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AbstractA solar adsorptive ice maker model is presented and
experimentally validated. In order todetermine the model
parameters, the identification procedure is carried out employing
an experimental database obtained from tests carried out on two
adsorptive solar-powered ice-makers using a methanol/carbon
pair.The packaged component, the collectorcondenser, represents the
main new feature of these units. Theprediction is compared with
results of correlations. This allows a comparison of the
collectorcondenserbehavior in the two units since the
collectorcondenser of one of these units is equipped with a
radiation

`shield. The model is then used to study daily ice production
sensitivity vis-a-vis critical physical parameters ofthe unit and
to estimate the limits of the collectorcondenser technology with
flat plate collectors. 2000Elsevier Science Ltd. All rights
reserved.

1. INTRODUCTION moniac pair is also usable for ice
production

(Critoph and Gong, 1992). Those adsorptiveSolar refrigeration is
more and more recognized

systems are still limited, just as all solar systemsas a
priority in developing countries (UNEP

are, by the cost of solar collectors and by thereport, 1997).
This is due to the needs for

fluctuation of insolation. Their cost generallyrefrigeration,
for food as well as for vaccine depends on the price of the
reactor, which servespreservation, and to the fact that solar
energy is

two functions: solar collector and chemical com-generally
available in these countries. Therefore,

pressor. Different technologies were tested toit is important to
revisit solar refrigeration sys-

reduce the manufacturing cost. Some of themtems which have been
studied recently. Different

were applied: a collector equipped with finssolar systems such
as liquid absorption or solid

(Guilleminot and Meunier, 1981), a collector andgas systems were
studied and tested with success

condenser in one packaged component (Paye and(Chung et al.,
1963; Chinnappa, 1974; Guil-

Guyader) and a tubular collector field with anleminot and
Meunier, 1981; Worse-Schmidt,

external parabolic circle concentrator (Niemann et1983; Balat
and Crozat, 1988). However, the

al., 1997). At the same time, studies were carriedindustrial
phase was not successful, due to the

out on the adsorbate conditioning and on the

lack of market. This situation might change if improvement of
heat transfer inside the collectorsolar refrigeration actually
becomes a priority in

(Mauran et al., 1992; Guilleminot et al., 1993)developing
countries as shown in the UNEP

considering the effect of these parameters on thereport.

dimensions of the reactor and hence on its cost.In the field of
adsorptive systems, different

As far as the fluctuation of the insolation istypes of solidgas
pairs were studied to build

concerned, a recent study (Critoph, 1996) pro-adapted cooling
solar systems. At LIMSI, the

posed an adsorptive machine working with solarzeolitewater pair
was chosen (Guilleminot and

energy, biomass or combination of both. ThisMeunier, 1981) for
refrigeration, and the active

study showed that the daily ice production
(D.I.P.)carbonmethanol pair for ice production

could notably increase.(Boubakri et al., 1985). The active
carbonam-

In previous studies (Boubakri et al., 1992a,b),

the performances of three commercial adsorptive solar-powered
ice-makers using a methanol/ car-Author to whom correspondence
should be addressed.

bon pair were presented. They were dimensionedTel.:
133-1-4151-1243; fax: 133-1-4861-3817; e-mail:22

[email protected] to produce 5 kg m of ice
daily. Their character-

249
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istic lies in the solar collector and condenser units. This
model is consequently used to estimate

assembly in a single component, i.e. the collec- the limit of
the CC technology with flat plate

torcondenser (CC). collectors. Identification and validation
proce-

These units were tested for over 2 years in dures are carried
out to obtain the model parame-

South Morocco (Agadir, 308 239 N, 98 349 WG), ters from
experimental data. The model is then

the climate of which is very moderate. The validated by
comparison between predicted and

recorded yearly means of insolation and of diurnal measured
D.I.P.and nocturnal ambient temperature are, respec-

22tively, 19,540 kJ m , 248C and 158C. Conse-

2. DESCRIPTION OF ADSORPTIVE SOLAR-quently, performances of
solar ice making units

POWERED ICE-MAKERSare quite good in this area. The D.I.P.
exceeds 4

22kg m for over 60% of the year corresponding to The modeled
units are schematically shown in

an average net solar coefficient of performance Fig. 1. These
units are mainly composed of a

(ratio of the net heat extracted to produce the ice single
glassed collectorcondenser connected by a

to the total solar radiation incident on the collec- flexible
tube with an evaporator.2

tor during the considered day), COPs 12%. The collectorcondenser
(1 m , 90 mm thick,

Until now, the estimation of the performance of 208 tilted) is
made of two identical stainless

these units was centered on prototype testing and steel shells.
A grid holds 20 kg of activatedon the analysis of the influence of
meteorological carbon (A.C.) in the upper shell, which plays

parameters. In this work, an extension of a the role of solar
collector. The outside face of

previous model (Guilleminot et al., 1987) is the solar collector
is covered by Maxsorb

proposed in order to study the D.I.P. sensitivity selective
surface. Inside the solar collector,

with respect to various physical parameters of internal fins
improve heat transfer between the

Fig. 1. (a) Schematic of adsorptive solar powered ice makers; (
b) cross section through collector condenser.
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upper face and the A.C. The rear shell of the These measured
temperatures allow to validate

collectorcondenser plays the role of air- the model whereas the
meteorological parameters2

cooled condenser with external fins (7.5 m ). are used by the
model to generate the solution and

The packaged component, CC, represents the the D.I.P. to
estimate the limits of the collector

main new feature of these units. condenser technology.2

The evaporator (0.3 m ) is made of steel,

immersed in a highly insulated, 5.2 l, ice3. ADSORPTIVE
CYCLEmaking tank.

The two modeled units will be denoted as MS3.1. Principle of
solid adsorption

and MEAR. MS is the standard unit. MEAR alsoAdsorption is the
fixation of the gas moleculesuses the activated AC35CH OH pair but
its CC3

on the surface of a solid, by Van der Waalsis equipped with a
radiation shield. This deviceinteraction. Adsorption is reversible,
exothermic,which is installed between the adsorbent and theit
induces no changes of solid volume and doescondenser limits
radiative transfer between thenot involve any chemical reaction
(Ruthven,upper and rear shells of the CC and hence leads to1984).
In the case of the pure vapor, the thermo-an improvement of the
solar caption efficiency ofdynamic equilibrium between the adsorbed
andthe collector. Fig. 2 shows this effect, since the

the gaseous phases is divariant and it can besolar collector
temperature for the MEAR unit is described by an equation of state,
correlatinghigher than that of the MS unit. In fact,
theconcentration of the adsorbed phase m (adsorbeddifference
between collector temperatures of themass/ adsorbent mass),
pressure P, and tempera-two units can reach 158C when the
differenceture T, so that f(m, T, P) 5 0.between condenser
temperatures is around 28C.

The temperatures of the main components of3.2. Principle of
adsorptive refrigeration cycleeach unit and the meteorological
parameters (total

solar radiation incident on the collector and The adsorptive
cycle is intermittent. The ad-

ambient temperature) were automatically mea- sorber containing
the adsorbent is alternatively

sured and recorded by a computerized data acqui- connected with
a condenser and with an

sition system at 10-min intervals. evaporator. The cycle is the
succession of two

Temperatures were measured by K-type ther- periods: (a) period
of heatingdesorptioncon-mocouples with the uncertainty equaling 0.5
K. densation at high pressure, (b) period of cooling

Total solar radiation incident on the collector was
adsorptionevaporation at low pressure. High and

measured by a Kipp-Zonen solarimeter with the low pressures are
the saturation pressures of the

uncertainty equaling 1.6%. The accuracy of D.I.P. adsorbate at
the temperature of the condenser and

measurement is 2%. the evaporator, respectively.

For a solar adsorptive cycle, the first period

consists of regeneration of the adsorbent by solar

energy when the adsorbate is condensed and the

second period occurs during the night when the

evaporation of the adsorbate and the adsorption

take place.

Fig. 3 shows an ideal cycle in the Clapeyrondiagram (ln P vs. 21
/T). This cycle includes

four thermodynamic steps:

1. isosteric (constant concentration) heating

2. isobaric desorption

3. isosteric cooling

4. isobaric adsorption.

The cycle begins at point A, where the ad-

sorbent is at low temperature T , and low pressureAP 5P(T ). The
adsorbent is heated, discon-ev s evnected from any exchanger first:
the system

follows the isoster m 5m(T , P ). PressureA A evincreases and
when it reaches the value P 5cdP(T ), (point B), the adsorbent is
connected withFig. 2. Measured temperature of the
collectorcondenser s cd

during heating and cooling periods. the condenser ideally at
constant temperatureT .cd
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The model is used: sorption (point 3), are clearly observed. On
the

(a) first to identify convection heat transfer curve without
mass transfer, these particular

coefficients on the upper plate outside of the points do not
appear. This allows one to simplify

collector h , and outside the condenser h , and the model: only
the modeling of the CC (withoutav arthe equivalent heat transfer
coefficient h inside mass transfer) is needed to identify the
triplet (h ,avthe condenser. By equivalent heat transfer coeffi- h
, h) which is independent of the mass transferarcient, we mean the
global heat transfer coefficient in the CC.including convection,
gas conduction and radia- In this case, Eq. (A.2) becomes:

tion between the rear adsorbent bed and the inner2

r (T)c (T)(T /t) 5 l = T (1)2 2 2 2 2condenser plate. This
coefficient h is also theadsorbent rear losses coefficient. These
coeffi- where the residual adsorbent mass is neglected,cients,
which are required for the simulation of Eq. (A.6) becomes:those
special types of machines, control a major

part of heat exchanges between the machines and h(T (t) 2 T (t))
5 2 l (T /n). (2)al p 1 pthe external environment. Therefore they
have a

The initial and boundary conditions remain un-direct influence
on their efficiency;changed.(b) then, to study the sensitivity of
the D.I.P.

For a given triplet (h , h , h), the numericalav ar`vis-a-vis
critical physical parameters of the unit resolution of the system
generates, at everyand to estimate the limit of the
collectorcon-interval, a particular solution S(h , h , h) for theav
ardenser technology.temperature values, respectively, for the
collectorSpecific experiments were carried out to extractand the
condenser.h , h , and h. These experiments consisted inav ar

The criterion of error F is evaluated by thetransferring the
quasi totality of the adsorbate intomean square deviation between
the measuredthe evaporator via a succession of
desorptiontemperatures Tand the calculated ones S,
i.e.:condensation phases. Then, the connecting valve

located between CC and evaporator was closed. 2 N 1 /
22Subsequently, the temperature of this CC working F(h ,h,h ) 5 O
O(S 2 T ) / 2NSS D Dav ar ij ij

j51 i51without mass transfer was measured during the

heating phase and during the cooling phase. Fig. 4 (3)shows the
evolution of the adsorbent temperaturewherej 5 1 is the index of
the adsorbent, j 5 2 iswhen functioning without mass transfer and
whenthe index of the condenser and N being thefunctioning normally.
On the normal curve, thenumber of recorded measured temperatures.
Thebeginning of desorption (point 1), the end ofminimization ofF(h
, h , h) allows the identifi-av ardesorption (point 2) and the
beginning of ad-

0 0 0cation of the triplet (h , h , h ) for which theav
arprediction most closely approaches the experi-

ment.

5. RESULTS AND DISCUSSION

0 0 0The triplet h , h , h for which the differenceav arbetween
the prediction and the experiment has a

minimum value leads to the curves in Figs. 5 and

6, respectively, for MEAR and MS units. Each

figure represents a comparison between the calcu-

lated and the measured temperatures during the

cycle in the collector and in the condenser.

Table 1 gives the optimum identified triplet0 0 0

values (h , h , h ) and the associated minimalav armean square
deviation F for each unit.0

The results in Table 1 show a difference0

between the heat transfer coefficient h in the two0units. The
smaller h value obtained with the

MEAR unit is due to the limitation of the heatFig. 4. Effect of
adsorption and desorption on heating andcooling of the collector
condenser. losses between the adsorbent and the condenser
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improves solar caption efficiency, but hinders the

cooling of the adsorbent (reduced rear loss). Both

effects almost cancel each other.

Finally, a lower evaporation temperature was

observed with the MEAR unit, which resulted in a

more effective ice making process. This consti-

tutes another interesting effect of the radiationshield.

The above results make it possible to estimate

the physical parameters of the collectorcon-

denser as described below.

5.1. Radiation heat transfer coefficient

Assuming radiation shield efficiency to be

100%, the radiation heat transfer coefficient hrbetween the rear
adsorbent bed and the inner

condenser plate would be equal to the difference0Fig. 5.
Comparison of calculated and measured average between the heat
transfer coefficient h of the two

temperatures in the MEAR collectorcondenser.units i.e.:

0 22 22h 5 Dh 5 2.5 2 1 W m 5 1.5 W m . (4)r

5.2. Emissivity of the inner condenser plate.

As explained in Appendix B, the emissivity of

the inner condenser plate is known as soon as h isr22

known. We obtain 5 0.2 for h 5 1.5 W mr21

K .

This value corresponds to a polished stainless

steel emissivity, as it is the case of the studiedinner
condenser plate. This means that this esti-

mation seems correct.

5.3. Convective heat transfer coefficient in the

condenser

We consider the condenser of MEAR, whereFig. 6. Comparison of
calculated and measured averagetemperatures in the MS
collectorcondenser. the heat transfer occurs essentially by
convection

and conduction of the methanol vapor. The con-

ductivity l of the methanol vapor is available in21

the literature (Liney, 1988): l 5 0.02 W m21by the radiation
shield. Therefore, the collector

K . Accordingly, the convection coefficienth infcaption
efficiency is improved, as shown by Fig. the condenser can be
obtained easily:3. But, this improvement has only a slight
effect

0 22 21on the D.I.P. as shown by the experiment h 5 h 2 l /e 5 1
2 0.02/ 0.04 W m Kf f(Boubakri et al., 1992a). This can be
roughly

22 215 0.5 W m K (5)explained as follows: the limitation of heat
trans-

fer between the adsorbent and the condenser where e is the
condenser cavity thickness (m).

This result is comparable to that obtained by a

correlation proposed by Hollands presented in

Appendix B.

The convection coefficient between the collec-Table 1. Optimum
identified triplet values for MEAR and MS tor upper plate and the
glass cover was also

0 0 0

h h h F av ar 0 estimated with the help of Hollands
correlation.22 1 22 21 22 21

(W m K ) (W m K ) (W m K ) (8C) Hence, we obtained:MEAR 3 1 2
1.85

22 21MS 3 2.5 2.8 1.62 h 5 3.3 W m K . (6)av
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6. SENSITIVITY OF IDENTIFICATION MODEL

VERSUS H , H AND HAV AR

The error function F can be written near theminimum error F
as:0

F5 F 1 (F/h ) dh 1 (F/h) dh0 av hh av h har av ar

1 (F/h ) dh . (7)ar h h arav

`The sensitivity of F vis-a-vis h , h and h isav arshown in
Figs. 7 and 8 for MEAR and MS,respectively. In both figures, we
note that themodel is more sensitive to h than toh or to h .av
arQuantitatively, the variation of h less than 5%avincreases F more
than 10%, whereas h or h0 armust vary more than 10% to vary F with
the0same value.

Fig. 7. Sensitivity of identification model versush , h andhav
ar

in the case of MEAR. 7. VALIDITY OF THE MODEL

The D.I.P. is simulated with the model pre-0 0

sented above, using the identified triplet h , h ,av0

This value is also comparable to the identified h and previously
known parameters. The com-arvalue obtained in this study. parison
between calculated and measured D.I.P.

It can be concluded that the physical parame- for MEAR and MS is
represented in Figs. 9 and

ters identified by the model are correct and can be 10. The
model describes the experiment fairly

therefore used to simulate the units. well.

Finally, note that the radiation heat transfer It has to be
noted that this comparison has only

coefficient exceeds notably (three times) the included days with
a definite background, consid-

convection heat transfer coefficient in the con- ering that the
model takes into account the effectdenser. Therefore, it is worth
supplying the units of the preceding day, just as this type of
machine

with a radiation shield. However, this device actually does. In
addition, the days for which the

would improve the D.I.P. only if it was associated measured and
calculated ice production are equal

with an active nocturnal cooling device. to 5.2 kg have also
been excluded from com-

Fig. 9. Comparison of calculated and measured daily iceFig. 8.
Sensitivity of identification model versush , h andhav arproduction
in the case of MEAR.in the case of MS.
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Fig. 12. MS daily ice production evaluation without ice

making tank capacity as a limiting factor.Fig. 10. Comparison of
calculated and measured daily ice

production in the case of MS.

as big (10.4 l) and we simulate only the days

where a measured ice mass was equal to 5.2 kg.

parison, since this value corresponds to the upper The result of
this simulation is given in Figs. 11

size of the ice making tank and does not mean and 12 for MEAR
and MS, respectively. It shows

that it is the actual production (the ice production that each
of the two machines can produce daily

could eventually have been higher). an amount of ice higher than
5.2 kg and that it can

even exceed 7 kg some days.

8. PREDICTION OF THE D.I.P.

9. ICE MAKING TANK CAPACITYConsidering the appropriate results
of the

model, it becomes possible to estimate the D.I.P. As shown in
Figs. 11 and 12, the ice making

which could be produced by those machines if tank capacity could
reach 7 l. Nevertheless,

they had not been limited by the ice making tank enlarging the
ice making tank means increasing

capacity. For this purpose, we assume that the its heat
capacity. Consequently, this modification

units are equipped with an ice making tank twice affects the
moderately sunny days since the

amount of ice is reduced (until 50%) as displayed

by simulation. Therefore we can conclude that the

present capacity of the ice making tank is correct-

ly estimated and constitutes a good compromise

even if some ice production is missed for the most

sunny days.

10. SENSITIVITY OF THE D.I.P. VERSUS

SOME IMPORTANT PHYSICAL PARAMETERS

OF THE UNITS

In order to study this sensitivity, we consider

for a given day the mass of ice produced by MS

unit supposed to be equipped with an enlarged ice

making tank (10 l). The characteristics of the

simulated day (4 April) are: nocturnal temperature

equal to 148C, diurnal temperature equal to 218Cand total solar
radiation incident on the collector

22equal to 24,450 kJ m . The following presumedFig. 11. MEAR
daily ice production evaluation without ice

making tank capacity as a limiting factor. physical parameters
of the unit are considered as
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Fig. 15. Sensitivity of the daily ice production to variation
ofFig. 13. Sensitivity of the daily ice production to variation ofh
A .be beh .av

and decreases slightly beyond optimum with2 21

reference values: h 53 W m K , h 52.8 increasing h . This means
that the nocturnalav ar av22 21 21

W m K , h A 5 0.3 W K and h 540 cooling of the CC takes place
essentially in thebe be eve22 21

W m K . Figs. 1316 show the sensitivity of rear part of the CC
during the adsorption phase,the calculated D.I.P. versus h , h , h
A and while increasingh only enhances day time heatav ar be be avh
, respectively. loss during the desorption.eve

It is first noticed that the current physical On the other hand,
the D.I.P. is more sensitiveparameters corresponding to points
represented on to the variation ofh than to the variation ofhar
av

the curves by (^) are quite well located with and the maximum
D.I.P. for the simulated day (8regard to the optimum of the curve.
This means kg) can only be reached withh corresponding toar

22 21that the units are quite well designed. The vari- a forced
convection type (h 20 W m K ).aration of the D.I.P. with the
various values of h Beyond these values, a decrease in the D.I.P.
takesavandh is shown in Figs. 13 and 14, respectively. place.arNote
that the D.I.P. increases with increasing h Sensitivity of D.I.P.
to variation of h Aar be be

Fig. 14. Sensitivity of the daily ice production to variation of
Fig. 16. Sensitivity of the daily ice production to variation
of

h . h .ar eve
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coefficient, which represents the ice making tank a solar
coefficient of performance (ratio of thecooling load to the total
solar radiation incidentinsulation, is given in Fig. 15. It appears
that evenon the collector): COPs519%.for an extreme insulation,
only an 8% gain in ice

However, as shown in Table 2, this limit isproduction is
obtained. An additional cost tovery sensitive to the climate,
mainly to theimprove evaporator and ice making tank
insula-influence of the ambient temperature (nocturnaltion is
therefore unwarranted.

and diurnal) on the performance of the activatedMoreover, Fig.
16 shows that beyond h 540ev e22 21 carbonmethanol pair (Boubakriet
al., 1992b).W m K , which is the presumed value of the

machine, the D.I.P. varies slightly with the in-

crease of the global heat exchange coefficient 12.
CONCLUSIONbetween methanol and water. An improvement of

With the help of a model based on experimen-140% of h with
regard to the reference stateev etal measurements obtained from
tests on adsorp-induces only a 10% increase in ice production.

22 21 tive solar-powered ice makers, the convective heatAbove h
5100 W m K , the ice productionevetransfer coefficients on the
front and the rear partis still limited to 7 kg. Ifh A coefficient,
whichar cdof the collectorcondenser and the global heatcontrols the
heat transfer at the rear part of CC, istransfer coefficient inside
the condenser are iden-not adapted, the cooling of the condenser is
poor

tified (Table 1). These coefficients are first ana-and the
cycled mass remains limited. lyzed, and thus the effect of a
radiation shieldwhich equips one of the machines is evaluated.This
component leads to a 40% reduction of

11. LIMIT OF THE COLLECTOR adsorbent rear losses. In practice,
it leads to twoCONDENSER TECHNOLOGY effects: (a) a better heating
of the collector, (b) a

poorer cooling. This last effect limits the improve-Finally, an
important question arises: whatment of D.I.P., as observed during
the experi-would the D.I.P. be, if the MS physical
parametersments.had the best values suggested in Figs. 1316,
i.e.

These coefficients have then been used toin the case where MS is
highly optimized? If the

develop a global model in order to simulate the22 21coefficients
were h 51.5 W m K , h 5av ar operating of the adsorptive
solar-powered ice22 21 22 2120 W m K , h 5100 W m K and

eve makers using collectorcondenser technology.21h A 5 0.1 W K ,
ice making tank capacity5be be Conclusive results are obtained,
especially in the12 l, and under very favorable meteorological

calculation of the D.I.P., regarded as a validationconditions,
MS might produce 11.5 kg of ice per

criterion.2m of collector (Table 2). This value determines

Thus, the validated model allows us firstly tothe limit of the
collectorcondenser technology

study the D.I.P. sensitivity to variation of the mainwith flat
plate collectors for the Agadir area. It

physical parameters of the machines. The majorcorresponds to:
limiting factor appears to be h . Except for thisar a coefficient
of performance (ratio of the parameter, the machines are found to
be quite

cooling load to the heat input): COP533.9%; well designed.The
model then permits to estimate the limits

of ice production by means of adsorptive collec-torcondenser
technology: if the machines were

Table 2. Sensitivity of the limit of the collectorcondenser
working in the best conditions of physical and me-`technology with
flat plate collectors vis-a-vis some climates

teorological parameters, D.I.P. could reach 11.5 kgsimulated
through total solar radiation incident on the collector

2per m of collector, corresponding to a COPs5during the day (E
), diurnal ambient temperature (T ) and

n d

nocturnal ambient temperature (T )n 19% (Table 2). This
represents the limit ofE T T D.I.P. COPs COP collectorcondenser
technology with flat platen d n

22 22(kJ m ) (8C) (8C) (kg m ) (%) (%) collectors.

29,000 20 10 11.5 19 33.929,000 35 25 5 15 29.523,240 20.5 10.5
9.5 19.9 35.4 APPENDIX A28,050 26.5 15.5 8.7 17.4 31.617,000 30 20
2.4 15.4 31.1

A.1. EQUATIONS OF THE SYSTEM (Figs. A.128,500 22 12 10.4 18.15
33.0

and A.2)25,000 33 21 5.6 16.3 30.924,320 18 10 10.6 20.6
36.121,170 18 7 9.5 20.3 36.0 A.1.1. Collectorcondenser. The energy
bal-19,540 24 15 5.79 18.5 34.7 ance for the steel is given by:
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Fig. A.1. Flow chart of thermal parameters identification.

2r c (T /t) 5 l = T (A.1) The heat balance for the adsorbent
layer is1 1 1 1 1

given by:where r , c , T , l represent, respectively, the1 1 1
1

23 21 21

r (T) c (T )1

m(P,T )c (T ) (

T /

t)f gspecific mass (kg m ), specific heat (J kg K ), 2 2 2 2 3 2
22the average temperature (K), the heat conductivity

5 l = T 1I(x, y) (A.2)2 221 21(W m K ) of the metal; trepresents
the time

(s). where r , c , T ,l represent, respectively, the spe-2 2 2
2
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Fig. A.2. Flow chart of the ice production process.

23 21 21cific mass (kg m ), specific heat (J kg K ), I(x, y) 5
DH(m/t) (A.3)

the average temperature (K), the heat conductivity21 21

(W m K ) of the anhydrous adsorbent; P, c , represents the heat
source per volume unit323represent the pressure (Pa) in the
collector and the (W m ) where x, y are the x-axis
perpendicular

21 21specific heat (J kg K ) of the adsorbate. to the upper
plate and the y-axis perpendicular to
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the fin, respectively; DH is the latent heat of A.1.3. Ice
making tank. The ice making tank21

adsorption (J kg ) obtained from the following may contain
either only water (M 5M), or onlyi 4Clapeyron equation: ice (M 5M )
or a mixture of water and ice.i 5

Therefore, the energy balance equation depends2

DH5RT lnP/T (A.4)s d2 2 m on the ice concentration:

whereR is the ideal gas constant of the adsorbate C 1M c (dT /
dt) 5 dL (dM / dt)f gbe i i be s 521 21(J kg K ); m is the mass of
adsorbate in the21 1 h A (T (t)eve eve evadsorbent (kg kg )
obtained from the following

2 T (t)) 1 h A (T (t)Dubinin equation (Bering et al., 1972): be
be be am

2 T (t)) (A.8)21 n bem 5 Wr (T) exp(2(E RT ln(P (T ) /P)) )0 3 2
2 s 2

where C is the heat capacity of the ice making(A.5) be21

tank (J K );c is the specific heat of componenti21 21where r , P
are, respectively, the specific mass3 s i (J kg K ); A is the heat
transfer surfacebe

23(kg m ) and the saturation pressure of the area between the
ice making tank and ambient

2adsorbate (Pa). (m ); h is the ice making tank heat loss
coeffi-be22 21The parameters (E, W, n) and the numerical0 cient (W
m K ); d is a coefficient equal to 1

value of DHwere determined in a previous study during freezing
phase and equal to 0 otherwise;(Boubakriet al., 1985). The heat
conservation on T is the ambient temperature (K).amthe inner
condenser plate where the condensation

occurs can be obtained by: A.2. INITIAL CONDITIONS

The initial conditions in the reactor are thoseh(T (t) 2 T
(t))al pfound at the end of the night-time. They depend

on the history of the previous cycle:1 d L r dEE m(T (x, y),P
)dxdy YdtS Dcd c 2 2V

T (x, y,t5 0) T2 am5 2 l (T /n) (A.6)1 pP(t5 0) P (A.9)ev

where h is the global heat transfer coefficient m (x, y,t5 0)
m(T ,P ).0 am evincluding convection, gas conduction and radia-tion
between the adsorbent bed and the inner A.3. ENERGY BOUNDARY
CONDITIONS

22 21condenser plate (W m K ); L is the latentc The temperature
of the upper collector plate is

21heat of condensation (J kg );d is a coefficientcd given by the
energy balance including emissivityequal to 1 during condensation
phase and equal to

( ) and absorptivity (a) of the upper plate10 otherwise; T is
the temperature of the rearal collector, solar radiation,
convection (and radia-adsorbent bed (K); T is the temperature of
thep tion) heat loss:inner condenser plate (K).

4 4aF(t) 1 s (T (t) 2 T (t)) 1 h (T (t) 2 T (t))1 am 1 av am
1A.1.2. Evaporator. The evaporator is immersed

5 2 l (T /n) (A.10)in the ice making tank. The energy balance 1
1equation is

whereF is the global solar radiation flux incident22

on the collector plate (W m ).C 1M (t)c (dT / dt) 5 d L (dM /
dt)f gev 3 3 ev ev v 3At the interfaceSbetween the upper plate,
fins

2 h A (T (t) 2 T (t)) (A.7)eve eve ev be of the collector and
the adsorbent, there is a

contact conductance h so that the energy balancewhereC is the
heat capacity of the evaporator (J oev21 is:K );M (t) is the
methanol mass contained in the3

evaporator (kg); T is the average temperature ofev 2 l (T /n) 5
h (T (t) 2 T (t))1 1 S 1 2the evaporator (K);T is the average
temperaturebe

5 2 l (T /n) (A.11)2 2of the ice making tank (K); d is a
coefficientevequal to 1 during evaporation phase and equal to

where T and T are the temperatures of each1 20 otherwise; L is
the latent heat of evaporation (Jv body at the interface.21

kg ); A is the heat transfer surface areaev e At the interface
between the rear adsorbent bed2between adsorbate and water (m ); h
is theev e and the condenser:global heat transfer coefficient
between adsorbate

22 21and water ( W m K ). h(T (t) 2 T (t)) 5 2 l (T /n).
(A.12)al p 2 al
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At the rear condenser plate, external heat collector and the
horizontal plane (0 , c, 708).exchange is simulated through h :
This correlation gives the following.ar

(a) Convection coefficient between the upperh (T (t) 2 T (t)) 5
2 l (T /n). (A.13)ar am p 1 p plate of the collector and the
glass,

A.4. MASS BOUNDARY CONDITION 22 21

h 5 Nu l/L 5 3.3 W m K (B.5)av LFor an isosteric evolution, the
methanol mass

21 21variation in the reactor is equal to 0: where l is the
thermal conductivity W m K .(b) Convection coefficient in the
condenserdm/ dt5 0. (A.14)

22 21h 5 0.5 W m K . (B.6)The total mass variation is calculated
from the f

saturated pressure and the temperature using Eq.Note that all
properties of fluids are evaluated

(A.5).at their average temperature (70 and 408C, respec-

tively) andC5208.APPENDIX B

B.1. EMISSIVITY OF THE INNER SIDE OF REFERENCES

THE CONDENSER Balat M. and Crozat G. (1988) Conception et etude
dun prototype de preserie de refrigerateur solaire base sur uneThe
emissivity may be obtained from the

reaction solidegaz. Int. J. Refrig. 11, 308.radiation heat
transfer coefficient equation. TheBentayeb F., Lemmini F. and
Guilleminot J. J. (1994)

radiation heat transfer coefficient h between the Adaptation of
an adsorptive solar refrigerator to Moroccanrclimates. Renewable
Energy 5(3), 1937.adsorbent bed and the inner condenser plate

Bering B. P., Dubinin M. N. and Serpinski V. V. (1972)
On(parallel planes) can be expressed as:thermodynamics of
adsorption in micropores. J. Colloid

Interface Sci. 38, 185.4 4 21h 5 (s(T 2 T )(T 2 T ) )r al p al p
Boubakri A., Grenier Ph. and Pons M. (1985) Utilisation of

activated carbon and methanol pair to solar ice production.21 21
21

3 ( 1A A ( 2 1)) (B.1)al al p p Proceedings JITH Conference
Rabat, Morocco, Vol. 1, p.69.

where A is the rear adsorbent bed surface area Boubakri A.,
Arsalane M., Yous B., Alimoussa L., Pons M.,al2 Meunier F. and
Guilleminot J. J. (1992a) Experimental(m ); A is the inner
condenser plate surface area

p2 study of adsorptive solar-powered ice makers in Agadir(m );
and are, respectively, the rear ad-al p (Morocco) 1. Performance in
actual site. Renewablesorbent bed and the inner condenser plate
emis- Energy 2(1), 7.

Boubakri A., Arsalane M., Yous B., Alimoussa L., Pons
M.,sivity.Meunier F. and Guilleminot J. J. (1992b) Experimental

With assumptions: A and A are surfaces thatal p study of
adsorptive solar-powered ice makers in Agadirform an enclosure (end
effects are negligible): (Morocco) 2. Influences of meteorological
parameters.

Renewable Energy 2(1), 15.A 5A ; active carbon is assimilated to
a black-al pChinnappa J. C. V. (1974) Solar operation of
ammoniawater

body i.e. 5 1, Eq. (B.1) becomes:al multistage air conditioning
cycles in the tropics. Solarenergy 16, 165.4 4 21

h 5 s(T 2 T )(T 2 T ) (B.2) Chung R. et al. (1963) A study of a
solar air conditioner.r p al p al pMech. Eng. 8, 31.

and is given by: Critoph R. E. and Gong F. (1992) A rapid
cycling ice-makerpfor use in developing countries. In Proceeding of
the 2nd

4 4 2

1 World Renewable Energy Congress, Reading, UK. 5 h (s(T 2 T ))
(T 2 T ) 5 0.2. (B.3)p r al p al pCritoph R. E. (1996) Towards a
One Tonne per Day Solar Ice

Maker, WREC.B.2. CONVECTION COEFFICIENTGuilleminot J. J. and
Meunier F. (1981) Etude experimentale

` dune glaciere solaire utilisant le cycle zeolitheeau. Rev.The
convection coefficient in inclined rectan-Gen. Therm. 239,
825.gular (length L, wide w, high H) cavities can be

Guilleminot J. J., Meunier F. and Pakleza J. (1987) Heat
andobtained from a correlation proposed by Hollands mass transfer
in a non-isothermal fixed bed solid adsorbent

reactor: a uniform pressurenon-uniform temperature case.et al.
(1976) for aspect ratios H/L $ 12 and tiltJ. Heat Mass Transfer
30(8), 1595.angles less than the critical valueC* 5 708:

Guilleminot J. J., Chalfen J. B. and Choisier A. (1993) Heatand
mass transfer characteristics of composites for ad-

21Nu 5 1 1 1.44(1 2 1708(Ra cosc) ) sorption heat pumps. In
International Absorption Heat PumpL L

Conference, AES, Vol. 31, ASME.1. 6 213 (1 2 1708(sin1.8c) (Ra
cosc) )L Hollands K. G. T., Unny S. E., Raithby G. D. and Konicek
L.

(1976) Free convective heat transfer across inclined air1 / 31
((Ra cosc/ 5830) 2 1) (B.4)L layers. J. Heat Transfer 98, 189.Jing
H. and Exell R. B. (1994) Simulation and sensitivity

where Nu is the Nusselt number; Ra is theL analysis of an
intermittent solar-powered charcoal/ methanolrefrigerator.Renewable
Energy 4(1), 133.Rayleigh number; C is the tilt angle between
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Leite A. P. F. (1997) Simulation of new adsorptive solar ice
Paye G. and Guyader A. Patent No. 2574530.maker using activated
carbonmethanol pair. In Florence Pons M. and Guilleminot J. J.
(1986) Design of an experimen-World Energy Research Symposium
FLOWERS97. tal solar-powered solid adsorption ice maker. J.
Solar

Liney P. E. (1988) Thermodynamic properties of methanol. Energy
Eng. 108, 332.Chem. Eng. Data 29, 50. Pons M. and Grenier P. (1987)
Experimental data on a solar-

Mauran S., Prades P. and Lharidon F. (1992) Transfert de powered
solid ice maker using activated carbon and metha- chaleur et de
masse en milieu reactifs consolides pour nol solid adsorption pair.
J. Solar Energy Eng. 109, 303.

`systemes thermochimiques. In Proceedings Solid Sorption Ruthven
D. M. (1984). Principles of Adsorption and Ad-Refrigeration, Paris,
LIMSI, ISBN 2 903 633 592. sorption Processes, Wiley-Interscience,
New York.

Niemann M., Kreuzburg J., Schreitmuller K. R. and Leppers
Programme solaire mondial 19962005, UNEP report, June.L. (1997)
Solar process heat generation using an ETC Worse-Schmidt P. (1983)
Solar refrigeration for developingcollector filed with external
parabolic circle concentrator countries using a solid absorption
cycle. Int. J. Ambient(PCC) to operate an adsorption refrigeration
system. Solar Energy 4, 115.
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