeneous chemical reaction. The thermody-

namic corner-stones are schematically depicted in Fig. 2, a plot

* Corresponding author. Tel.: +49(0)30 314 22387; fax: +49(0)30 314 222530 dew point temperature against equilibrium temperature of the
E-mail address: felix.ziegler@tu-berlin.de (F. Ziegler). sorbent/refrigerant pair analogously to the Duhring-plot of so-
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Nomenclature

g heat exchange efficiency ATmax difference between highest and lowest reactor
i individual compartment temperature
n total number of compartments AT/  remaining difference between temperature
QOloss energetic loss of compartment and maximum temperature
Ta minimum temperature of sorption reactor AT remaining temperature difference
in adsorption AT temperature step
Tc maximum temperature of sorption reactor T loss number
in regeneration " total loss number
T, intermediate temperature T/ loss number of individual compartment
* Q, eventually because the loading with refrigerant diminishes and,
consequently, the state point shifts to another isosteric line. Dur-
SR1 ing adsorption the temperature of reactor 2 has to be decreased.
EV  Expansionsvalve  The phase is finished when the desorption temperature reaches
C Condenser its maximum, T, and the adsorption temperature reaches its
SR  Sorption reactor minimum, 7.
V  Evaporator During the second period of time (the internal heat-recovery
phase), in most cases evaporator and condenser are discon-
@SRZ nected from the reactors and reactor 1 exchanges heat with
reactor 2. Reactor 1 cools down, reactor 2 heats up. We will
Q, * Q,’ discuss these isosteric phases later in this paper. Afterwards re-

actor 2 is connected to the condenser and reactor 1 is connected

to the evaporator. A third phase—which is analogous to phase 1

—starts with the reactors having exchanged their respective

Dew temperature Te  function. In a forth phase the heat exchange is reversed and af-
Condenser terwards the first phase starts again.

SR1 2. Layout of the concept
The temperature rise of the reactors in the second and forth
phase never exceeds half of the difference between the equi-
librium temperatures on the isosteres of the loaded reactor at
SR2 ' condenser pressure and evaporator pressyeand Ty. As
Evaporator such it is analogous to a co-flow heat exchange. This is the main

Ta source of efficiency reduction of the process: not only the adsor-

bent but also the reactor shell and the heat exchanging devices

inside the reactor have to be heated up. A more detailed discus-
Fig. 2. Duthring-plot of a solid sorption system. sion of this effect can be found in [11].

Phases 2 and 4 are loss-producing phases. Moreover, they
lutions. The straight lines are lines of constant composition, théré non-productive phases also: no cold is being produced dur-
isosteric lines. ing the heat exchange. This may be altered by adding additional

We will now explain the ongoing batch process. During oneinternal recovery means such as the mass exchange [12,13].
period of time (phase 1) the reactor 1 which in this phase idn any case, in order to increase the power density, the heat
coupled to the condenser is regenerated by external heatingxchange should be fast. Thus, the heat exchange phase is a
Refrigerant is desorbed in the reactor and condensed in tHeeavily transient procedure and the amount of exchanged heat
condenser by rejecting heat to a heat sink. After pressure r&nd, consequently, the temperature rise of the cold batch reactor
lease in the expansion device EV the condensed refrigerant is dependent on the duration of the exchange phase. The clos-
evaporated again in the evaporator by consuming heat, whickst approach of the temperatures of the two reactors will never
is the useful cold. The evaporator is connected to the reactdre zero due to the finite exchange time. The remaining temper-
2; consequently, vapour is adsorbed in reactor 2, which is reature difference will be smaller for long exchange phases, but
jecting the heat of adsorption to the heat sink. If this is anthe energy density will be low. Efficiency must be optimised
adsorption process and not a homogeneous reaction, duriggainst power density, as always. We will focus on efficiency
regeneration the temperature of reactor 1 has to be increasékt.

Fig. 1. Basic flow sheet of a solid sorption system.

—_—
Equilibrium temperature
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Of course, there have been attempts to improve this situatiothis temperature difference:
One possibility is the exchange of vapour between the reactor: —
as opposed to heat [12,13]. This is a very fast process. Anothér/0ss™ AT = Almax— AT @)
possibility is the use of the concept of thermal wave, which mayA T is the remaining temperature difference to heat the formerly
in addition lead to a kind of multistage arrangement [14-18]cold reactor (SR2) to maximum temperatuig. It is identical
thus increasing efficiency predominantly. It is effective if the to the remaining temperature difference to cool the formerly hot
length of the reactor bed is large as compared to the length ekactor (SR1) to minimum temperaturg.
the temperature front in the heat carrier when it passes the re- Finally, we define a non-dimensional loss number:
actor. Finally, by using additional (more than one) reactor pairs

. AT
the non-productive phases two and four can be levelled off and = (4)
more time can be given to accomplish the heat exchange. This ATmax
helps especially in solving the conflict between efficiency and In the conventional system, this number will always be
power density. In this paper we will discuss a quite conven-above 0.5, meaning that more than 50% of sensible heat can-
tional approach with two reactors and no thermal wave beingnot be recovered.
used.

One of the main differences between co- , cross-, an@. Heat exchange between two batch reactorswith two
counter-flow heat exchange is the fact that in cross- and countetempar tments each
flow the outlet temperature of the cold stream may exceed the
outlet temperature of the hot stream. By searching a possibility Our two batch reactors SR1 and SR2 are nothing else than
to realise this in batch systems as well we will divide the reactwo pieces of matter with same mass and specific heat capacity
tors into severajn) compartments. The heat exchanger loop in-(Fig. 3). Piece al is at a temperatufe which is higher than
side the bed is arranged in such a way that all compartments afiée temperaturd, of piece b1. If we bring them into thermal
interconnected in a conventional manner during desorption angbntact they will eventually reach an intermediate temperature,
adsorption phases. However, during the heat exchange phage arithmetic mean, as shown in Fig. 3.
the heat exchangers in the compartments are used individually. We now divide the two pieces into two parts each: al and
The compartments may or may not be separated on the refrigr2, and b1 and b2 (Fig. 4). We first bring into thermal contact
erant vapour side during the heat exchange phase. Separatigh and b1 and exchange as much heat as possible (step I). In a
is better for performance, but expensive. We assume that thgzcond step we exchange as much heat as possible between al
heat exchange is fast and, consequently, the interdependersed b2 on the one hand, and between a2 and bl on the other
of the compartments via desorbing and adsorbing refrigerarfand. It is obvious that b1 will attain a higher temperature than
vapour will be small even without separation on the vapoufust the mean temperature betwé@nand7, (step II). Finally,
side. the temperatures of a2 and b2 are set into thermal equilibrium

We will apply one more important simplification in order (step Ill). As a result we have exchanged significantly more heat
to keep the basic idea straight. We assume that the heat ciran with undivided pieces: half of the loss has been reduced by
pacity of unloaded and loaded reactor (construction and he@0%, i.e. a loss reduction of 25% overall.
exchange material including sorbent bed and refrigerant) are
identical. This is especially correct when the thermal mass of Te _
construction material and sorbent is large as compared to that of
the refrigerant which is contained in the sorbent. In most cases
our assumption will not be too bad. Also the latent heat is not
evenly distributed across the isosteres. However, as our purpose
is to exchange mainly sensible heat (only marginal desorption
and adsorption taking place due to the non-zero void volume)
this assumption may be tolerable as a first guess, too.

Then, the heat which could be exchanged in a perfect
counter-flow heat exchanger between two batch reactdfg at
andTy is proportional to

A

Temperature
H

ATmax=Tg — Ta 1)

However, we have no counter-flow. The cold reactor will be
heated up by a temperature st&fp' to some intermediate tem-

peraturery,, Ta | b1

AT = T — Ty (2) Istart | |afterstepi |

The energetic loss due to imperfect heat exchange (as compareg. 3. Temperatures before and after ideal heat exchange between two reactors
to perfect counter-flow) is proportional to the complement ofat7g andT,.
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Fig. 4. Temperatures before and after ideal heat exchange between two reattpemnalt’4 with two compartments each.

4. Heat exchange between two batch reactorswith three exchange heat with the second warm compartment a2 and in-
compartments each creases its temperature by additiondlyax/4. By exchanging
with compartment a3 we add anoth®fax/8. We see that the
In Fig. 5 the same procedure is shown with three divisionscompartment b1 can be heated by
In step I, 1l, and I, the division al is cooled by exchanging n
heat with b1, b2, and b3 respectively. bl is heated by exchan AeTmaX(l/?J_r 1a+1/8+ + 12 ) @
with al, a2, and a3. After step Ill, al cannot be cooled furtherI e remaining temperature differenad’y’ is:
b1 cannot be heated further. In step IV and V a2 is cooled by 1\"
exchange with b2 and b3, b2 is heated by exchange with a2 ar¥’1 = ATmaX(é) (8)

a3. Finally, in step VI, a3 exchanges heat with b3. Again, w
have exchanged more heat than before. eThe last (.lth) compartment can be hefated only Binax/2.
The remaining temperature difference is

2

) ] The remaining losses of the other compartments can be deter-
We now discuss the behaviour of the cold compartmentgnined in a recurring way. As an example (Fig. 6) let us as-
of the reactor which have just finished the adsorption phasey,;me that we had performed the maximum heat exchange with
The behaviour of the hot reactor is just reciprocal. Each of the compartments. Afterwards, we have gotal, a2, b1, b2 on their
n compartments of the reactor is heated up to its individuatespective final temperatures. Now we add a compartment to
maximum. Then, some heat exchanger loss r‘l’Vh'Ch IS Propolesorber (a3) and adsorber (b3). In the three following steps |
tional to a remaining temperature differenad;" can be at- g ||| a3 is cooled by heat exchange with b1, then b2, then b3.
tributed to each'th compartment of a reactor with a total of 3 is heated by exchanging with a1, a2, finally a3. We attain
n compartments. A relative loss number can be defined also fQfxactly the same temperature distribution as shown in Fig. 5.

i 1
5. Heat exchange between two batch reactorswith n AT = ATmax( = ©)
compartments each

each compartment: Let us now assume we had performed the maximum heat ex-
. AT! change with(n — 1) compartments. Eactth cold departments
L= ATrmax (®)  of SR1 (bi) will have been heated up partly and will feature

. o n individual remaining exchanger loss proportionatfbl"‘l.
A total loss number can be derived as a sum of the individuah .. adding an additionatth compartment allz — 1) com-

losses by taking into account the fact that each Compartmerﬂ;{artments of SR2 (bl to(b — 1)) can exchange heat with
contains the:th fraction of thermal mass only. It is the comple- the new compartment of SR@(r)) one after the other and

ment of the heat exchanger efficiengy vive versa. The first compartment bl reduces its loss from
. AT! St ATmax/2" D to ATmax/2". The new compartmetia(n)) steps
v= Z AT n 1-¢ (6)  down to the same temperature. Then it is brought into contact

i=1 with b2, which before arrived at a remaining IossAoTz"_l.
Let us now look at the first cold compartment bl (Fig. 5). By So, b2 will be heated up further to a temperature intermediate
heat exchange with the first warm compartment al its tempebetween its former temperature and the one which has been at-
ature is increased (in the ideal case) A¥max/2. It can then tained by b1 just now. The remaining loss, consequently, will be
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equal to the arithmetic mean of the former loss of MQ”_l, method which has been laid down here could be easily applied
and the actual loss of bIAT]'. We state as a common rule: to more complex cycles and would increase efficiency there

eachith compartment starts with a loss proportionaJﬁtﬂTi"‘l also.

and exchanges heat with a compartment which has a tempera-

ture corresponding ta7;" ;. It will attain a temperature which ¢ pratical considerations
is the arithmetic mean of the temperature which it had reached

before (with only(n — 1) compartments present) and the tem-
perature which has been reached byrtrecompartment in the
preceding steps of heat exchange. We can formulate:

In application the increase in complexity by dividing the
reactors into compartments has to be balanced against the in-
_ crease in efficiency. Probably only two or three compartments
AL = (AT"” + ATin—l)/z (10) are economically feasible. The respective dimensionless losses
With this equation we can derive the loss factefsof an ar-  are shown in Table 1 for up to 4 compartments.
bitrary number of compartments (Fig. 7). The loss factors of We see that the exchanger efficiency rises by more than
an individual compartment are linked with a straight line in 209 against the standard case by using two compartments only.
order to demonstrate the reduction of the remaining temperax third compartment rises the efficiency by another 10%. The
ture difference by adding compartments. The relative loss of thgyurth compartment increases the efficiency by 5%. The effi-
individual compartments;” /n (full symbols), and the sum ac- cjency then is 73%. If we take into account that this is an upper
cording to Eq. (6) (open symbols) is shown in Fig. 8. By usingjimit on the one hand, and that it is an efficiency which is not too
5 compartments the loss is reduced to about half of the stanyaq for a typical cross-flow heat exchanger on the other hand,
dard arrangement without compartments. It should be statele can derive that more than four compartments can only be
that no analogy to a counter-flow heat exchange is attainegconomical if a very simple, reliable, and cost-effective mecha-
However, the results show the characteristics of a cross-floyism for arranging and switching of the exchange loops can be
exchanger. found.

We want to conclude this section by stating that the purpose In Fig. 9 a schematic arrangement is displayed for reactors
of this paper is not the layout of muiti-adsorber or mUItieﬁe(:twith 2 compartments. The switching between the different steps
cycles as discussed in other papers [16,21,25]. However, tr‘I%ay be done with a kind of valve as used in hydraulics and

05 . pneumatics. It is shown in Fig. 10. The valve features 5 posi-

T sn O™ tions, starting with desorption and adsorption on the left, heat

0,4 exchange in steps | to Il according to Fig. 4 following, and ad-

\ | 5th 7th | 8th sorption/desorption on the right-hand side again. The valve will

03 < 3rd run from left to right and back again in order for the system to
2nd of n

| . \ perform one total cycle.
0,2
1st compartm\ent (I)f n \ \ A
N \\\
‘\“\"\.|

o’

th

1177
s/

Table 1
0,1 ~ > ~ Loss numbers for up to 4 compartments
—— Numbern of compartments 1 2 3 4
0 n
1 2 3 4 5 6 7 8 9 10 ‘L'}l 0.50 0.25 0.13 0.06
Total number n of compartments 72 - 050 031 0.19
3 - - 0.50 0.34
Fig. 7. Remaining loss factors of individual compartments after ideal heat exzy - - - 0.50
change. Total lossz” 0.5 0.38 0.31 0.27
Heat exchange efficiency 0.5 0.62 0.69 0.73

0,4

Y
\ \ N1 | sRi
sum of losses of all n compartments

[
4 % »? ’ Source out
o c i 3
E % o \ 2nd of n Source in —>—‘ ® ® >
S5 3 1 2 3 4 5 6
O O 3rd
n::g o | 4th etc. m 7 8 9 10 11 12 | Valve assembly
] S \l
1st compartment of n \\ 1 L
.\\‘§§.‘ Sink in ‘>—] Sink out

(—
1 2 3 4 5 6 7 8 9 10
Total number n of compartments SR2

Fig. 8. Weighed remaining loss factofl) of individual compartments after
ideal heat exchange and total loss facfdy. Fig. 9. Layout of the heat carrier loops of a system with 2 compartments.
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Fig. 10. Hydraulic valve for switching between the different heat exchange steps of a system with 2 compartments (each rectangle—thin lines-ereprese
position of the valve).
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