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Abstract An adsorption refrigeration cycle regenerated

with water directly (ARRD), which has the advantage of

excellent heat transfer performance in the adsorbent bed

with half-cycling time 3–5 min, and operates close to

atmospheric pressure (0.1–0.5 MPa) with n-butane as a

refrigerant, is developed. The purpose of this study is to

find out advanced adsorbent/n-butane pairs for the ARRD

system. Adsorption equilibrium performances of n-butane

on the adsorbents were measured by positive pressure

gravimetric method, and the adsorption equilibrium data

were fitted by D-A equation. Desorption properties were

determined through thermal analysis. The coefficient of

performance and specific cooling power (SCP) were cal-

culated. The results show that adsorption capacities of n-

butane with activated carbon are all above 0.31 kg/kg and

the highest can reach 0.43 kg/kg. Adsorption data are fitted

well by D-A equation, with the correlative coefficients

R above 0.93. Desorption temperatures of n-butane from

carbons are between 110 and 130 �C, prospective for using

low grade heat source. The quasi-equilibrium of n-butane

on carbons can be achieved within 150–250 s, which

benefits SCP of the ARRD system. The SCP of n-butane/

AC-5 pair estimated in the ARRD systems is from 180 to

200 W/kg.
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Abbreviations

AC Activated carbon

ACF Activated carbon fiber

ARRD Adsorption refrigeration cycle regenerated with

water directly

BET Brunauer-Emmett-Teller

COP Coefficient of performance

D-A Dubinin-Astakhov

DTA Differential thermal analysis

GWP Global warming potential

ODP Ozone depletion potential

SCE Specific cooling effect, kJ/kg

SCP Specific cooling power, W/kg

TG Thermogravimetry

List of symbols

cp,a Specific heat capacity of activated carbon, kJ/kg

�C

cp,ref Specific heat capacity of liquid refrigerant, kJ/kg

�C

E Characteristic adsorption work, J/mol

Le Latent heat of n-butane, kJ/mol

n Exponential constant of D-A equation

P Adsorption equilibrium pressure of n-butane, kPa

Pc Condensation pressure, kPa

Pe Evaporation pressure, kPa

Qad Adsorption heat, kJ/mol

Qcond Condensation heat, �C
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Qeva Cooling capacity, kJ/kg

Qg Desorption energy, kJ/kg

Qh Heat input of a cycle, kJ/kg

Qp Pumping energy, kJ/kg

R Correlation coefficient; general gas constant

Ta1 The end of temperature precooling process, �C

Ta2 Adsorption temperature, �C

Tc Condensation temperature, �C

Te Evaporation temperature, �C

Tg1 The end temperature of preheating process, �C

Tg2 Desorption temperature, �C

x Equilibrium n-butane uptake, kg/kg

x0 Maximum equilibrium n-butane uptake, kg/kg

xmax Maximum n-butane uptake, kg/kg

xmin Minimum n-butane uptake, kg/kg

Greek symbols

Ds Adsorption time during a cycle, min

e Adsorption potential, J/mol

s Adsorption time, min

1 Introduction

The growing global non-renewable energy consumption

has resulted in environment deterioration and energy

resource depletion. In order to find a solution to these

serious problems, more and more attention has recently

focused on renewable energy and increasing the efficiency

of energy systems. Thus, the technology utilizing waste

heat or solar energy efficiently, such as adsorption refrig-

eration, can be one of the alternative methods (Wang and

Oliveira 2006; Wongsuwan et al. 2001; Wang et al. 2009).

Additionally, these systems have advantages of zero ozone

depletion potential (ODP) and global warming potential

(GWP), and are less sensitive to shocks. Nowadays, there

are some small-scale adsorption machines available, such

as solar adsorption refrigerator by Critoph (1994), silica

gel-water adsorption chiller driven by low grade heat

source by Liu et al. (2005) and adsorption ice maker for

fishing boats by Cao et al. (2005) and by Li et al. (1999).

However, adsorption refrigeration systems have draw-

backs of low coefficient of performance (COP), poor spe-

cific cooling power (SCP) and bulkiness of the equipments

compared with traditional mechanical refrigeration sys-

tems, which block their large-scale industrialization and

commercialization (Wang and Oliveira 2006). Most

research on these adsorption systems are focused on

searching or developing advanced working pairs, heat and

mass transfer intensification in the adsorber, and heat

recovery or heat regenerative adsorption cycles for full

utilizing inner heat source. Adsorbent bed is the core part

of adsorption systems. Since thermal conductivity of

adsorbents is generally low, heat is transferred slowly

through the adsorbent bed, which lengthens the periods of

adsorption and desorption processes. Therefore, enhance-

ment of heat and mass transfer in adsorbent bed is one of

the key elements to improve performance of adsorption

cycles. Since the indirect heat transfer method is adopted in

the conventional adsorption systems, measurements such

as adopting high thermal conductivity adsorbents by Lee

et al. (2005) and by Chen et al. (2004), reducing heat

resistance between adsorbent bed and adsorbents by Zhu

and Wang (2002), extending heat transfer surface of

adsorbent bed by Wang et al. (2007) and by Critoph and

Metcalf (2004), and utilizing heat pipe in the bed by

Vasiliev et al. (1995) and by Lu et al. (2006), are com-

monly applied to intensify heat transfer in adsorbent bed.

Whereas, the methods mentioned above result in the deg-

radation of mass transfer in the adsorber, or the increasing

of metal mass of adsorbent bed which lowers the efficiency

of adsorption cycles.

The forced convection adsorption cycle, a patented

cycle originally suggested by Critoph (1994), is aimed to

achieve both high efficiency and small size from a solid

adsorption cycle by heat transfer intensification. In this

cycle, thermally massive heat exchangers within the

adsorbent beds are unnecessary. Despite the poor conduc-

tivity, the carbon (or other adsorbents) grains have a very

high surface area which can be used for convective heat

transfer. In the case of a carbon-ammonia bed, the

ammonia vapor can exchange heat outside the bed in a

conventional heat exchanger, and then pumped through the

bed, where it rapidly exchanges heat with activated carbon

there. As the surface area of the grains are so large, the heat

transfer per mass of bed is higher than with conventional

heat exchangers within the bed (heat transfer coefficient:

102–103 W/(m2 K)). A thermodynamic model presented by

the author predicted a COP of 0.95 when the evaporation

temperature is 0 �C and a condensation temperature is

42 �C. Work funded by EPSRC and British Gas has been

underway to test the concept in a laboratory scale system, a

10 kW water chiller, for air conditioning by Critoph

(1999). Wang et al. (2011) proposed and designed a flu-

idized-bed adsorber/desorber which can be used in the

adsorption refrigeration system in place of the conventional

fixed-bed one. By way of the new approach, the poor heat

and mass transfer in the conventional fixed-bed absorber/

desorber can be overcome and the SCP of the adsorption

refrigerator can be expected to be greatly improved

accordingly. Difficulties in realizing these adsorption

cycles lie in that the refrigerant cycling pump is required to

provide high pressure (1.5–2.0 MPa) and be oil-free

compressor.

In order to enhance heat and mass transfer in the

adsorber, an adsorption refrigeration cycle regenerated
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with water directly (ARRD) was developed and patented

(Cui et al. 2009). In this cycle, inner medium, such as water

or water vapor is used to heat adsorbent bed directly and

rapidly giving up its heat to the adsorbent during desorp-

tion phase, while in adsorption phase, refrigerant vapor is

pumped to circulate through the beds and cool the adsor-

bent. Similar process has been commonly used in industrial

process for organic vapor recovery (Salvador and Sanchez

1999). The diagram of this adsorption cycle and corre-

sponding thermodynamic characteristics are sketched in

Fig. 1.

Figure 1 shows that, a typical ARRD system in basic

cycle mode mainly comprises an adsorber, an external

cooler to cool the adsorber, a cycling pump, a vapor–liquid

separator 1, a liquid reservoir, an expansion valve and an

evaporator for adsorption refrigeration, as well as a hot

water tank, a condenser, a water pump, and another vapor–

liquid separator 2, for regeneration stage. In desorption

phase (see Fig. 1a), hot water is pumped (by water pump) to

the adsorber and releases its heat to the adsorbent directly

(Qh). The adsorbent temperature rises rapidly to inlet hot

water temperature, typically 90–120 �C (Tg2) depending on

operating conditions and the specific applications. The

refrigerant (typically being n-butane or iso-butane) is dor-

bered from the adsorbent and enters the vapor–liquid sepa-

rator 1 in combination with released water. Water is

separated by the vapor–liquid separator 1 with refrigerant

vapor. The refrigerant vapor and some water vapor releasing

heat (typically 30–50 �C, Qcond) in the condenser is con-

densed to saturated liquid and sent to the liquid reservoir,

where water and liquid refrigerant is demixinged. Water

from the vapor–liquid separator 1, as well as the lower

lamination water in the liquid reservoir, is transferred back

to the hot water tank, where they will be heated and pumped

again to the adsorbent bed. Due to the presence of water

vapor, condensation of refrigerant vapor might become more

difficult compared with traditional adsorption cycles, thus to

a higher residual refrigerant loading (xmin). During adsorp-

tion phase, cold n-butane vapor (near ambient temperature)

is pumped (by cycling pump) through the adsorber, through

the external cooler where it gives out adsorption heat of the

adsorbent (Qad), through the vapor–liquid separator 2

rejecting little condensated water to the hot water tank, and

back to the adsorber. The enthalpy of vaporization of the

adsorbed refrigerant produces a cooling-effect at Te by

extracting heat (Qeva) from a chilled medium. This phase is,
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Fig. 1 Diagram of the novel ARRD system in basic cycle mode
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to some extent, similar to that of the forced convection

adsorption cycle by Critoph (1994), except for the atten-

dance of water vapor. The circulation flow rate of n-butane

vapor during adsorption phase may be 10–20 times the

desorption hot water flow rate. Co-adsorption of water vapor

will lower n-butane adsorption uptake on the adsorbent

(xmax), as shown in Fig. 1b. Continuous refrigeration can be

available through alternative operating with two or more

beds. The presence of water vapor will affect both of

desorption and adsorption, resulting in a lower COP com-

pared to traditional adsorption cycles. Moreover, the

pumping energy will, to some extent, decrease COP of the

ARRD cycle.

To date, the adsorption pairs mostly used include water–

silica gel, water–zeolite, methanol–carbon, ammonia–car-

bon and ammonia-metal salts. For the traditional refriger-

ants in the adsorption heat pump, the system pressure is too

low (high vacuum) for water or methanol, or too high for

ammonia. Thus, adsorption refrigeration systems which

operate surrounding atmospheric pressure are considered to

be the orientation of their commercial industrialization by

Meunier (1998). In the ARRD system, n-butane, com-

monly used as refrigerant in mechanical refrigerator in

Europe (Fatouh and Kafafy 2006), is adopted as the

refrigerant, which works at near atmospheric pressure.

Preliminary studies on the ARRD system (Sheng et al.

2009; Rui et al. 2010) have shown that: (1) Due to

enhancement of heat and mass transfer in adsorbent bed,

half-cycling time can be shorten to 3–5 min, which will

benefit SCP of adsorption systems. (2) Operation pressure

is 0.1–0.5 MPa, slightly higher than atmospheric pressure,

which is effective to maintain steady performance of

adsorption systems and relieve pressures of n-butane

cycling pump.

The objective of this study is to find out advanced

working pairs for ARRD systems, which may be suitable

for the applications to the new adsorption cycles and offer

new concept for adsorption refrigeration. In the study,

adsorption performance of n-butane on adsorbents were

determined with self-proposed positive pressure gravimet-

ric method, desorption performance by thermal analysis,

and COP and SCP of these pairs were estimated.

2 Experimental tests

2.1 Main materials

Main activated carbons (AC) were used in this experiment

are represented in Table 1. Besides the ACs, two kinds of

hydrophobic zeolites, pure-silica Silicalite-I and high-silica

(Si/Al higher than 500) HZSM-5, supplied by Nanjing

Heyi Inorganic Chemical Co., Ltd., were also used for

adsorption of n-butane, which was purchased from Nanjing

Weize Science and Technology Co., Ltd., with the purity of

99.15 %.

2.2 Adsorption of n-butane on adsorbents

In order to determine adsorption performance of n-butane

on the adsorbents, a positive pressure gravimetric device

was established by Chen et al. (2007), referring to the

vacuum gravimetric method by Cui et al. (2005) and by

Chen et al. (2008), and experimental apparatus proposed by

Wang et al. (2009). The main measurement steps of this

device are similar to that previously reported for vacuum

gravimetric method by Cui et al. (2005) and by Chen et al.

(2008). Before measurements, carbon adsorbents were

firstly activated at 150 �C (300 �C for zeolites) for 3 h in

an oven, and then were vacuumized at 80 �C for 2 h in the

measurement apparatus. Adsorption equilibrium between

n-butane vapor and the adsorbents was determined under

vapor pressures 0–0.2 MPa and in the temperature ranging

from 30 to 70 �C. Adsorption rate of n-butane on the

adsorbents was measured at 30 �C and 0.14 MPa.

2.3 Thermal analysis

The desorption behavior of n-butane from carbons was

investigated by thermogravimetry (TG)-differential ther-

mal analysis (DTA) analysis. The TG-DTA measurements

were performed on a WCT-1 type TG-DTA equipment at

15 �C with a heating rate of 10 �C/min to the temperature

of 250 �C in static air atmosphere. Before the TG-DTA

measurement the adsorbents were saturated with n-butane

at ambient temperature under 0.15 MPa.

3 Results and discussion

3.1 Adsorbent selection

To screen out the adsorbents for ARRD cycles, adsorption

equilibrium data (x, kg/kg) of n-butane on them in 30 �C

and vapor pressure 0–0.2 MPa were determined and the

isotherms are shown in Fig. 2.

From Fig. 2, it can be seen that the shape of isotherms

belong to type I according to the Brunauer classifications,

which exhibits signs of monolayer saturation at higher

pressures (Ruthven 1984). Under lower pressures of

0–0.02 MPa, the amount of n-butane loading on carbons

increases rapidly, while under the pressures higher than

0.02 MPa, the amount absorbed changes slightly and there

emerges a platform on the isotherm curve. For Silicalite-I

or ZSM-5/n-butane pair, the turning pressure might shift to

lower pressures, which show stronger reaction of n-butane
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on them than on the carbons. Figure 2 also shows that,

adsorption capacities of AC-2, AC-5, AC-9 are all above

0.31 kg/kg, the highest of which can reach 0.43 kg/kg,

3–43.3 % higher than that reported in the literature by

Fiani et al. (1999). From Table 1, it can be seen that the

three-carbons all have higher iodine adsorption value

([1,200 mg/mg) because of rich micro-pores (\2 nm).

Therefore, the three-carbons of abundant micro-pores are

chosen for further investigations.

Activated carbon fiber (ACF) and pitch based carbon, or

named as super-AC, which have a high surface area (BET,

Brunauer-Emmett-Teller) surface area higher than 3,000 m2/

g) and larger adsorption capacity than granular AC, are the

promising candidates for adsorption process applications as

reported by Saha et al. (2008), by Wang et al. (1997) and by

Zhou et al. (2004), though for their high cost and low

apparent density. Consequently, super-AC will be considered

to be applied in the ARRD systems in our future work.

3.2 Adsorption equilibrium performance of n-butane

on carbons

3.2.1 Adsorption isotherms

The equilibrium curves of n-butane on the three carbons at

30, 50 and 70 �C, and under vapor pressures 0–0.2 MPa

are shown in Figs. 3, 4, and 5 respectively.

From Figs. 3, 4 and 5, it can be seen that, at 30 �C

(typical adsorption temperature), the amount of n-butane

loading on AC-5 is the highest of all, which can reach

to 0.43 kg/kg. With adsorption temperature increasing,
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Fig. 2 Adsorption isotherms of n-butane on the adsorbents
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Fig. 3 Adsorption isotherms and fitted value of n-butane on AC-2

Table 1 Characteristics of main AC

Code Specification Iodine value (mg/g) Manufacturer

AC-1 Institute of Chemical Industry of Forest Products, Nanjing, China

AC-2 Cocoanut shell 1,200 Nanjing Mulinsen Charcoal Co., Ltd., China

AC-3 Apricot shell 1,100 Nanjing Mulinsen Charcoal Co., Ltd., China

AC-4 Cocoanut shell 1,500 Nanjing Mulinsen Charcoal Co., Ltd., China

AC-5 Cocoanut shell 1,550 Nanjing Mulinsen Charcoal Co., Ltd., China

AC-6 Cocoanut shell 1,500–1,550 Nanjing Mulinsen Charcoal Co., Ltd., China

AC-7 Cocoanut shell 1,443 Nanjing Mulinsen Charcoal Co., Ltd., China

AC-8 For Pd loading Nanjing Mulinsen Charcoal Co., Ltd., China

AC-9 Cocoanut shell [1,500 Nanjing Mulinsen Charcoal Co., Ltd., China
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adsorption capacities of carbons decrease. The decrease

rate of n-butane adsorption capacity with increasing of

temperature goes down from that of AC-5/n-butane pair, to

AC-2/n-butane pair and to AC-9/n-butane pair, which

might imply that n-butane can be desorbed from AC-5

easier than from AC-2 or AC-9.

3.2.2 Adsorption thermodynamic model

For design purposes, the experimental data should be

expressed as a function of temperature and pressure. In the

literature, several thermodynamic models (Ruthven 1984)

have been proposed to describe adsorption equilibrium

properties on AC: the Langmuir model, the Freundlich

model, the Dubinin-Astakhov (D-A) model and the Toth

equation etc. Among these models, D-A equation, based on

Polanyi potential theory and micro-pore filling theory, is

more preferred by Richard et al. (2009) and by Critoph

(1996) for alkanes on AC. Accordingly, D-A model was

adopted to fit adsorption equilibrium data of n-butane on

carbons. The equation of D-A model is as follows:

x ¼ x0 exp � e
E

� �nh i
ð1Þ

e ¼ RT ln
Ps

P

� �
ð2Þ

where n is an exponential constant usually varies between 1

and 3; x is adsorption equilibrium capacity, kg/kg; x0 is

maximum equilibrium adsorption capacity, kg/kg; e is

adsorption potential, J/mol; E is characteristic adsorption

work (or as the activation energy), J/mol; P is adsorption

equilibrium pressure of n-butane, MPa; Ps is saturation

pressure of n-butane corresponding to adsorption temper-

ature, MPa.

The experimental adsorption data were regressed using

D-A equation and the fitted parameters and isotherms are

given in Table 2 and Figs. 3, 4 and 5, respectively. The

approximation of Figs. 3, 4 and 5 shows a good accuracy

of fitting. Also, from Table 2, it can be seen that correlative

coefficients R are all above 0.93 which shows that these

adsorption data are fitted well with D-A equation. Thus, the

D-A equation provides a good analytical description of the

whole set of experimental data and can be used to perform

mathematical modeling of the ARRD system based on

these carbons/n-butane pairs. The isosteric heat tends to

approach 22 kJ/mol, the latent heat of vaporization of n-

butane at saturation temperature 5 �C, which is in a good

agreement with physical adsorption nature for n-butane on

carbons.

Figure 6 shows the pressure–temperature–uptake dia-

gram of n-butane on AC-2 carbons.
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Fig. 4 Adsorption isotherms and fitted value of n-butane on AC-5
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Fig. 5 Adsorption isotherms and fitted value of n-butane on AC-9

Table 2 Regression parameters of D-A equation

Carbon x0 E (J/mol) n R Qad (kJ/mol)

AC-2 0.400 9838.7 1.21 0.9338 21.81

AC-5 0.543 9125.8 0.79 0.9606 19.32

AC-9 0.332 15456.6 1.77 0.9905 22.44
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3.3 Desorption performance of n-butane from carbons

Desorption temperature is one of the main parameters of

judging regenerating performance of the adsorbents. Gen-

erally, the lower the desorption temperature, the easier the

regeneration, which means low grade waste heat can be

sufficiently utilized for adsorption cycle. Based on

screening of the carbons, desorption properties were

investigated by TG-DTA analysis and the results are shown

in Fig. 7.

As Fig. 7 shows, desorption temperature of n-butane

from carbons chosen ranges from 110 to 130 �C, which is

similar as that of silica gel-water pair, AC-methanol pair

and strontium chloride-ammonia pair, markedly lower than

that of zeolite-water pair (Wang and Oliveira 2006). Since

it can be regenerated with low grade heat source, ARRD

systems adopting n-butane/carbons pairs chosen have a

promising prospect.

3.4 Kinetics of n-butane on carbons

The adsorption kinetics of n-butane on AC is of great

importance to dynamic operation and simulation of an

adsorption system, as well as the ARRD system. The

amount of n-butane loading on AC as a function of time

was determined and is shown in Fig. 8. Due to its physical

adsorption nature, the n-butane adsorption occurs within a

few minutes, and it only takes about 400 s to reach mass

and thermal equilibrium. Therefore, the quasi-equilibrium

of the adsorption system can be achieved within

150–250 s, which will benefit SCP of the ARRD system a

lot.

3.5 Application in ARRD system of n-butane/carbon

pair

Specific cooling effect (SCE) and COP of the ARRD sys-

tem in the study are simplified calculated from the

adsorption equilibrium parameters without consideration of

the cycle time adopting the calculation procedure proposed

by Hamamoto et al. (2006). For the simplicity of the cal-

culation, the pumping energy is estimated (Qp) as 20 kJ/kg

adsorbent according to the ARRD experiment under test.

However, due to the complexity of influence of water vapor

on adsorption and desorption of n-butane, its negative

effect on cycling n-butane adsorption capacities is not
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under consideration in this paper. Corresponding influences

are now being carried out and will be reported.

The amount of n-butane on AC can be expressed by the

D-A equation Eqs. (1–2). Characteristic temperatures can

be calculated from Tc, Te, Tg2 and Ta2, as follows (Wang

et al. 2007):

Tg1 ¼ Tc � Ta2=Te ð3Þ

Ta1 ¼ Te � Tg2=Tc ð4Þ

where Tg1 is the end of preheating process, Ta1 is the end of

precooling process, respectively.

The cooling capacity of each ARRD cycle can be cal-

culated from the following expression:

SCE ¼ ðxmax � xminÞðLe �
ZTc

Te

cp;ref dTÞ ð5Þ

where xmax is the maximum adsorption uptake, kg/kg, xmin

is the minimum adsorption loading, kg/kg, Le is vaporiza-

tion heat of n-butane at Te, respectively.

The heat input for each ARRD cycle can be estimated

from the following expression:

Qh ¼
ZTa2

Ta1

cp;adT þ xmax

ZTg2

Ta1

cp;ref dT þ
ZTa2

Tg2

xcp;ref dT

þ
Zxmax

xmin

Qadsdxþ Qp ð6Þ

where Qp is the pumping energy consumed by water pump

and vapor circulating pump; cp,a is the specific heat

capacity of AC estimated as 1.2 kJ/kg K; cp,ref stands for

the specific heat capacity of liquid refrigerant, referring to

(Lu 1982).

The SCE and the COP are estimated by the following

expressions:

COP ¼ SCE=Qh ð7Þ

In this calculation the adsorption temperature and

cooling temperature are set as 30 �C, respectively, and

the evaporation temperature is set as 10 �C. And the

calculated COP and SCE are shown in Fig. 9.

There is an optimum condition for COP to reach at

maximum for AC/n-butane pairs. At 130 �C, the COP of

AC-5/n-butane pair in ARRD can reach 0.25, which is rel-

atively low. The COP can be improved with heat regener-

ation between the cooler and the hot water tank. With

increasing of the heat source, the SCE increases for the three

pairs, especially for AC-5/n-butane and AC-2/n-butane

working pairs due to their isotherm sensitive to temperature.

In general, the SCE is lower adopting n-butane as the

refrigerant compared with ammonia adsorption cycles

because of its lower latent heat.

For adsorption cycles, the SCP is an important param-

eter. The higher the SCP is, the smaller the adsorption

system in size is. Here, a simplified method is used to

estimate the SCP as follows:

SCP ¼ SCE=Ds ð8Þ

where Ds is time needed for the adsorption phase. According

to preliminary ARRD system test, Ds is set as 5 min, which

can be further optimized. The SCP was estimated using

Eq. (8) and is given in Fig. 10.
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By comparing the estimated results with those in the lit-

erature (Wang and Oliveira 2006; Wongsuwan et al. 2001), it

is found that SCP of n-butane/AC-5 pair is 180–200 W/kg,

lower than those of ammonia/AC pair, CaCl2 based com-

posite adsorbent/ammonia pair and zeolite/water pair. This

is mainly due to a low latent heat of n-butane. Also, due to the

complexity of the real ARRD system, and heat leakage

of real process, the SCP of n-butane/carbon pairs may be

lower than these estimated data. With such a consideration,

further experimental investigations are required. At present,

a laboratory scale ARRD system for refrigeration, with

200–300 g carbon in the adsorber, is underway to test this

adsorption cycle.

The presence of water vapor (after regeneration with hot

water) can have a severe negative influence both on the

adsorption and desorption behavior of n-butane on carbons

as reported by Marban and Fuertes (2004), as well as the

SCP of ARRD system. Therefore, it is necessary to specify

this influence so that appropriate measures can be made to

minimize its impact. Further work on equilibrium and

dynamic properties of water/n-butane co-adsorption on AC

is being carried out.

4 Conclusions

The ARRD developed for cooling and air conditioning

applications, has obvious advantages of excellent heat

transfer performance in the adsorbent bed (half-cycling

time being 3–5 min), and appropriate operating conditions

(0.1–0.5 MPa) with n-butane as refrigerant.

Experiments and analysis on advanced working pairs for

the ARRD system shows that the adsorption equilibrium

capacity of n-butane on AC preferred are all above 0.31 kg/

kg, the highest of which can reach 0.43 kg/kg. Adsorption

equilibrium data are fitted well by D-A equation, with the

correlative coefficients R above 0.93, and the modeled

parameters are obtained. Isosteric heat of n-butane on

carbons tends to approach 22 kJ/mol, similar to its latent

heat of vaporization. The carbons preferred can be regen-

erated between 110 and 130 �C, which has a promising

prospect. The quasi-equilibrium of n-butane on carbons can

be achieved within 150–250 s, which is a good benefit for

SCP of the ARRD system. The COP and SCP were cal-

culated with simplified method. The SCP of n-butane/AC-5

pair estimated is 180–200 W/kg.

It is also found that the presence of water vapor can have

a severe negative influence both on the adsorption and

desorption behavior of n-butane on carbons in the ARRD

cycle. The data concern merely pure n-butane and do not

concern co-adsorption data as required by the cycle. Fur-

ther work on equilibrium and dynamic properties of water/

n-butane co-adsorption on AC is necessary.

Besides, the cycle performances in terms of both COP

and SCP are low. Moreover, the SCP estimation based on a

5 min cycle time is very optimistic. In our future work,

developing advanced pairs and optimizing the ARRD

cycle, are being carried out to improve both COP and SCP

of the ARRD system.
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