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Abstract: This paper addresses a problem associated with Solar Powered Adsorption Cooling (SPAC) systems. The
problem is the difficulty in knowing if the complete charcoal bed reaches desorption temperature during the isosteric heating
process. In addressing the issue, the process is modeled and the results are compared with those from experiments. The
temperature-profile modelling of the isosteric-heating-process establishes a time-related formulation that gives the
temperature, at any radius, across a cylindrical shaped bed comprising of charcoal/methanol pair of adsorbent/adsorbate;
and the results from modelling compare favorably with the measured temperature-profiles obtained from the experiments.
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1. Introduction the mathematical model.

Renewable energy technology applications are on the ) )

increase as the world continues to reduce its dipere ~ 2- About Solar-Powered Adsorption Cooling-System

on fossil fuel. One such application is Solar-Patler SPAC systems have no moving parts (see Figure 1).
Adsorption Cooling (SPAC) which is a refrigeration There are three main components: namely 1)
process that utilises the sun’s energy as its peaerce.  adsorption/desorption bed that is usually builthwiiat

A problem with the SPAC system is the difficulty in rectangular sheets or cylindrical tubes; 2) a corde
predicting if the complete charcoal bed reaches theand 3) an evaporator. The system utilises simple
desorption temperature during the isosteric heatingcontrols, simple designs, and readily availableemials
process; and if it does, how long does the bed take such as charcoal, stainless steel, aluminum angecop
reach this temperature which enables the refrigei@an

desorb (evaporate) from the adsorbent. This prot condenser

arises due to the fact that installation of tempees
probes in the system can compromise the sys
especially for systems operating under vacuum.

Verifying, without being invasive, that the ent
bed reaches the desorption temperature is of &gnife bed
since the amount of refrigerant that desorbs frieentted
is critical to the efficiency of the SPAC systenivem
that the cooling effect is highly dependent onaheount
of refrigerant cycling through the system. Therefahe
desorption temperature/process which is a functbi
heat conduction through the bed constitutes a m =
theoretical engagement for SPAC systems (Li
Wang, 2003; Sakoda and Suzuki, 1984; Wang and Figure 1. Schematics of a No Valve SPAC System
Oliveira, 2005).

This investigation develops a mathematical model
that predicts the temperature at any radius/timeain
cylindrical copper-tube adsorption/desorption badrd
the isosteric-heating process. The research alswides
the attending experiments used to analyse thetsestil

sunrays

Refrigerant
flow

|:’>

evaporator

Chilled water out

The system is powered by an extensive temperature
range: 560C, to above 151 (Wang and Oliveira, 2005)
and comprises a 2-phase cycle (see Figure 2). if$te f
phase is the heating-desorption-condensation gfia®e
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3) and the second is the cooling-evaporation-adieorp Evaporation. During this process the adsorbent
phase (3-4-1). The first phase utilises solar taaiafor temperature continues decreasing, which induces
the heating of the adsorbent bed. The bed is ysualladsorption of vapour. This adsorbed vapour is
made from metal tubes and contains activated chhbrco vapourised in the evaporator. The evaporation feat
with an adsorbate, usually methanol, adsorbed iisto supplied by the heat source at low temperature.
pores (Jing and Exell, 1993).

3. Mathematical Modeling of Isosteric Heating

Process in a Charcoal Bed

X (0.12 Kk The isosteric heating process takes place in acobhr

(mbar)Ln B X (0.5 ke/kg)

Iy

0.0, 3 bed which is comprised of activated granular chalrco
- isoster that has methanol adsorbed in its pores and issedda
=P heating a 19mm diameter by 1 metre long copper-tube. The
—> cooling mathematical model formulated in this investigation

O.7P,, ———ndesorption-condensation

differs from other models mainly in its treatmeffttioe
effective thermal conductivity, K for the bed. The
formulation was developed in the following stages a

—> adsorption-evaporation

4

o

(-3.4)T., BT/ (3D Taemin 29 Taesma VT 107 (K . . .

21°c wee/ e 80°C with the following assumptions.
(335 Tty (325 Ton oo Solar Energy (irradiation) over a period of time
BrC e heats up the copper tube which conducts heat throug

the methanol-charcoal bed; the average temper@tyre
of the copper tube over the time period becomes the
boundary temperature of the bed (system); and gnerg
As the bed temperature rises to the condensingonducted increases the bed temperature to the
temperature and pressure of the adsorbate, thebaliso desorption temperature,qf (isosteric/sensible heating
desorbs from the charcoal and migrates to the cmaie  of the bed. No concentration change).
In the condenser it gives up its heat of vaporsgti The main assumption is that the specific heat ef th
liguefies and flows by gravity into a water-jacktte adsorbed methanol is the same as that of bulkdiqui
evaporator. During the night (second phase) themethanol.
adsorbent bed cools to ambient temperature thereby For this investigation, the isosteric temperature-
reducing the entire system pressure. When the begrofile of the bed, s (heating the bed to the point
pressure falls to the saturated vapour pressurthef where it reaches the desorption temperatugg), Tis
adsorbate, the liquid adsorbate vapourises in thenodelled as one-dimensional (radial) heat condadtio
evaporator by absorbing heat from the surroundingan infinite cylinder.

Figure 2. Adsorptive/Desorptive Cycle in the Clapeyron Diagram

water. This is the adsorption cooling/refrigeratiffect. The general heat equation for the bed is given as:

The adsorbate vapor then migrates to the adsobmzht T ke [8°T 10T . 1)

where it is re-adsorbed. Descriptions of the adswip a  pCp [ﬁ ;g} - @

cooling systems and associated thermodynamic delatewhereq _ ha}gsP% is the heat source term for the heat
di

issues are presented extensively in the literature . c ) .
(Anyanwu, 2003; Li, et al., 2004; Sakoda and Suzuki of desorption (Li and Wang,2003; Demir et al.,2008)

1984; Wang, et al., 2006). This is elaborated below Anyanwu et al. (2001) pointed out that during isdst

Phase 1-2: Heating and Pressurisation. During thidieating of the beéf—f: 0 ; hence equation (1) is
process the adsorber receives heat. The adsorbeptduced to:
temperature increases (isosteric) along the line of ar k. [8°T 18T
maximum concentration %), inducing pressure it = pT‘p a2 ' ror @)
increase from evaporation pressure to condensatioppere G is the combined charcoal/methanol specific
pressure. heat:

Phase 2-3: Heating and Desorption plus _

Condensation. During this process the adsorbent Cr = [Ecﬂ]f-l_ [(1_5:]‘:‘?"]3 (22)
temperature continues to increase, thus inducingvhere, subscriptsands are fluid and solid, respectively
desorption of refrigerant vapour. The desorbed uapo ande = porosity of bed. Effective thermal conductivity,
migrates to the condenser where it is liquefied. ke is developed as:

Phase 3-4. Cooling and Depressurisation. During ( Ko/ )
this process the adsorbent releases heat. Thebadsor i A
temperature decreases, inducing pressure decnease f k, =k |1+ ;
the condensation pressure down to the evaporation (1 5)+<k3{fk}‘)(2+sj
pressure. _

Phase 4-1: Cooling and Adsorption plus where, k and k are thermal conductivity of solid

(2b)
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(charcoal) and fluid (methanol), respectively

This treatment of the effective thermal conductivit
is adopted from Kaviany (1995) as one of the ptedic

equations for effective thermal conductivity forckad,
porous, beds. Kaviany (1995) states that this qdeati

Let:

V(ET) = F(OS(1) (6d)
F(7) is a function of radius only, and(z) is a function of
time only.

Differentiating Equation (6d) and substituting in

formulation is given by Hashin and Shtrikman (1962) equation (6) gives:

variational formulation bound); and

(upper

effectiveness is dependent on the ratio of thenther
conductivities of the solid (charcoal)s, ko that of the
fluid (methanol), k being equal to or greater than one
(kdks > 1). This formulation is chosen because its

configuration is dependent on the porosity, of the

charcoal bed. Also, the charcoal particles used are

== 19F] _ 2 (6€)
Jor  FEler T e

where. is a non-zero constant
Analysingd andF from equation (6e), gives

183 _ 1 [62.’7

S(1) = Cexp(— =2 1) (7)
C is an arbitrary constant
F(F) =DJ,(nF) + GY,(x F) (8)

assumed to be spherical and also the arrangeméiné of Bessel equation of order 0
particles in the bed is simple cubic. For such anAnd from BC:

arrangement, Kaviany (1995) gives the porosityas
0.476. Therefore, the effective thermal conductivig

reduced to simply a matter of geometry for a given

solid/fluid combination.

4. Modeling of Bed Temperature-Profile
Regarding heat conduction in an infinite cylindeith a

length to diameter ratio of 1000/19, the heat flow

G=0
yielding general solution for equation (6d):
V(1) = DJ,(n F)C exp(— »2 7)

through the tube can be assumed as one dimengional So that

the radial direction. This length, with order of gnéude
3, can be taken as an infinite cylinder (Trim 1990)
The non-dimensional form of Equation (2) gives:

%8 _ [apﬁ E@] 0<i<1;1>0 3)
AT A2 r ar
whereig — T=To;  _ @%t = Z:witho® = ke /pCy
T Ty R? R
With boundary conditions:
0(lr)=1 >0 (3a)
4809 _ >0 (3b)
dr
f(F0)=0 0<g<1 (3c)
Transforming equation 3 to:
O(¥,7) = V(£1) + ¥(H) 4)

V(t,7) is the transient portion of the temperature-peofi

and¥(i) is the steady state portion.
Developing the steady state solution:

Ty I%-0 (42)
ars F ar
and applying boundary conditions of:
v(=1 (4b)
W@H=0 (4c)

di
Therefore, at steady state the temperature-prsfile

FH =% =1 (5)
The transient portion of the temperature-profiletioé
porous bed is developed as follows:

av(iT) [62V 1 av‘]

ar are F Aar

with boundary conditions

(6)

v(i,7)=0 (6a)
.:zv;,rj ~0 (6b)
v(r0) =-1 (6¢c)

= Al (~Flexp{—»7%1) 9)
with boundary conditions
V(1,7) =0 (9a)
This implies that
Jo(~)=0 (9b)
= zerosof] (9¢)

Thus, the transient temperature-profile of the psrbed
is:
V.(ET) = ) AF. (Fexp(— »1)
Zl (10)
and the normalised Eigen functions give:
Jo(>a1) .
V. Ft) = \53‘ A, exp(— »%7)
= Talnal (11)
J, and 4 are Bessel Function of orders zero and one,
respectively.
Using Trim’s (1990) formulation, Ais derived as:

A, = _2 (11a)

Therefore, the predictive temperature-profile fdre t
porous bed(t,7) is:
s =1 =2 [Tz exp(— 27 1) 2] 12)

The above system of equations was programmed in
Matlab and the experimental model, described below,
was used to validate the system of equations by
comparing the experimental data with those derived
from the equations.

5. Experiments with the SPAC System

The SPAC experimental system was modeled as a 19mm
diameter x 1,000 mm long copper- tube bed with 12mm
diameter copper- tube coil used to build both cosde

and evaporator. Figure 3 shows the constructiothef
SPAC system. The system was designed with no valves
and is similar to the no-valve, solar ice-makernfdun

the literature (Li et al., 2004), which requiresnimum
supervision. The bed comprised of activated granula
charcoal/methanol pair. The condenser and evaporato
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were encased in thermally insulated containers. The from direct sunlight (tube temperaturg) T

condenser was cooled with circulating water. » At the centre of the charcoal/methanol bed (bed
temperature, geg

« At the outlet water stream of the condenser
(condenser temperaturey))

« In the water which covered the evaporator coil

evaporator
coil copper (evaporator temperaturegJ)
Lut()le ¢ In the ambient air, shielded from sunlight and
&

wind velocity (Tamn
A pryranometer was also attached to the loggeectord
solar irradiation.

condenser
coil

Figure 3. Construction of SPAC system thermally
insulated

condenser

5.1Determination of the Affinity of the Charcoal for
Methanol water out of

In order to determine the adsorptive propertieshef """

water into
condenser

==, copper tube

charcoal, the steps adopted from Jing and Exe®3)19 bed
were taken. These steps are:
Step 1: Twenty-two (22) grams of charcoal were seda - v

in a 150 mm long by 19 mm diameter copper thermally insulated evaporator

tube. Figure 4. Experimental setup of SPAC System

Step 2: The tube was placed in an oil bath andeletat

120°C while at the same time subjected to a hd fth . icular f
vacuum of 710 mm (or 28”) Hg. This condition For each day of the experiment, particular focus wa

was held for one hour to ensure the removal 0fplaced on the bed during the isosteric heatingoperi
moisture from the charcoal when the average temperature of the tube ranged fro

Step 3: After one hour both the vacuum and oil bath54-56’C. The intent was to record the time it took the

were switched off and the charcoal was exposeocemre of the bed to reach the tube temperaturesélh
to the methanol. The system was left overnightresuns were compared to those generated by the

(for convenience) and the amount of methanolmathem""tIcal model.
adsorbed was recorded. This procedure was
carried out twice and in both instances the amounf: Results

of methanol adsorbed was 11 grams. This gives alable 1 shows typical temperature data recordeah fro
concentration ratio (adsorptive capacity) of 1:2 the SPAC system.

(kg methanol/kg charcoal).

. Table 1. Temperature Measurements for the SPAC Experiment
5.2 Experimental Setup of SPAC System

. Day 2: Cycle 2
The metre long copper tube was charged with 12thgre =~ mwe  ambT  EvapT  BedT  TubeT  TubeB  Cond T Sol Rad
Of the aCtivated Charcoal and placed under VaClmm] i 1§]d]ef‘g/ncf)3w 1(()d]ef‘g/nC()BW 1((:;;5/(51“ 1((:;;5/(51“ 1((:;;5/(51“ 1(‘)";;5/(5:“ err 1V\]/;:)m\/\//mﬁ
four hours after which 60 gram of methanol was draw  eam 2632 2188 25.62 2347 2346 2813 29
into the tube. This amount of methanol was to Batise L T o o s B O e
1:2 ratio established as the adsorptive capacityhef s | 2045 | 2431 837 6329 | 6329 2827 612
15 10 30.88 25.08 66.01 73.17 73.17 28.33 785
charcoal. The system stabilised at 405 mm (or HgJ) n | w201 | zs2 72.66 7925 | 7922 | 2823 899
vacuum. At this level, the boiling point {0 of iznoon 3366 | 28.73 79.05 8565 8561 2829 984
1 34.83 30.07 83.42 84.76 84.72 28.32 896
methanol drops from 66 at one atmosphere to “&2 T aa7 | w088 76.8 sagr | 7as2 | 2839 a7
(Properties of Fuel, retrieved 2008). 3| %88 | 299 6428 | 5732 | s728 2831 701
. . 4 32.79 29.03 41.48 33.24 33.25 28.26 320
The complete SPAC system (including bed 3198 2872 33.56 3127 3128 | 285 85
condenser, and evaporator) was placed on the fab&o 6 8136 | %617 s 3065 | 3063 | 2619 a
. . 7 30.5 23.73 29.13 30.84 30.85 28.25
lab. Figure 4 shows the experimental setup of RAG 8 2013 2247 28.43 283 2328 | 2823

system. Thermocouple probes were attached to t o B | 2A 2768 2756 | 2752 | 2824

10 27.36 22.09 26.42 25.89 25.88 28.21

system and connected to a data logger for recording 1 2642 2159 25.87 2503 2505 2818

. 12 midngt  25.87 21.22 25.29 24.87 24.88 28.07
the various temperatures. The thermocouple prolees w ey o caze T aaza | 2oL
Iocated. 2 25.2 21.47 25.01 23.96 23.97 28.14
+ On the surface of the copper tube, shielde | 25 sie  sm e me o

5 25.13 21.89 24.38 23.04 23.04 28.2
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. from the SPAC experiments.
Legend: Amb T: ambient temp;Evap T: evaporator tempBed T:

adsorption/desorption bed tempyube T: copper tube top surface temp;
Tube B: copper tube bottom surface ten@pnd T: condenser temp;
Sol Rad solar irradiance

Experiment —_———odel

55

Having established that the isosteric temperature
profile of the bed at any radius and time can beetied
non-dimensionally as:

Temp at Centre of Bed {C)
@
g

= 2 o Jolx 1) 48 -
8. .=1—2 — AT ———— ¢ @5 1 15 2 25 3 35 4
S [Zﬂzlexp ( T) Ty (kn)i| (13) Time {minsl
Running the model in MATLAB demonstrated that (@)

with the outer (copper-tube) surface of the bedi lala

of
bed

- of

49

~ ——___temp profile of bed after 4 mins bed a7 4

53.51 ~ — il

~— ] a o5 1 15 2 25 3 35 4
I temp profile of bed after 3 mins

— Time {mins)
53} ~—_ ]
- Figure 6. Experiment and Mathematical Model Temperature

Variations at Centre of Charcoal Bed

temperature of S€:It took approximately four minutes experiment === Model
for the centre of the bed to reach this temperature T 59
starting at 48 (see Figure 5). 3 57
5 55
£ =3 -
outer § 51 ’I’
surface 54 — S centre = P
£

52.51 temp profile of bed after 2 mins |

52

4. Conclusions

o This research set out to address a problem assdciat
sl L il with SPAC systems which is the difficulty in
femp profile of bed after 1 min determining the temperature-profile across the detap
sog——t charcoal bed during the isosteric-heating process.
10° addressing this issue, the research developed alrfurd

the temperature-profile across a cylindrical coppée
Figure 5. Time-Steps of temperature-profiles for charcoal/ bed as:
thanol bed with out f tube) hefdl’a . (g
methanol bed with outer surface (copper tube) 6o =1-2 [}jf:iexp i Il _n_}] (14)
wEEL gy Ll
This demonstrates that the entire charcoal/methanol ~The close agreement between the values produced
bed was capable of reaching the required temperatur®Y this model and the results from experiments 656y
(Taed Of 52C for the methanol to desorb (evaporate) that the model may be considered as a predictivel™t
from the charcoal pores and migrate to the condenset© establish temperature conditions across charcoal
once there is sufficient solar irradiance to raind keep ~adsorption/desorption beds of similar configurasion
the tube temperature at ove’84 This is significant on  (Within the limitations stated earlier). It is tegore
cloudy days when the irradiance fluctuates rapidly'ecommended that in order to establish the develope
within minutes. temperature-profile model as a truly predictive |too
When the results from the model were graphed and‘urther investiggtions are needed with tubes diedsnt
compared with those from the experiments, as shiown Mmaterials and diameters.
Figure 6 (a) and (b), it is observed that both sétsed- _
temperature-profiles moved in-step over the same ti References:
period. That is, in (a) the model showed that wath aAnyanwu, E.E. (2003), “Review of solid adsorption asol

constant tube temperature of°64 it took four minutes refrigerator 1: An overview of the refrigeration cycléturnal
for the centre of the bed to approacliG4tarting from of Energy Conversion and Management, Vol. 44, pp.301-312.
49C. Likewise in (b) within the same time period the Anvanwu, E.E., Oteh, U.U. and Ogueke, N.V. (2001)nit8ation
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. . . carbon/methanol adsorbent/refrigerant paidyrnal of Ener
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under-compensated for the contact. It is therefore adsorption heat pump: Problems and solutiodsyrnal of
reasonable to say that the results of the matheatati  Renewable and Sustainable Energy Reviews, Vol. 12, pp. 2381-

; ; 2403.
model seem to be in good agreement with the resultﬁing’ H. and Exel, R.H.B(1993), “Adsorptive properties of



E.A. Wilson and M. Kolokotroni: Modelling the Isosteric Heating Process in a Charcoal Bed of a Solar Powered Adsorption Cooling System 68

activated charcoal/methanol combinations'Journal  of
Renewable Energy, Vol.3,Nos. 6&7, pp.567-574.

Kaviany M. (1995)Principles of Heat Transfer in Porous Media,
2nd Edition, Mechanical Engineering Series, Sprindew
York.

Li, M., Sun, CJ.,, Wang, R.Z. and Cai, W.D.
“Development of no valve solar ice makedturnal of Applied
Thermal Engineering, Vol.24, pp.865-872.

Li, M. and Wang, R.Z. (2003) “Heat and mass transfea iftat
plate solar solid adsorption refrigeration ice makéotrnal of
Renewable Energy, Vol.28, pp. 613-622.

Methanol (2008), Properties of Fuels, available at:
www.methanol.org/pdf/FuelProperties.pdf, <Retrievedgést
2,2008>

Sakoda, A. and Suzuki, M. (1984) “Fundamental stadysolar
powered adsorption cooling systemJpurnal of Chemical
Engineering of Japan, Vol.17, No.1, 1984.

Trim, D.W. (1990), Applied Partial Differential Equations,

University of Manitoba / PWS-Kent Publishing Company

Boston.

Wang, L.W., Wang, R.Z,, Lu, Z.S., Chen, C.J., Watgand Wu,
J.Y. (2006), “The performance of two adsorption icekimz
test units using activated carbon and a carbon ositgp as
adsorbents”Journal of Carbon, Vol. 44, pp. 2671-2680.

Wang, R.Z. and Oliveira, R.G. (2005) “Adsorption rgériation:
An efficient way to make good use of waste heat soldr
energy”, Proceedings of the International Sorption Heat Pump
Conference, Denver, Co, USA, June 22-24, pp. pp 636-657.

Authors’ Biographical Notes:
Earle A. Wilson is Lecturer at the School of Engineering,

(2004),

Mechanical Division, The University of Technology (UTech) and
is currently the Head of the Energy Research Unit in the Faculty of
Engineering and Computing. Dr. Wilson did his undergraduate
studies at UTech and graduated with a Bachelor of Engineering,
Honours, degree. He advanced his studies at Brunel University,
London in the School of Engineering and Design, obtaining a
Master of Science degree in Building Services Engineering and a
PhD in Mechanical Engineering with emphasis on applied
Renewable Energy Technologies.

Maria Kolokotroni is Professor of Energy and Buildings in the
School of Engineering and Design at Brunel University, UK.. She
studied at the National Technical University of Athens and
University College London. She carried out post-doctoral studies
in the field of ventilation and low energy cooling at the University
of Westminster, followed by five years with the Indoor
Environment Group at the Building Research Establishment, UK.
Professor Kolokotroni has co-ordinated and participated in a
number of UK, European and International projects on energy,
low energy cooling and ventilation, integration of renewable
energy systems and the impact of climate change on the energy
performance of buildings. She has published extensively in
scientific journals and presented results to international
conferences related to energy use in buildings, urban built
environment, indoor environmental quality, climatic design, and
ventilation.



