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Abstract

The objective of this paper is to consolidate tbhecomes of a systematic investigation on the
use of adsorption phenomenon for refrigeration gemsl storage applications. For refrigeration,
thermally powered adsorption cycles based on ofomedly working fluids working in both
partial vacuum and pressurized conditions are demnsd. The relationships between
equilibrium pressures, adsorbent temperatures quifilgium adsorption concentrations (P-T-
W diagram) have been presented. Adsorption uptada df CQ adsorption onto two
functional activated carbons are also presented.
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Introduction

The quest to accomplish a safe and comfortabler@mvient has always been one of the main
preoccupations of the sustainability of human I&ecordingly during the last few decades
research aimed at the development of thermally pedvadsorption cooling technologies has
been intensified. They offer double benefits of udtns in energy consumption, peak
electrical demand in tandem with adoption of enwnentally benign adsorbent/refrigerant
pairs without compromising the desired level of éantnconditions. Alternative adsorption
cooling technologies are being developed which lbanapplied to buildings [1-4]. These
systems are relatively simple to construct, as th@ye no major moving parts. In addition,
there is only marginal electricity usage which ntigh needed for the pumping of heat transfer
fluids. The heat source temperature can be as ®W0AC if multi-stage regeneration is
implemented [5-6]. A recent study shows that theling capacity of the two-stage silica
gel/water refrigeration cycle can be improved digantly when a re-heat scheme is employed
[7]. However, since the system is driven by lowemature waste heat, the COP of this
thermally activated adsorption systems is normatigr [8]. Another study on micro adsorption
hybrid system shows that adsorption and thermaaeoboling devices can be symbiotically
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combined for use in cooling of computer CPUs [9]je Beemingly low efficiency of each cycle
individually is overcome by an amalgamation witk tither.

The primary step for developing adsorption igefration and gas storage systems is the
adsorption performance characterization of the rémgoadsorbent-refrigerant pairs. The
adsorption parameters enable the derivation oflaisaship between uptake, pressure and
temperature at equilibrium. The expectations frompacific pair depend on the intended
application. Adsorption data are seldom availabbenfthe manufacturers. The data from one
specimen are not scalable to another. The firsgabive of this paper is to assess water vapour
uptake on various silica gels so as to facilitakedion of the most appropriate system for a
given application. The second purpose is to preseetcombinations of adsorbent-refrigerant
pairs for thermally driven adsorption cooling cyleBoth above and below atmospheric
operation are covered. The third aim is to giveomarview of adsorption isotherms of two
activated carbons andG@hich will have implications in not only transaecél CO2 cooling
cycles but also in sequestration.

Water vapour uptake of silica gels

The water vapor uptake properties of three diffetgpes of silica gels are evaluated using
Hydrosorb 1000 analyzer and the pictorial view loé test facility is shown in Fig. 1. The
Hydrosorb 1000 offers fully automated, rapid measant of adsorption and desorption
isotherms and evaluation of Brunauer-Emmett-Te{RET) surface area the and heats of
adsorption. Accurate water vapor dosing is madeiplesby using a unique, heated (100°C)
manifold design. Isothermal condition of the adsotbare attained using a thermal jacket
controlled by a constant temperature bath. Allaisorbents are degassed at 140°C for at least
8 hours prior to the experiments to remove anygassrbed moisture.

Fig. 2 compares the water vapor uptake ofasijels at 25°C. The results highlight that at
relative pressures > 0.6 the Typé=ssilica gel possesses the highest equilibrium wgstak
537 ccl/g followed by Type-A5BW and Type-RD 2560€Thset diagram in Fig. 2 depicts the
adsorption and desorption of the water vapor byeTAp’ silica gel. However, Type-RD 2650
silica gel exhibits better uptake capacity for loywhp, regions. In adsorption desalination (AD)
cycles,p/pois higher since the saline water evaporation teatpeg is relatively high [10, 11].
This value may get even higher in advanced AD cydhere a number of heat and mass
recovery schemes are employed to enhance the radlvate.

Adsorption characteristics of activated carbon basg adsorption cooling cycles

The Duhring (p-T-W) diagram illustrates the relasbip between the pressure, temperature
and adsorbate concentration at equilibrium, whign e used to estimate the actual
adsorption/desorption processes. In the preserdy,stthe Dubinin-Radushkevich (D-R)
equation (Eq. 1) is used to predict the adsorptioaracteristics of ACF (A-15)/ethanol and
ACF (A-20)/ethanol [12]. Alternatively, for Chemwem/R134a, Fluka/R134a and Maxsorb
[I/R134a pairs, Dubinin-Astakhov equation (Eq. 2) employed therein to predict the
adsorption isosters [13].

W =W, exp{—[RT |n(PS/P)/E]2} (1)

W =W, exp{—[RT In(PS/P)/E]n}, )
2
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Figure 1: Pictorial view of the Hydrosorb 1000 anaftzer
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Figure 2: Water vapor uptake by three types of sikta gels

In the Dubinin equations is the characteristic energy of the adsorbentfbdse pair,
which can be evaluated from experimental dataRwdénotes the gas constant. The parameter
n is an exponential constant, which provides the b#sigs of the experimental isotherms.
The termW denotes the specific mass of adsorption or upfedk®f adsorbate per unit mass of
adsorbent) whil&\p is the maximum uptake. The other parameters f& &d D-A equations
are given by El-Sharkawst al. [14]. The single-stage and single-effect doubleddsorption
cooling cycles were superimposed on the Duhringrdia in Fig. 3. The single-stage cycle
was represented by the solid lines whereas thdeseftgct double-lift cycle was represented
by doted lines. As can be seen from the idealizédring diagram of Fig. 3, the single-effect
double-lift cycle can operate with lower heat seutemperature as compared to single-stage
cooling cycle for the same uptake capacity. Herstegle-effect double-lift cycle is more
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preferable for the utilization of low-temperatui@as or waste heat sourceswhich is attractive
for improving energy conservation and efficiencyovling purposes.

Bb‘ingle-smge Cycle (a—b-—c—d)

Double-stage Cycle
'.' st stage-(a'+b—cd’)
' 2nd stage-(a" Db c" 2d")

Pressure

Temperature

Fig. 3: Qualitative Duhring (P-T-W) diagrams for both single-stage and single-effect
double-lift cycles

The ideal adsorption cycle (shown by solid dina Fig. 3) consists of four sequential
thermodynamic processes, i.e. pre-heatingdy, desorption (é»a), pre-cooling (a»b) and
adsorption (b>c) processes. An equilibrium model is adopted t@lweate the cycle
performance in term of specific cooling effect (9GHd coefficient of performance (COP).
Being in thermodynamic equilibrium, all the thernsahtributions are calculated based on heat
and mass balance from the Duhring diagram. The ©Ofhe adsorption cooling cycle is
defined as the ratio of the SCE and heat inpulh¢osystem()y,, as shown in Eq. (3). The heat
added to the system which is shown in Eq. (4)ngsr the summation of both the heat added
to the adsorbent (Eq. 5) and refrigerant (Eq. 6)EhQ (5), the specific heat capacities of
assorted adsorbents are 908g K for activated carbon fibers and 93tkg K for other
activated carbons. [15, 16] Heat of adsorptionasctdbed by Eg. (7) and the functif{it) as
given in Eq. (8) is deduced through experimentatherm data for ethanol on activated carbon
fiber of types (A-15) and (A-20), HFC-134a on aated carbon powder (Fluka and Maxsorb
II) and activated carbon granule (Chemviron) [14].

The specific cooling effect (SCE) is definedtlas difference between the evaporator load
and heat dissipated to cool the adsorbate from exmsed temperature to evaporator
temperature, and is shown by Eq. (9).

COP = CE

3)

h

Qh = Qads + Qref (4)
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Ta
Qads = .[ CpadeT (5)
Te
Ty Ta Winin
Qref :WmaxJ-Cpref dT + J.WCpref dT + J-qst dw (6)
Tc Td Wmax
0y =y +E[In(W,W) " +ECF (T) ©)
£(T)=a(T/T,)" ®)
Te
E = (Wmax _Wmin) I-HTe - .[Cpref drT 9)
Te

Single-effect double-lift adsorption cycle

The working principle of the single-effect doubit-bdsorption cycle has been proposed by
Sahaet al. [17]. The ideal cycle as shown in Fig. 3 by dotieds, consists of two sequential
thermodynamic processes (I and Il). These sequehgamodynamic processes employ the
same principles as in the single-stage singleddbling cycle, at which the pre-heating,
desorption, pre-cooling and adsorption processethéofirst and second stages are indicated as
c—d—d—b and ¢—-d"—a'—b", respectively. In the single-effect double-lift sadption
cycle, there is an additional pair of adsorbentshiedorporated in between the evaporator and
condenser of the system. These extra adsorbentdiiedsthe refrigerant pressure to increase
from evaporator to condenser in two stages. Atsidn@e time, this enables the single-effect
double-lift cycle to reduce the regeneration terapeeof the adsorption cycle utilising a two
stage pressure reduction between the condensesvaparator. In the present simulation, the
total mass of adsorbent for single-stage cyclesssiaed to be equal to single-effect double-lift
cycle, implying that each bed in the single-effdouble-lift cycle will carry only half the
amount of adsorbent as the adsorbent bed in sstgtgee adsorption cycle. The simulated
performances of single-effect double-lift adsorptycle are compared with the single-stage
adsorption cycle in terms of COP and SCE.

Simulations for the five assorted working pd€F (A-15)/ethanol, ACF (A-20)/ethanal,
Chemviron/R134a, Fluka/R134a and Maxsorb II/R13%a)carried out at partial vacuum (for
ethanol) and pressurized conditions (for R134a)e Mmworking pressures for ACF (A-
15)/ethanol and ACF (A-20)/ethanol are between 1FBa. The Chemviron/R134a,
Fluka/R134a and Maxsorb II/R134a based pressurasbrption cycles are operated for
pressure between 300~800 kPa. These pressureslentated from the saturation pressures at
the evaporator and condenser temperatures.

Table 1 below shows the temperature data atcquéng, adsorption, pre-heating and
desorption processes for both the single-stagesamgle-effect double-lift cycles of the five
pairs. The uptakes (W) of these pairs are simulét@a Eqg. (1) and Eq. (2). For the same
amount of uptake capacitAWV = WmaxWmin), Single-effect double-lift cycles require lower
desorption or regeneration temperatufgscompared to those of the single-stage cyebe.
instant, Maxsorb 1-R134a working pair at uptakeaeity of 0.36 kg/kg, th&, at single-stage
and single-effect double-lift cycles are equal @°€ and 67 °C, respectively. Among these
working pairs, Maxsorb II/R134a has the highestaket capacity which is followed

5
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respectively by ACF (A-20)/ethanol, ACF (A-15)/etiod, Fluka/R134a and Chemviron/R134a
pairs.

Table 1: Adsorbent temperature and uptake capacityor idealized adsorption/desorption
cycle simulated atTes = 6.77C and Teona = 29.4C in accordance to ARI Standard 560.
The subscripts correspond to thermodynamic state pots in Fig. 3.

Adsorbent/refrigerant pairs
(A'?\-(l:g)/ (:‘_Cz:g)/ Chemviron/| Fluka/| Maxsorb
R134a | R134a I/ R134a
ethanol | ethanol
o = Ta 80 80 80 80 80
S ool T 52 52 53 53 53
Q e T 30 30 30 30 30
g 2 T4 55 55 55 55 55
% © = Wnn | 028 0.25 0.31 0.36 1.39
= S| Winax | 0.47 0.58 0.34 0.45 1.75
== Aw 0.19 0.33 0.03 0.09 0.36
5 Ta 66 66 63 67 67
S5l To 52 52 50 53 53
o | 2|8 T 30 30 30 30 30
S = T4 42 42 42 42 42
£ | B | oo Wmn | 028 0.25 0.31 0.36 1.39
g S| Wiax | 0.47 0.58 0.34 0.45 1.75
§ == Aw 0.19 0.33 0.03 0.09 0.36
5 = Ta 66 66 63 67 67
2 S Ty 52 52 50 53 53
@ v |89 "
@ | o |[EY T 30 30 30 30 30
2| 0|8 To 42 42 42 42 42
| & |2 Wmn | 039 0.43 0.33 0.40 1.58
S| Wmax | 058 0.76 0.36 0.49 1.94
== Aw 0.19 0.33 0.03 0.09 0.36

Table 2 summarizes the effect of regeneratomperature on the COP and SCE of single-
stage and single-effect double-lift cycles. It iddent that the SCE values increase linearly
with regeneration temperature for all five pairer Both single-stage and single-effect double-
lift cycles, ACF (A-20)/ethanol provides the highgalue for SCE which is followed by ACF
(A-15)/ethanol, Maxsorb 1I/R134a, Fluka/R134a aastly Chemviron/R134a. Generally the
sub-atmospheric systems possess higher SCE andi@®@PBressurized systems.
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Table 2: COP and SCE for single and two-stages ideadsorption cooling cycle, simulated

at same conditions of Table 1 [18].

Adsorbent/refrigerant

Regeneration Temperature [°C]

pairs

45 [ 50| 55| 60| 65| 70| 75 80 85

(A-15)/Ethanol - | -] 005 030] 042 049 053 055 05

o | o (A-20)/Ethanol - | -] 004 042] 056 062 065 067 0.6
5| Q [ Chemvion/R134a | -| - 0.010.02 0.03] 0.04 005 0.06 0.0
o Fluka/R134a - -] 001006]| 010 0.12] 0.14 015 0.
& Maxsorb [I/R134a - -] 002009]| 0.14] 0.18) 020 0.2 0.2
o | @[ (A15)Ethanol - | -] 292 290 | 63.7| 99.7 135.9171.2] 205.0
S | ®|___(A-20)/Ethanol - | -] 5.85 56.8 | 121.6 184.8] 243.8| 297.2| 344.0
» | Q 2| Chemviron/R134a | -| -] 01B0.83| 1.75] 271 372 475 58
S Fluka/R134a - | -] 056328 650 9.53 124 151 17

o | = Maxsorb II/R134a - | -] 1.8311.2| 23.0| 347 464 57.9 609
S (A-15)/Ethanol | 0.06 0.11] 0.13| 0.14 | 0.15| 0.15/ 0.16 0.16 0.1
O | 4 (A-20)/Ethanol | 0.11 0.16]/0.17| 0.18 | 0.18] 0.18) 0.19 0.19 0.1
£ Q | _Chemviron/R134a | 0.010.01[0.01] 0.02 | 0.02| 0.02 0.02 0.02 0.0
2 Fluka/R134a 0.020.04| 0.04| 0.05| 0.05] 0.05 0.05 0.05 0.0
3 Maxsorb II/R134a | 0.020.05| 0.06| 0.06 | 0.07| 0.07] 0.07 0.0f 0.0
O | | (A-15)Ethanol | 5.64 17.7|32.2| 48.6 | 66.2| 84.5 102.9120.9|138.1
3 |, 8| (A-20)/Ethanol 15.3 50.3| 85.0| 117.8] 147.6| 173.7| 195.8| 213.8] 228.2
% | O ol| Chemviron/R134a | 0.200.58| 1.00| 1.45 | 1.93| 2.43 2.95 3.49 40
LN Fluka/R134a 0.942.84| 461| 6.28 | 7.85| 9.33] 10.7 12.1 13|
S| =| MaxsorbIl/R134a | 3.168.99|15.0| 21.0 | 27.2| 33.3 394 454 51

Adsorption isotherms of Carbon dioxide on activateccarbons

The adsorption isotherms of GOn Maxsorb Ill and ACF (A-20) have been conduaisihg

volumetric technique for temperatures ranging frd® to 80°C and pressures up to 10 MPa.
Fig. 4 shows a schematic diagram of the experinhemp@aratus, which comprises; (i)
adsorption and loading cells designed to standspresof 12 MPa, (ii) two water baths
connected with two water circulators, and (iii) 8.8um mesh attached at the center of
adsorption cell to aid faster adsorption. The golsam cell is connected to the loading cell
through 1/4" stainless steel pipe and a set of 8ile&dittings. Other parts are stopping valves,
safety valves, and 1jom pore size filter. Tape heaters are mounted oest@hown by zigzag

lines in Fig. 4 to control their temperatures.

Data reduction

The primary data are the loading presspirethe equilibrium pressurpe, the loading cell

temperaturd; and adsorbent temperatie The mass adsorbed in th& measurement can be
determined by Eq. (10) below, wherearies from 1 to 7.

mn = mn—l + An"'Ioad,n - Arr\/oid,n

(10)

w o1 O 00 O

~NOIDNOOOWNDN

w
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where,m,.; is the previous amount adsorbdd) .., iS the mass difference in the loading cell
between loading and equilibrium states ang,iq,, is the mass added to the void volume.

*

v

| (3) Adsorption cell

Fig. 4: Schematic diagram of volumetric experimenthapparatus. (1: loading cell, 2: filter,
3: adsorption cell (details shown in the right), thermocouple, 5: pressure transducer 6:
vacuum gauge, 7: tape heaters, 8: water bath, t@rwiaculator, 10: vacuum pump).

Correlation of isotherms:

The experimental data are fitted with the Langmiéth, Dubinin-Astakhov (D-A) and
modified D-A isotherm equations. A nonlinear opization routine is used to optimize the
parameters of these models to fit the experimestdgd for multiple temperatures. The well-
known Langmuir and dth isotherm models can be expressed by Egs. (1d) (ag),
respectively [19].

C, 1+bP

Co @+(oP))

whereC/kg-kg* is the amount adsorbe@y/kg-kg" is the saturated amount adsorbetvVPa
the equilibrium pressure amdMPa* the adsorption affinity given by:

Q
b:mémj (13)

where by is the adsorption affinity at infinite temperatuasd Q is the isosteric heat of
adsorption. The parametein Eq. (12) is known to characterize the systeterogeneity. The
lower the value of, the more heterogeneous is the systerislfequal to unity, dth isotherm
is reduced to the Langmuir isotherm.

For the Dubinin-Astakhov model Eq. (2) is ussetd a modified D-A model where the
estimation of pseudo-vapor pressures takes intoustcthe interactions between adsorbate-
adsorbent system and is given by [20] as:

8
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¢ (14)

where k is a constant obtained from the fittingemperimental adsorption isotherm data. For
CO, adsorption on ACF (A-20) and Maxsorb kljs found to be 3.86 and 4.49, respectively.
The experimental uptake curves of £ahto ACF (A-20) and Maxsorb Il for temperatures
ranging from (-18 to 80) °C and pressures up toMR®a are shown in Figs. 5 and 6,
respectively. The shape of the adsorption isotheo€£O, in the assorted micro-porous
materials is monotonically concave and therefone loa classified as type | in the IUPAC
classification [21]. As can be seen from Figs. 8 &nthe maximum uptake of G@Onto ACF
(A-20) near the saturation pressure is 1 kg @€r kg of ACF (A-20) and that of Gnto
Maxsorb 1l is 1.7 kg of C@per kg of Maxsorb Ill. In both cases, each experital point is
found within £ 5 % deviation with the T6th model.

The fitting parameters of the D-A and modifibdA equations for the adsorption of €O
onto ACF (A-20) and Maxsorb Il are presented il€a3. The D-A equation yield@MSDs as
high as 6.61 % for ACF (A-20) and 9.58 % for Maxsdt. However, the use of the modified
D-A equation reduces the RMSD as low as 3.58 %488 % for ACF (A-20) and Maxsorb
lll, respectively. The root mean square deviatiBMED) between the calculated values (cal)
and experimental data (exp) is defined as:

2
Cc.-C
z: [expca' m_oo]
C

exp

RMSD =

N (15)

Table 3: Fitting parameters of D-A and modified D-A models for CQO, adsorption onto
ACF (A-20) and Maxsorb Il1.

Adsorbent Model k cr\rﬁ\sl?g'l E/J-mol" n RMSD
DA ) 1.002 4468.22 114 661

A ted DA | 386 1.03 4549.92 118 358
DA 5 1.727 3083.24 11p 958

Maxsorb = DA | 449 1.759 4159.89 118 453
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1.2

Fig. 5: Adsorption isotherm of CO, on ACF (A-20) with £ 5 % error bars in uptake and +
0.02 MPa horizontal error bars in pressure:n, -18.8°C; m, -10°C; %, 0°C; o, 10°C; e, 20
°C; *,30°C; A, 40°C; A, 50°C; +, 60°C; 0, 70°C; #, 80°C; solid lines are from the Toth
model [22].

1.8 |
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Fig. 6: Adsorption isotherm of CO, on Maxsorb IIl with £5 % error bars in uptake and *
0.02 MPa horizontal error bars in pressure:n, -17.6°C; m, -10°C; %, 0°C; o, 10°C; e, 20
°C; *, 30°C; A, 40°C; A,50°C; +, 60°C; 0, 70°C; +, 80°C,; solid lines are from the Toth
model [22].

Concluding remarks

The salient points of the present study are sunm@adms follows:

(a) The water vapor uptake analysis reveals that RE sjfica gel-water pair seems to be the
most suitable for adsorption cooling applicatiofigpe-A™ silica gel is the best choice for
adsorption desalination application where the pgpeelatively high due to higher saline
water evaporation temperature conditions.

(b) ACF (A-20)/ethanol pair provides the highest vatfispecific cooling effect.

(c) Partial-vacuum adsorption cooling cycles providétdseCOP and SCE than pressurized
cycles at the same operating temperature conditions

10
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(d) At relatively lower regeneration temperature (ldssn 70°C), the single-effect double-lift
cycle provides higher specific cooling effect. 3@gtage cycles attain higher COP values
than those of single-effect double-lift cyclesealatively higher heat source temperatures.

(e) Adsorption isotherm data for G@n ACF (A-20) and Maxsorb Il are presented in &8
80°C temperature range and pressures up to 10 MPadatse have been successfully
correlated to popular isotherm equations within %5uncertainty. Adsorption uptake of
CO, on Maxsorb Il is about 1.7 times higher than thiaACF (A-20). CQ adsorption data
can be used for CGequestration.

() The main direction for future research work on alsnt-refrigerant pairs is related to the
development of functional adsorbents with high haat mass transfer performance.
Another direction for future research work is tleargh for environment friendly working
pairs that could be powered by low-temperature beaice.
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