
Theoretical insight of adsorption cooling

Item Type Article

Authors Chakraborty, Anutosh; Leong, Kai Choong; Thu, Kyaw; Saha,
Bidyut Baran; Ng, Kim Choon

Citation Theoretical insight of adsorption cooling 2011, 98 (22):221910
Applied Physics Letters

Eprint version Publisher's Version/PDF

DOI 10.1063/1.3592260

Publisher AIP Publishing

Journal Applied Physics Letters

Rights Archived with thanks to Applied Physics Letters

Download date 23/05/2023 20:20:11

Link to Item http://hdl.handle.net/10754/552787

http://dx.doi.org/10.1063/1.3592260
http://hdl.handle.net/10754/552787


Theoretical insight of adsorption cooling
Anutosh Chakraborty, Kai Choong Leong, Kyaw Thu, Bidyut Baran Saha, and Kim Choon Ng 
 
Citation: Applied Physics Letters 98, 221910 (2011); doi: 10.1063/1.3592260 
View online: http://dx.doi.org/10.1063/1.3592260 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/98/22?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Thermodynamic formalism of water uptakes on solid porous adsorbents for adsorption cooling applications 
Appl. Phys. Lett. 104, 201901 (2014); 10.1063/1.4876922 
 
A comparative study of carbon dioxide adsorption on multi-walled carbon nanotubes versus activated
charcoal 
AIP Conf. Proc. 1476, 95 (2012); 10.1063/1.4751573 
 
Competition between self-assembly and surface adsorption 
J. Chem. Phys. 130, 084903 (2009); 10.1063/1.3077866 
 
Adsorption of acetic acid on ice: Experiments and molecular dynamics simulations 
J. Chem. Phys. 122, 194707 (2005); 10.1063/1.1888368 
 
Simplified crossover droplet model for adsorption of pure fluids in slit pores 
J. Chem. Phys. 120, 8241 (2004); 10.1063/1.1665507 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

109.171.137.210 On: Mon, 11 May 2015 13:32:48

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1314800924/x01/AIP-PT/Asylum_APLArticleDL_042915/Upgrade-Old-AFM.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Anutosh+Chakraborty&option1=author
http://scitation.aip.org/search?value1=Kai+Choong+Leong&option1=author
http://scitation.aip.org/search?value1=Kyaw+Thu&option1=author
http://scitation.aip.org/search?value1=Bidyut+Baran+Saha&option1=author
http://scitation.aip.org/search?value1=Kim+Choon+Ng&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.3592260
http://scitation.aip.org/content/aip/journal/apl/98/22?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/104/20/10.1063/1.4876922?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.4751573?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.4751573?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/130/8/10.1063/1.3077866?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/122/19/10.1063/1.1888368?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/120/17/10.1063/1.1665507?ver=pdfcov


Theoretical insight of adsorption cooling
Anutosh Chakraborty,1,a� Kai Choong Leong,1 Kyaw Thu,2 Bidyut Baran Saha,3 and
Kim Choon Ng4

1School of Mechanical and Aerospace Engineering, Nanyang Technological University, 50 Nanyang Avenue,
Republic of Singapore 639798
2Water Desalination and Reuse Center, King Abdullah University of Science and Technology, Thuwal
23955-6900, Saudi Arabia
3Mechanical Engineering Department, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka 819–0395,
Japan
4Department of Mechanical Engineering, National University of Singapore, 9 Engineering Drive 1,
Republic of Singapore 117576

�Received 18 February 2011; accepted 20 April 2011; published online 3 June 2011�

This letter proposes and presents a thermodynamic formulation to calculate the energetic
performances of an adsorption cooler as a function of pore widths and volumes of solid adsorbents.
The simulated results in terms of the coefficient of performance are validated with experimental
data. It is found from the present analysis that the performance of an adsorption cooling device is
influenced mainly by the physical characteristics of solid adsorbents, and the characteristics energy
between the adsorbent-adsorbate systems. The present study confirms that there exists a special type
of silica gel having optimal physical characteristics that allows us to obtain the best performance.
© 2011 American Institute of Physics. �doi:10.1063/1.3592260�

The adsorption of water or other adsorbates on highly
porous solid surface is well suited for low-temperature-heat-
transformation applications like thermally driven heat
pumps, adsorption cooling, and desalination.1–5 In recent
years, a considerable progress has been made in the devel-
opment of novel porous materials with controlled architec-
tures and surface treatment.6,7 The structural features such as
pore width �d�, pore volume �vp�, and specific surface area of
solid adsorbents are obtained by pore size distribution �PSD�
approaches.8,9 The macro- and mesopore sizes are calculated
by pore filling and Barrett–Joyner–Halenda models.10 How-
ever, these methods fail to describe the pore filling of mi-
cropores and narrow mesopores. The Dubinin-Radushkevich
and Horvath and Kawazoe models are dedicated to describe
micropore filling.11,12 The density functional theory �DFT�
and molecular simulations provide not only a microscopic
model of adsorption but also a more realistic description of
the thermodynamic properties of the pore fluid.13 The PSDs

are essential to select suitable adsorbents. The choice of
adsorbent-adsorbate pair is determined by �i� the amount of
heat that can be extracted from the evaporator and �ii� the
difference between the adsorbate uptake and offtake per ad-
sorption cycle. The heat of adsorption14 is of secondary im-
portance since it is simply rejected to the environment. The
adsorption cooling system �ADC� utilizes the adsorbent-
adsorbate characteristics and produces useful cooling effects
at the evaporator15–17 by the union of “evaporation-activated-
adsorption” and “condensation-through-desorption” and this
is shown in Fig. 1. The energy flow for each sorption com-
ponent of ADC is plotted in a pressure-enthalpy-uptake
�P-h-c� coordinate system as shown in Fig. 1. Due to the
cooling load �Qevap�, the enthalpy of evaporation �line G-H�
occurs at the evaporator and the evaporated adsorbate is ad-
sorbed onto adsorbent surfaces of sorption bed �H-A�. Dur-
ing the regeneration phase �lines A-B-C�, the pressure in the

a�Author to whom correspondence should be addressed. Electronic mail: AChakraborty@ntu.edu.sg.

FIG. 1. �Color online� Silica gel water based adsorption
cooling system in a pressure-enthalpy-uptake �P-h-c�
coordinate system: Qads is the adsorption heat which is
released at the environment. Qdes is the driving heat
source, and Qcond is the heat released from the heat sink
�condenser�. Here the amount of adsorbate uptakes var-
ies from 0.01 to 0.4. Here “�” indicates experimental
data of type RD silica gel�water system.
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adsorber rises from evaporator pressure to condenser pres-
sure and desorption of adsorbate from highly porous adsor-
bent occurs by connecting the adsorption bed with the con-
denser. At the heat sink �condenser�, the desorbed adsorbate
is condensed and heat is released to the environment �lines
C-E-F�. Finally, the condensed refrigerant goes to the evapo-
rator and completes the cycle H-A-B-C-E-F-G. During the
adsorption phase �lines C-D-A�, the sorption bed is cooled
and the pressure falls from condenser pressure to evaporator
pressure. Based on adsorption isotherms and adsorbent-
adsorbate interaction potential data, we have established a
thermodynamic approach to calculate the energetic perfor-
mances ��� of ADC for various pore widths and volumes of
adsorbents, and thus providing a useful evaluation as to their
trends for surface development of silica gel adsorbents.

The adsorbate uptakes and off-takes at various pressures
and temperatures are essential to the understanding of the
nature of solid adsorbents and these are measured by volu-
metric and gravimetric methods18,19 and are predicted by ad-
sorption isotherms equations, namely Langmuir, Tóth, and
Dubinin–Astakhov �DA�. Hence, the experimentally mea-
sured adsorption isotherm data �silica gels+water� are fitted
well with the DA equation as presented by c
=co exp��RT ln�Ps / P� /E�n�, where T is the temperature, R
defines the gas constant, Ps is the saturation pressure and co

indicates the limiting uptake.20–22 The heterogeneity coeffi-
cient n lies in the range 1 to 3 depending on the types of
adsorbents, and the characteristics energy E is linked with
the pore widths. Stoeckli and Morel calculated E for a wide
range of adsorbates and a variety of activated carbons, and
this is given by Qst

� −Qst= �0.85�0.07�E, where Qst
� is the

isosteric heat of adsorption at low surface coverage.23

When any adsorbate comes into contact with an adsor-
bent surface, the number of adsorbent surface atoms �Ns�
with binding energy �Qs� is related to the number of adsor-
bate surface atoms �ranging from Henry region, N�, to con-
densation phase, No� with energy varying from Qst

� to Qo,
where Qo is the least adsorption energy.24 Using the Boltz-
mann distribution law, we can write Ns /N�=exp�−�Qs

−Qst
� � /NAkT� for Henry region, and Ns /No=exp�−�Qs

−Qo� /NAkT� for the condensed phase, where k is the Boltz-
mann constant and NA is the Avogadro number. By employ-
ing these two equations, it could be written here that Qst

�

−Qo=NAkT ln�No /N��. This means that E approaches to
�Qst

� −Qo�. The isosteric heat of adsorption at zero surface
coverage is Qst

� =RT−NAV, where V defines the external wall
potential as a function of pore width.25,26 Employing all these
information, the DA model is used to calculate the amount of
adsorbate uptake as a function of pore width and pore vol-
ume. The equation now becomes c=vp�l exp�−�ln�Ps / P� /1
− �NAV /RT�− �Qo /RT��n�, with V=�0

�w�y�exp�−w�y� /kT�dy
/�0

�exp�−w�y� /kT�dy, where vp is the pore volume, �l de-
fines the density of water at liquid phase, y indicates the
direction of pore width, and w represents the external wall
potential. The adsorption characteristics energy is given by

E = RT − NA

�0
�w�y�exp�− w�y�/kT�dy

�0
�exp�− w�y�/kT�dy

− Qo. �1�

The adsorbent wall potential is described by w�y�=Usf

+Usf�H−y�, where Usf defines the adsorbent-adsorbate
interaction potential, H is the distance between the nuclei
of the outer adsorbent atoms on opposite walls. The
adsorption interaction potential of adsorbate along the pore
width direction y of silica gel pore is written as26 Usf

=2��sf�s	sf
2 
�5 /2�	sf /y�10− �	sf /y�4−	sf

4 /3
�0.61
+y�3�,
where 	sf and �sf are the solid-fluid collision diameter
and the solid-fluid well depth potential, respectively. 
 de-
fines the separation between the adsorbent planes and �s is
the density of solid adsorbent.25,27 For the silica gel-water
system: 	sf =3.43 Å, �sf =8.119�10−21 J /mol, 
=3.35 Å,
and �s=0.055. The amount of water vapor uptake �cads� and
offtake �cdes� during adsorption and desorption phases are
given as cads=vp�l exp�−�ln�Ps�Tads� / Pevap� /1− �NAVads /
RTads�− �Qo /RTads��n� and cdes=vp�l exp�−�ln�Ps�Tdes� /
Pcond� /1− �NAVdes /RTdes�− �Qo /RTdes��n�, respectively.

During the desorption stage, the quantity of heat �Qdes�
added to the sorption bed is calculated from the thermody-
namic property surfaces of silica gel-water system,28 and this
is given by

FIG. 2. �Color online� The isosteric heat of adsorption at zero surface cov-
erage and the characteristics energy as a function of pore width, d �for
micropore d�2 nm, for mesopore 2 nm�d�50 nm, and for macropore
d50 nm�. Qst

� and E against the average pore width of type “RD” and type
“A” silica gels are shown here.

FIG. 3. �Color online� PSD of �a� type “RD” and type “A” silica gels and
�b� CaCl2-in-silica gel �Ref. 29�.
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Qdes = 	
Tads

Treg 
cp,s + cads�cp,l + Qst� 1

T
−

1

vg

dvg

dT
��dT

+ 	
cdes

cads

�ha�P,T,c� − hg�T��dc

+ 	
Pevap

Pcond

Qst� �c

�P
�

T

dP + 	
Treg

Tdes 
cp,s + cads�cp,l

+ Qst� 1

T
−

1

vg

dvg

dT
� + Qst� �c

�T
�

P
�dT ,

where cp is the specific heat and h is the enthalpy. Treg is the
regeneration temperature. The subscripts “a,” “s,” “g,” and
“l” indicate adsorbate, solid, gaseous, and liquid phases. The
subscripts “ads” shows adsorption, “des” indicates desorp-
tion, “cond” defines condensation, and “evap” is the evapo-
ration. The cooling capacity is calculated as

Qevap = 	
cdes

cads

hfg�Tevap�dc − 	
cdes

cads 	
Tevap

Tcond

�cp,ldT�dc

− 	
cdes

cads

�hg�P,T� − hg�T��dc .

The performance ��� of the adsorption cooler can be evalu-
ated by Qevap /Qdes.

We calculate and plot E and Qst
� as a function of silica

gel pore widths for the adsorption of water vapor, and these
are shown in Fig. 2. It is observed that a rapid change in E
and Qst

� occurs for pore sizes smaller than 3 Å, where there is
no cooling capacity. For larger pores, there is a rapid de-
crease in Qst

� and E. The relationship between E and pore size
was correlated on the basis of experimental data resulting
from x-ray scattering in micropores of carbonaceous
materials.23 These results showed that the E in the micropore
decreases when the pore width increases, which indicates the
validity of the proposed formulation �Eq. �1��. In the present
analysis, the DFT method is used to calculate the PSD of
silica gel pores. The plots of incremental pore volume
against pore width for three types of silica gels namely type
“A,” type “RD” and CaCl2-in-silica gel are shown in Fig. 3.
Both “RD” and “A” types silica gels have similar PSD
curves and their local maxima are observed at 12.2 Å and
12.7 Å, respectively. The local maximum of CaCl2-in-silica
gel29 is found at 15 nm. The system performances ��� at

different pore widths and volumes of silica gels are shown in
Fig. 4. � is an increasing function of pore width up to 8 Å
and remains slightly lower at higher pore width. � also in-
creases at higher pore volume due to an increase in the mass
of refrigerant exchanged during the adsorption phase. For
normal silica gel such as type A, type RD, type 3A, n is
found 1.3. However, n is found to be 1.5 for CaCl2-in-silica
gel due to the change in surface-structural heterogeneity of
normal silica gel by calcium chloride.

From the present analysis, it is observed that there is no
cooling performance for pore widths varying from 0 to 0.3
nm. The best performance of silica gel-water based ADC is
obtained at pore width of 0.8 nm with higher pore volume.
The characteristics energy �E� is found to be higher in mi-
cropore ranges. This indicates that the adsorption and de-
sorption rates are higher in micropores. The adsorbent mate-
rials like silica gel should be designed with micropores
ranging from 0.8 to 1 nm and higher micropore volume for
adsorption cooling applications. Employing the proposed
formulations, it is possible to estimate the performances of
ADC for any type of adsorbent-adsorbate pair.
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