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Abstract. This paper presents the first results of a transient moddi®@heat and mass transfers of an activated carbon-
methanol adsorption chiller. The chiller's functioningbased on two adsorptive beds (adsorbers), one condenser and
one evaporator. They are operating in alternated turns,lsegif one adsorber is adsorbing, the other is desorbinge Th
adsorber model takes into account the geometry of the fituleeldiquid-adsorbent heat exchanger. Keeping the cycle
period constant, some heat recovery and mass recovery tere tested. The simulation results show an increment of
both coefficient of performance and specific cooling powéio23% and 8.17%, respectively.
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1. INTRODUCTION

As arule, the cooling systems requiring thermal energyeis thain power input for the production of frigorific effect
are most dependable on sorption processes. For sorpti@scitee input energy can come from the thermodynamic con-
version of low-grade thermal sources. A comparative stugtwben the three sorption cooling systems (liquid, chelmica
reaction and adsorption) was published by Meunier (1998allithese systems the mechanical energy consumption is
kept to a minimum or null, i.e. they utilize mainly thermalezgy that comes from various sources, as such, process
heat, thermal waste or solar energy. This represents aapgahtage over the conventional vapor compression systems
especially in countries like Brazil whose energy consuomptiepends mainly on hydroelectric power.

The adsorption technology applicable to cooling systerfferdisignificantly from that of absorption on account of
its unsophisticated functioning. In adsorption, thereunscthe interaction between a solid and a fluid, the tranapiort
of the latter being thermal gradient dependable, i.e. isdu# require the use of pumps. In the case of liquid absarptio
cycle, however, a solution interacts with a refrigeratingd] calling for a number of electromechanical devices iteor
to move both the solution and the fluid. Moreover, the adsomatycle depends on fewer electromechanical components
(heat exchangers, valves). On the other hand, adsorptinger@tion has shown performance coefficients lower than
those obtained by liquid absorption. In the field of the ag8on refrigeration, there have been considered varioodsi
of fluid-solid pairs. Zeolite-water and silica gel-wateearsed for cold storage and air conditioning, whereas detiva
carbon-methanol and activated carbon-ammonia are usetfaining low negative temperatures.

Solar energy is abundant over large areas of northeast|Beawiual average being over 6 kWhiday), securing,
therefore, a great potential supply for use on helium-tiaanversion systems applicable for either heating oringol
purposes. In this region, the energy consumption for aiditmming is very high and we notice an increasing demand,
especially in the industrial and tertiary sectors. Thisgrgmresents some fundamentals of adsorption and the related
refrigeration cycles, with or without mass and heat recgvand results from numerical simulations for an activated
carbon-methanol adsorptive chiller.

2. ADSORPTION FUNDAMENTALS

Adsorption is a solid sorption process where the bindingdsmbetween fluid molecules (the adsorbate) and the solid
medium (the adsorbent) come from an electrostatic origfnomn dispersion-repulsion forces. It is an exothermic pssc
due to the gas-liquid phase change. The energy liberatedisiorjption processes is called isosteric heat, and it depend
on the nature of the adsorbent-adsorbate pair.

To describe the thermodynamic equilibrium of adsorptiewesal state equations known as "isotherms of adsorption”
are proposed. These functions correlate the temperatuhe ressure P and the concentration of the adsorbed phase
a, so that f(T, P, a) = 0. The main isotherms of adsorption @geHenry’s law, valid only for weak concentrations; (b)
Langmuir’s approach, which considers adsorption in morlemwar layers and that there is a dynamic equilibrium be-
tween the phases; (c) Gibbs’ theory, based on the perfeetgesion, in which the adsorbate is treated in the micrdscop
and bidimensional form; and (d) Eucken and Polany’s thebey,so-called "potential adsorption theory”, in which it is
assumed that in the space around each solid one may find sopao¢dstial surfaces delimiting adsorbate that is adsorbed
at pressures (or concentrations) lower than those comelépgto the potential value and that such isopotentiabs@s
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are specific for a given solid surface (Polanyi, 1916). Dirbamd Radushkevich proposed the "micropore volume filling
theory" that is related to Eucken-Polanyi potential thed@tye Dubinin-Radushkevich isotherm describes adsorotioa
single type of uniform pores that is similar to Langmuirdilocal isotherms in adsorption on energetically heteregaa
solids. This theory was later extended by Stoeckli, allgino describe adsorption on energetically heterogensolids
with a continuous distribution of pore sizes. A detailedlgsia of the thermodynamics of adsorption and its different
isotherms is given by Leite (1998).

2.1 Adsorption cycleswith mass and heat recovery

An adsorptive cooling system can base its operation on & r@sirmittent - or a mass and heat recovery free cycle
- which may be described by one stage in which a gaseous adsdtbid is transported from the evaporator to the
adsorber, and a next stage when the fluid is transported fieradsorber to the condenser, where it liquefies and flows
down into the evaporator, completing then the cycle. Theasponding ideal thermodynamic cycle is represented by two
isosteres (iso-lines with constant adsorbed phase caatient and two isobars, as shown in Hi§. 1a. The 1-2 and 2-3
processes describe the adsorber’s cooling and the adsarptiile the 3-4 and 4-1 processes describe the regeneodtio
the adsorber, i.e., its heating and desorption. Points 2igRh.[Ta) represent the initial states of the adsorptiahtha
desorption, respectively.
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Figure 1. Duhring diagram for the ideal basic cycle (a) arrdie mass recovery cycle (b)

In order to improve the COP of adsorption cooling systemsioua operation procedures of the adsorbers can be
considered, as such continuous two or four-adsorber heateey cycles, mass recovery with sensible heat recovedy, a
mass recovery with both sensible heat and heat of adsong@mveries. A general scheme of the mass recovery cycle
is shown in Fig[Lb. A widely description (numerically ancbeximentally) of mass recovery cycle was done by Poyelle
et al.(1999) and, of heat recovery, by Dowtsal. (1988).

Wanget al. (2005) have experimentally obtained an expressive CORyerig with a passive heat recovery scheme
in a two-bed and four-bed chillers, without any effect onitle®oling capacities. In another study, with a prototype
heat-regenerative adsorptive air conditioning system @&al., 2002), they analyzed the effects of step times of the heat
recovery, mass recovery and half-cycle on the COP and ttafigpeooling power (SCP). According to this study, the
experimental COP and SCP increased 16% and 6%, respegtiitilya very short time - 0.5 min - of mass recovery
before the beginning of the heat-recovery process. Thegirdd as an appropriate half-cycle time for improving both
COP and SCW about 20-25 minutes. Akalgtal.(2004) have investigated the performance of a two-bedgijéd-water
adsorption refrigeration cycle with mass recovery proesster different operating conditions. Results from coreput
simulation showed that, for a hot water temperature GC7énd chilled water of fiC, with the mass recovery cycle and
any heat recovery the COP and SCP are, respectively, 28%.a%dl&ger than those obtained with the single cycle.
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3. SIMULATION DESCRIPTION

Z\ldsorbent

Figure 2. Finned-tube heat exchanger: simulation volunmérob

It is known that the thermal behaviour of the adsorber isgflpdependent on the adsorbent thermal conductikity,
and the heat transfer coefficient of the interface metabtdmst,h. Therefore, a finned-tube heat exchanger was chosen
to increase the heat transfer area. In the geometrical neddleis heat exchanger, annular fins with adiabatic bouedari
were used as simplification hypothesis, see[Hig. 2, withahewings assumptions:

. the heat transfer in the adsorbent medium is two-dimeasi@axial and radial);

. the thermal gradient in radial direction is neglectedhidot water flow and inside the tubes (< L);

. the fin thickness is small enough to consider the heatfermanly in radial direction;

. athermal contact resistance is considered at the iotettde/fin;

. the convective effects and pressure drops are negligilhe adsorber bed;

. no heat losses to the ambient are considered,;

. regarding thermal conductivity, the adsorbent is téatea continuous medium;

. all adsorbent particles have the same properties (imdushape and size); they are uniformly distributed
throughout the adsorbent, and in local thermal equilibrivithh the adsorbate and the surrounding gaseous
phase;

9. the gaseous phase behaves as an ideal gas;
10. the properties of the heat transfer fluid and the adsedyatconsidered as temperature dependent.

O~NOOOUOTRAWNBE

The simulation is divided im, nodes that contain fins, as shown in Fig.]2. It is calculated for each node one
mean temperature to the water fl@ly,, another to the tub&;, n,. points to the fin and a thermal gradient in 2D to the
adsorbent. The model take into consideration the thernrdbcbresistance between the fin and the tube. It can simulate
fins smelted, pressed or even with a air-gap. The adsorbés ledier vacuum and it is big enough to make the pressure
drops close to zero. This was also the reason to not conséiritisses to the ambient. As pellets are often used as
adsorbent, assumption (vii) and (viii) are about the tresithof it as an unique solid in terms of heat conduction.

3.1 Adsorber, Condenser and Evapor ator

The equations related to the adsorber, condenser and exapwhere widely described and experimentally validated
on a previous paper (Riffedt al, 2009). The adsorber corresponds to a multi-tubular systdmse inner surface ex-
changes heat with the water coming from a hot or cold sourggginding on the stage of the cycle. The adsorbent occupies
the space delimited by the external wall of the tube and theigated fins. The condenser/evaporator can be a finned-tube
heat exchanger or also a tube heat exchanger, without fins.

3.2 Diffusion in the adsor bent

In 1920, Daynes proposed a method to determine the diffusefficients by mounting a porous medium between
two chambers. One chamber is filled with gas and the othergskeder vacuum. Although the diffusion is started at
t = 0, the pressure in the receiving chamber remains very lows filmie lag in the response of the pressure is measured
and used to extract kinetic parameters (Do, 1998). The sdezei$ used in the proposed model. The measured pressure
on the adsorber chamber is corrected by a time#agnd utilised as mean adsorbent pressure that can be giviiie by
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following differential equation:

dP 1

— =—(P,—-P 1
o7 = (P~ F) 1)

If At is small enough, it is right to consider that the adsorberfredsureP.;,, has a linear variation. Solving this

equation in the Laplace domain and applying the inversefall@ving equation can be founded:

Pt — pl-At Pt — pi-At N A At
Pt _ P(fh __—ch AtCh T+ ch Atch 7'+Pt t ch t exp {T} (2)
3.3 Chiller Simulation
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Figure 3. Chiller simulation flowchart.

The adsorption chiller is described by energy and mass balar set of differential energy equations for each
component (adsorber, evaporator and condenser) are mathesolved and joined by the mass balance, as shown in
Fig.[3. The iteration begins with the solution of the Adsareergy equations and the calculation of the mean temperatu
in the solid adsorbent mediurii{;;), where the volume of each node is taking into account. Wig¢htelp of the inverse
of the characteristic curvéi( —!), the new pressure is obtained and corrected by the preskavaporator or condenser
(Pe < P < Pc¢), depending on the stage of the cycle. The difference betweinput and output uptak&{p,) times
the total mass of adsorbent is the mass of adsorbate thatdsaso@d or desorbedn(,). Now it is needed to evaluate if
the Condenser/Evaporator is able to condensate or evepalltdhis amount of adsorbate without great variation in the
pressurel used in the beginning. If the pressure variation is smalugho|P — P,| < 1 Pa), the mass balance was
respected and the simulation can go ahead, otherwise, thitoRNdRaphson method is used to compute the new pressure
and the iteration restarts.

3.4 MassRecovery Simulation
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Figure 4. Mass recovery scheme.

The simulation were developed to build three independenttkdst adsorber, condenser and evaporator. It can also
make multiple blocks of each. The only problem is the compartal time, but with this strategy it could be solved by
another processor (task parallelism), for example. [Big:e4gnts the mass recovery scheme, where one adsorber is hot
and the other, cold. The water flow still being pumped, while valve between adsorbers is open. In this stage, the
condenser and the evaporator are both disconnected. Thision steps of this process are shown in Elg. 5. It begins to
simulate one adsorber with the pressure of the other. Trespre of both adsorber beds are, almost instantly, the same.
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But, due to the diffusion on the adsorbent medium, the a@sunressure increases slowly. It is computed using the time
lag. What the flowchart shows is that the pressure of the skadsorber is calculated in order to conserve the mass of
the system.
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Figure 5. Mass recovery: simulation flowchart.

3.5 Heat Recovery Simulation
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Figure 6. Heat recovery scheme.

The heat recovery simulation is easier, the vacuum chanfbegah adsorber bed are not interconnected. Only the
water flow is the same for both adsorbers; the input of oneradsds the output of the other. For the simulation, it means
that at each time step the adsorber equations can be soldependently. The condenser and the evaporator are both
disconnected, during the entire process.

4. RESULTS

An adsorption cycle with mass recovery can be seen at{Fig.hérevthe period of mass recovery is highlighted.
The shape of this curve is very difficult to measure, becabsddmperature and the pressure have to be obtained in
the micropores of the adsorbent medium, that have a diarseteller than 2 nm. What can be easily measured is the
pressure in the vacuum chamber of the adsorptive bed, buttthia shape will look like a straight line to the equilibmiu
pressure and some fuzzy reactions, because both pressitfecatemperature are not being measured in the right place.
An example can be found in Wareg al. (2006).

This shape is obtained, basically, with a mass balance arnffuaidn time lag. Both techniques are accepted for
this case. However, for shorter cycles, the diffusion tig $hould not be more valid, because this theory takes into
consideration a local equilibrium.

Fig.[4 has another important information: his peak. Thisxactly the optimally mass recovery time. That is exactly
what the Pareto global optimisation method shows. It wasdob minutes of mass recovery and 2 minutes of heat
recovery, as shown in Figl 8. That peak can also be notedtrethe interface of the dashed line of the heat recovery and
the straight line of the mass recovery.

Some experimental results, collected by Wangl. (2005), where used as reference on the analysis of thegesislt
shown in Fig[®, the simulation results have a really goo@agent with the experimental data. Unfortunately, dedaile
geometrical data is needed to make a deeper comparisonyalitetjvely, the shapes of the curves are the same. Some
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Figure 7. Mass Recovery Simulation Results: clapeyron.
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Figure 8. Heat-Mass Recovery Simulation Results: clapeyro
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Figure 9. Heat Recovery Simulation Results: time response.

differences can be noted, like the time scale, but it can adatiiectly compared. The simulation results, presented, her
are for a 20 kW activated carbon-methanol adsorption chhiat is being installed at University of Paraiba.

Wanget al. (2005) shows that, in their case, the COP is seen to have iragiay 14% at long cycle times to 38% at
short cycle times, with almost no cooling throughput of théler. The best improvement enhanced here where with the
results of the Fid.]8, or else, 100 minutes of adsorptionogedonsidering 5 minutes of mass recovery and 2 minutes of
heat recovery. The simulation results shows a incremens @36 in the COP and 8.17% in the specific cooling power.
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5. CONCLUSION

A local optimisation algorithm, based on Pareto, was rurekieeps all the parameters constant, changing only the
heat recovery and the mass recovery time. The simulatiaitseshow an increment of both coefficient of performance
and specific cooling power of 16.23% and 8.17%, respectiMélywas archived with 120 seconds of heat recovery and
300 seconds of mass recovery.
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