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Abstract

In this work, a numerical model is presented that describes the transfer of heat
and mass inside a cylindrical regenerator of a solar adsorption refrigerator
that uses the methanol/activated-carbon refrigerant pair. This model is based
on the equations of mass conservation, energy conservation, Darcy’s law and
the balance model between sorbate and sorbent given by the Dubinin-Astak-
hov’s equation. On the other hand, the linear driving force (LDF) model is
used to describe the rate of desorption. In the developed model, the spatial
variation of methanol vapor pressure within the activated carbon bed is taken
into account and, as one of the boundary conditions, the temperature is used
at the external surface of the absorber measured experimentally along the day.
Using the developed model, the temperature, pressure and concentration of
methanol were calculated; both inside the grains of carbon and in the space be-
tween the grains, as a function of time. The algorithm was validated compar-
ing the numerical results with the experimental data, obtaining a satisfactory
concordance.
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1. Introduction

The continuous increase of energy consumption in the world coupled with the
limited amount of resources, creates the need of searching new energy sources.

Because of this, in the last three decades, the refrigeration systems have been
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paid attention to that use the adsorption phenomenon for their operation. In
particular, adsorption refrigerators can use both waste heat and solar energy in
the regeneration stage of the adsorbent, and that makes it more attractive for its
use in areas with a hot climate and difficult access of electrical lines.

If it is decided to use the adsorption phenomenon to produce cold, there are
several options to choose the sorbent-sorbate pair, such as: zeolite-water, silica
gel-water, activated carbon-ammonia, activated carbon-methanol. The principle
of operation is based on the variability of the adsorptive properties of the sorbent
with the temperature. To produce more cold, it is pertinent to find a sorbent that
has the greatest variation of adsorption capacity for the range of temperatures to
which the device would be exposed. Different researchers analyzed the potential
of such pairs as silica gel-water, zeolite-water, activated carbon-methanol and
activated carbon-ammonia [1]-[17] in cooling systems.

Different authors developed experimental prototypes and studied their beha-
vior. For example Tchernev [3] analyzes the natural zeolites, in addition con-
structs an experimental device that uses solar energy with 50 kg of zeolite for
each square meter of area [4], whereas other researchers [5] [6] use synthetic
zeolite. In particular Tubreoumya et al. [14] have developed a simulation of the
mentioned pair comparing the cycle of Clayperon with the one published by Al-
louhi [15] obtaining an excellent concordance. In systems using zeolite, the
temperature during the desorption process must exceed 200°C and the adsorp-
tion temperature should be less than 80°C. This requires the use of more com-
plex technologies during the development and manufacture of the absorber [2]
than in the case of lower temperatures of regeneration as the case of activated
carbon-methanol. On the other hand, the low pressure of the water vapors
makes the adsorption process slow.

The adsorptive properties of the silica gel-water pair have been studied [7].
Adsorption refrigeration systems using zeolite-water and silica gel-water are
mostly used in air conditioning systems, because in those systems the sorbate is
water and for reasonable efficiency, the evaporation temperature must be rela-
tively high, for example 4°C [8].

When the activated carbon-ammonia pair is used during the desorption
process the pressure is maintained in the order of 1.6 MPa. On the other hand,
the high pressure increases the mass flow and shortens the adsorption process.
Previously, experimental facilities did not find wide use mainly caused for the
ammonia toxicity and its corrosivity [2]. These systems have recently attracted
more attention from researchers thanks to the very high ammonia refrigerant
capacity. These systems are analyzed in more detail in other works [2] [9] [11]
[13].

The activated carbon-methanol pair is used in adsorption cooling systems due
to the high cyclic adsorption capacity, low desorption temperature, low adsorp-
tion energy and high latent heat of methanol for the liquid to gas phase change.

In the last three decades, different groups of researchers work with adsorption

cooling using the activated carbon-methanol refrigerant pair. Some groups of
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authors dedicated their efforts to the construction of experimental prototypes
and analysis of their behavior [18] [19] [20] [21] [22], in [20], is also presented
the experimental cycle of the solar adsorption refrigerator. Other authors con-
struct experimental prototypes and simulate solar energy in the laboratory.

In the theoretical simulation of the processes that happen in the solar refrige-
rator, many authors have presented models based on the states of equilibrium,
without making an analysis of the transient states and they focus on evaluating
theoretically the performance of the system, determining the efficiency and COP.
For example, the authors Boubakri, Guilleminot and Meunier [18] constructed a
model of adsorption solar cooler with a flat solar collector, they evaluated the
amount of ice that could be produced and the values of COP (0.12 - 0.19) that
could be reached by the device and did not perform an evaluation of transient
processes.

Luo and Tondeur [20] in their work presented results obtained with a proto-
type of refrigerator with cylindrical adsorber with the exterior and interior di-
ameters 0.06 m and 0.02 m respectively. To the outer surface of the adsorber,
which contained 0.86 kg of activated carbon, heat was transferred by means of
electric resistors with the maximum flow of 750 W/m®. During the tests, a va-
cuum pump was used, while in the regular operation of these devices the va-
cuum pump is not used.

The authors Luo and Tondeur constructed a mathematical model of the ab-
sorber [20], the model is unidimensional and contains the mass and energy con-
servation equations written in cylindrical coordinates, and the adsorbent-ad-
sorptive equilibrium model of Dubinin-Radushkevich. The authors assume that
the pressure in the system and throughout the coal bed remains constant during
the desorption and adsorption processes. These authors show experimental re-
sults and theoretical calculations for the temperature in the coal bed and the
amount of desorbed methanol. In that case, the experimental and theoretical
temperature curves as a function of time are close during the adsorption process,
while they are not very close during the desorption process. The shape of the
experimental and theoretical curves for the amount of desorbed methanol agree
well, but the experimental process is finalized much earlier and significant quan-
titative differences are observed, reaching a 50% error in some cases. In 2013
Qasem y El-Shaarawimade an analysis of the factors that can improve the per-
formance of this type of devices using a simulation in Matlab [16].

Other authors [23] present a model of the processes that occur in an adsorp-
tion refrigeration tube and show a comparison between the variables measured
experimentally and obtained in the numerical simulation, such as temperature,
pressure and the amount of methanol desorbed from the activated carbon dur-
ing the desorption process. In the experiment, the authors maintain constant the
temperature on the outer surface using a hot water jacket that circulates around
it. The largest discrepancy is found between experimental and theoretical curves
representing the amount of desorbed methanol, which is actually the most im-

portant parameter to evaluate the efficiency of the system.
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We focus on solar adsorption refrigerators that use the activated carbon-me-
thanol refrigerant pair and that have a parabolic cylindrical collector. We per-
formed an experimental study of the behavior of a prototype for several years
and constructed a mathematical model.

In the present work, we show a model that presents several differences with
the models commented before. We observed that in the mathematical models
found in the literature was achieved a better fit between the experimental and
the theoretical data for the adsorption process than for the desorption process.

If it is used of the adsorption phenomenon in solar cooling, the desorption
process lasts considerably less time than the adsorption process. The desorption
process takes place after an isosteric heating and lasts approximately 3 - 4 hours,
corresponding to the hours of greatest solar radiation intensity. While the ad-
sorption process can last the entire time interval as long as the activated carbon
has temperature close to the environment, starting with isosteric cooling when
the incident solar radiation decreases and then it can last all night, in other
words of 8 to 15 hours, depending on the adsorptive properties of the particular
activated carbon. Therefore, the most important is to achieve a design in which
during the hours of exposure to the sun desorbs the largest amount of methanol
possible.

For the reasons explained above, we performed the validation of the mathe-
matical model of the refrigerator for the desorption process and achieved a good
fit between the experimental and theoretical curves.

All transient mathematical models of the cylindrical solar absorber contain
the mass and energy conservation equations, the ideal gas equation, and the
equilibrium equation between sorbate and sorbent (Dubinin-Radushkevich or
Dubinin-Astakhov equation). Several authors add to these equations the LDF
model which assumes a linear dependence for the rate of the sorption process
with the difference between the amount of instantaneous adsorbed methanol
and the amount of methanol that would have adsorbed the coal when reaching
equilibrium for the pressure and temperatures of the system for that instant.
Some models consider that the pressure of the methanol vapor inside the carbon
bed remains constant in the space and therefore these models do not have con-
vective component in the conservation equations. When the pressure in the sys-
tem is considered to vary in the space (within the bed of carbon), to the men-
tioned equations it is added equation of Darcy’s law without considering the
gravitational component.

Another important issue to consider when constructing the model, are the
boundary conditions for Darcy’s equation and for energy conservation equation.
Most authors consider the temperature of the outer surface of the absorber con-
stant over time [20] [21] [22] [23] [24]. This border condition is not accurate if
you model the behavior of the solar cooler, since the solar radiation as well as the
temperature changes over time. These authors validated their models in experi-
mental devices where the absorber was placed in a medium with constant tem-

perature. The experiment was designed to correspond to that border condition.
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However, if it is a refrigerator that would use solar energy in the regeneration
stage, that border condition introduces an important error when the heating and
isosteric cooling is simulated.

In the model presented in this paper, the boundary conditions for the energy
conservation equation in the upper part of the cylinder were defined as a func-
tion of time using experimental measurements obtained for this purpose. The
boundary condition for the Darcy equation is the pressure in the channel of the
absorber. Some authors consider this as a constant pressure [20], and in the de-
sorption stage they have an error of up to 50%. We defined this boundary condi-
tion as a function of time based on experimental data.

Text styles are provided. The formatter will need to create these components,

incorporating the applicable criteria that follow.

2. Operating Principle

The device consists of solar absorbers, condenser and evaporator Figure 1. In
the solar absorber is located the activated carbon impregnated with methanol.
The operating principle is based on the methanol sorption phenomena in acti-
vated carbon and the variability of the adsorptive capacity of the activated car-
bon with the temperature variation.

In particular, the device in question consists of a single absorber tube 1 m long
with an outer diameter of 0.10 m and an inner radius of 0.03 m with an ap-
proximate content of 3 kg of activated carbon. The condenser consists of five
copper tubes, 0.4 m long and 0.020 m in diameter, which are submerged in water.
This is sufficient to provide the necessary heat exchange with the environment.

On the other hand, the evaporator consists of a cylindrical iron vessel 0.12 m
in diameter and 0.20 m long.

The operation of the refrigerator can be divided into two stages: regeneration
of activated carbon (day) and generation of cold (night). During the day, the
temperature of the absorber and the activated carbon within rises, and the me-
thanol exits the pores of the activated carbon in the form of gas. At this time the
pressure in the system increases; this process corresponds to the isosteric heating
of the ideal cycle diagram Figure 2.

When the pressure in the system reaches the saturation pressure value of me-
thanol at the condenser temperature, the condensation process begins and the
methanol desorption process intensifies. That corresponds to line BC of the dia-
gram; isobaric desorption.

At this stage, methanol falls by gravity into the evaporator and accumulates in
the evaporator.

When solar radiation decreases, the temperature of the activated carbon and
the pressure in the system begins to decline; that corresponds to the process of
isosteric cooling. In other words, the amount of methanol adsorbed by the acti-
vated carbon does not undergo changes (line BA of the Figure 2). When the

pressure in the system drops to the saturation pressure of methanol at the
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Figure 1. Scheme of solar cooling device.
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Figure 2. Ideal cycle of adsorption cooling.

evaporator temperature, the methanol adsorption process begins; the methanol
evaporates producing cold in the cold chamber (line AD).

Our equipment does not have a valve that interrupts the communication be-
tween the condenser and the evaporator as it happens in most of the devices de-
scribed in the literature and has been able to supply us approximately 0.5 kg of
ice per day.

3. Mathematical Model

The absorber is a cylinder of length Z, of outer radius r,, with an empty coaxial
cylindrical space of radius r,. The space in the cylindrical ring is filled with acti-
vated carbon, while the internal space is left free for the passage of methanol in
the form of gas.

A mathematical model was constructed for the cylindrical absorber. The be-
havior of the condenser was modeled through the pressure in the system during

the regeneration stage of the activated carbon.
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3.1. Assumptions of the Mathematical Model

The assumptions of the mathematical model are the following:

1) The model is considered one-dimensional (radial direction) given the pre-
vailing symmetry.

2) Methanol in gaseous form can be modeled with sufficient approximation
using the ideal gas equation since the corrective terms in the Van der Waals eq-
uation are 10 - 3 with respect to the volume and 10 - 4 with respect to the pressure.

3) The equilibrium states of activated carbon and methanol are described by
the Dubinin-Astakhov equation.

4) The relationship between the rate of methanol in the gaseous state and the
pressure in the carbon bed is described by the Darcy equation.

5) The velocity of the adsorption and desorption processes is proportional to
the difference between the instantaneous concentration of methanol adsorbed in
the carbon grains and the equilibrium concentration [24] [25].

6) There is thermal equilibrium between the activated carbon grains and the
surrounding gaseous methanol. In particular, this last assumption we assume va-
lid given the result of the calculation. So far we cannot evaluate its difference
with a model where both phases are not in thermal equilibrium given the diffi-
culty to calculate the coefficient of thermal transfer between both phases.

3.2. Constituent Equations

The equations that constitute our model are the following:

Mass conservation equation:

d o 0
ea(cg)+(l—6)pca(X)+%a(ngv):0 (1)

where the first term represents the change in methanol gas concentration in the
space between the activated carbon particles, the second one represents the vari-
ation of the amount of methanol adsorbed in the pores of the activated carbon
particles, and the third term represents the balance between the amount of ga-
seous methanol entering and exiting the control volume.

Energy conservation equation:

o o o
e—(CU, ) +(1-€)p, (U XU xuads)fa(rcgvhg)

ot
2
1a[ aTJ @)
=——| K T —
r ot or

On the left side of this equation the first member represents the energy of the
gaseous methanol that lies between the carbon granules, the second one represents
the energy of the activated carbon and of the methanol adsorbed inside carbon
and also the energy of sorption, adsorbed or released in the carbon volume. The
third term represents the energy balance due to the movement of the gaseous
methanol to and from the control volume. In the right part of the equation is
represented the energy that propagates across the boundaries of the control vo-

lume by conduction.
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Darcy’s law, written without taking into account the gravitational component
because the latter is negligible against the frictional component.
Ky OP

o 3)

V=

We consider that in the space between the carbon particles, the gaseous me-
thanol behaves like an ideal gas, and with that consideration we write the equa-
tion:

P =C,RT 4)

When the activated carbon is in equilibrium with the sorbate (methanol), the
concentration of methanol within the activated carbon is determined using the
Dubinin-Astakhov model:

n
T*IniJ

=B
Xog = Xo€ ( P (5)

When the concentration of instantaneous methanol X within activated carbon
is greater than the equilibrium concentration for the carbon temperature and the
pressure in the system, the desorption process occurs, and when that concentra-
tion is less than the equilibrium concentration, occurs the adsorption process.

To describe the speed of the adsorption and desorption processes, we use the
LDF model analyzed in different works [23] [24]:

oX 15D, &

e (ke 0

That way we have five equations with five variables P, T, v; X, G,.

3.3. Initial Conditions

The initial values to simulate each of the processes are taken from the final con-
ditions of the previous process. For example, to simulate the desorption process
the initial values of the concentration X, the temperature 7 and the pressure P
are taken according to the final conditions of the adsorption process, consider-
ing that the carbon reached equilibrium with the methanol at nightly temperature.
The initial conditions for X, Y, P are determined; The initial concentration
value is calculated from the ideal gas state equation Furthermore, the initial
concentration is calculated assuming that the device reached equilibrium during
the previous night with a temperature of 0°C in the evaporator and ambient
temperature throughout the absorber and Pis the pressure of vapour at ambient

temperature.

3.4. Boundary Conditions

In the inner cylinder two boundary conditions are defined: one for the energy
conservation equation and one for Darcy’s law—absence of heat flow by con-
duction and pressure within the channel respectively.

oT
3.
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The pressure inside the channel (r = ra) was defined as a function of time,

constructed from the experimental data:

p_ 50318 (8)

t 0.3398
6.2588—-0.00537—
l+e 60

On the outer surface of the absorber cylinder r =1, the boundary condition

With #in seconds

for the energy conservation equation is the surface temperature, which is defined

as a function of time constructed from the experimental data.

T- 89.97 )

t 0.16
7.5063—-0.0635—
l+e 60

For the mass conservation equation, the zero velocity condition at the border
is defined:

v=0 (10)

3.5. Numerical Solution

To obtain the solution of the system of equations presented, the discretization of
each differential equation was done using the control volume method, an algo-
rithm was elaborated, a program was written and the numerical solution was
obtained.

The chosen control volume represents a hollow cylinder of radius r wall
thickness drand length L Figure 3.

All the space occupied by the activated carbon is divided into N control vo-
lumes as shown in Figure 4, where the nodes at the edges are surrounded by half
control volume.

We assume that within each control volume all the searched variables P, 7, X,
vand G, are constants in the volume (space). To discretize the derivative of the
temperature in space is assumed linear staggered profile of temperature varia-
tion in space (variable r).

The solution of the energy conservation equation is obtained using the tridia-
gonal matrix algorithm TDMA (or Thomas algorithm) method and an implicit
scheme when considering the temperature variation in the chosen time interval.

The numerical solution of our model allows to obtain the instantaneous values
of the variables 7, 7, X, vand G, for the whole cycle.

4. Results and Discussion

Figure 5 shows the prototype of the solar adsorption refrigerator, in which
experimental data was obtained and posteriorly used for the validation of the
constructed mathematical model.

Figure 6 shows the temperature distribution in the carbon bed. We can notice

that 4 hours after the beginning of the desorption process the temperature
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b

> Control Volume

Figure 3. Scheme of the control volume in the absorber.

Figure 4. Division of the carbon bed in control volumes.

Figure 5. Experimental prototype.

on the outside of the absorber approaches the steady state, which corresponds to
the measurements obtained by the authors in the experimental prototype. In
other words, 4 - 5 hours after the start of the desorption process, the desorption

stops and the amount of liquid methanol in the accumulator vessel no longer va-

In the Figure 7, it is presented the distribution of the adsorbed methanol
concentration X in the activated carbon for different times. In the graph, we ob-

serve a decrease of the concentration of methanol X in the activated carbon.
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Figure 6. Distribution of temperatures in carbon bed.
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Figure 7. Amount of methanol adsorbed in carbon bed.

Four hours later, that concentration approaches the equilibrium values at the
carbon temperature.

Integrating these results into the volume of carbon contained in the cylinder,
and taking into account the initial concentration of methanol, we can obtain the
amount of methanol desorbed during the isosteric heating process and during
the desorption process.

The results of the calculations of the amount of desorbed methanol were
compared with the experimental results for different days (Figure 8 and Figure
9).

We observe good coincidence between the theoretical and experimental curves
during most of the time. Greater separation of the curves is observed in the first
1.5 hours of the desorption process. The most likely reason for the separation of
the theoretical and experimental curves at the start of desorption, is due to the
fact that the initial values of the temperature 7'and concentration of methanol X
in the carbon bed are taken as constant values corresponding to the state of
equilibrium according to the temperature of the previous night, whereas in the

experiments these values depend on the previous processes.
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Figure 8. (a) Tcond = 20°C dash curve experimental and continuous
simulated.

——Sim -
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15 30 45 60 75 90 105120135150165180195 210225 240
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Figure 9. (b) Tcond = 30°C dash curve experimental and continuous

simulated.

We do not have experimental data for higher ambient temperatures but the

simulation indicates a drastic drop in ice production beyond 35°C.
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Sym Comment Sym Comment
s Affinity coefficient in D. A equation r, Inner radius of absorber
Volume of the empty space between
£ the carbon pellets in relation to total I, Outer radius of absorber
volume

Pe Activated carbon density R, Carbon particle radius

u Coefficient of viscosity t Time

(o8 Gas concentration T Temperature

D, Diffusion coefficient U.us Adsorption energy

E, Activation energy U. Internal energy of activated carbon

hy Enthalpy of gas U, Internal energy of gas

K, Darcy’s coefficient Uper Internal energy of methanol

K Conduction coefficient of carbon G Jocit
e with adsorbed methanol v as veloclty

Characteristic parameter of X Methanol concentration on activated

a adsorption pair carbon

P Gas pressure X, Maximun adsorption capacity

P, Saturation pressure of methanol X Equilibrium concentration of methanol
r Radius
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