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Abstract

The technology of adsorption chiller is an efficient way of heat conversion. It can significantly reduce environmental
pollution and improve energy efficiency. This paper deals with numerical study of refrigeration systems with silica
gel/water pairs with mass recovery. The model is validated with experimental results from the ENERBAT platform.
Numerical results are in good agreement with those of experiment. A process of mass recovery is added to study its the
effect on the performances of the system. The effect of hot water temperature, cooling water temperature, chilled water
temperature and cycle time, on the coefficient of performance (COP), the specific cooling capacity (SCP), the cycled
mass, the evaporator outlet temperature and efficiency system are investigated in order to extrapolate the results in the
Tunisian climate and to determine their optimum values able to maximize the performance of the system under analysis.
The simulation calculation indicates a COP value of 0.7 with a driving source temperature of 85°C in combination
with coolant inlet and chilled water inlet temperature of 40°C and 15°C, respectively. The most optimum adsorption-
desorption cycle time is approximately 1240s based on the performance from COP and SCP, achieving a SCP of 400

Wikg.

Keywords: Solar adsorption refrigeration; Silica gel; Simulation;
Performance; Mass recovery

Abbreviations: A: Heat transfer area (m>2); Cp: Specific heat (kJ/
kg.K); DS0: Coefficient (m?/s); E: Heat exchanger efficiency; L: Latent
heat of vaporization (kJ/kg); m: Mass (kg); rh: Mass flow rate (kg/s);
AH: Isosteric heat of adsorption (kJ/kg); P: Pressure (Pa); Q: Heat (kJ);
SCP: Specific Cooling Power (kW/kg); t: Time (s); T: Temperatures
(°C); U: Overall conductance (W/m2K); w,w*: Instantaneous
Uptake, Equilibrium uptake (kg de réfrigérant/kg dadsorbant); COP:
Coeflicient of performance of the chiller subscripts; a: Adsorbent (silica
gel); ad: Adsorber; ads: Adsorption; cd: Condenser; ev: Evaporator; de:
Desorber; f: Coolant; in: Inlet; j: Coolant indice; max: Maximum; min:
Minimum; num: Numerical; out: Outlet; r: Refrigerant; rv: Refrigerant
vapor; ref: Cooling; rec: Recovery; v: Vapor

Introduction

With the increasing economic development and environment
protection, adsorption refrigeration technology as the green
refrigeration method has received much attention. Adsorption
refrigeration can be driven by low-grade heat source, such as waste
heat from the process industry and solar energy. Thus, the adsorption
technology can enhance the energy utilization efficiency for recovering
low-grade heat and reduce fossil resource consumption. Furthermore,
environment friendly refrigerants are used in adsorption refrigeration,
making the refrigeration system simple and adsorption chiller with low
noise performance.

In this context, silica gel-water was selected as the adsorbent-
adsorbate pair. Compared with other adsorbents, silica gel can be
regenerated at a relatively low temperature. It also has a large uptake
capacity for water which has a high latent heat of evaporation; up to
40% of its dry mass. A silica gel-water adsorption chiller is able to make
use of industrial waste heat to effect useful cooling. The potential for the
two-bed silica gel-water adsorption chiller was evaluated by a number
of researchers [1-7]. Hence, this refrigerant couple is widely studied
experimentally in the literature.

Ahmed et al. [8] investigated the effect of changing fin spacing,

generation temperature lift on chiller performance of a silica-gel/water
adsorption system. Evangelos et al. [9] the effect of the heat-exchanger
design parameters and the effect of space velocity of the thermofluid on
system performance.

Tso et al. [10] modeled a composite adsorbent consisting of two
physical adsorbents. They combined silica-gel and activated carbon
and modeled its use in an adsorbent system for water chilling from
14 to 9°C. They found improved COP, 0.65 and SCP, 380 W kg7,
compared with either of the pure silica-gel (0.49 COP and 245 W kg
SCP) and the pure activated carbon (0.41 for COP and 189 W kg™ for
SCP). Glaznev and Aristov [11] investigated the effects of adsorbent
grain size on the cooling capacity of silica gel. They investigated the
adsorption kinetics during very fast changes in temperature for silica
gel grains of various sizes. Based on their experimental results, they
predicted very high maximum cooling capacities (approaching 10 kW
kg!) for grains bound directly to a metal plate in the adsorbent bed.
Wang et al. [12] investigated the effect of variable temperature sources
on the performance of a solar driven silica-gel/water system. They saw
significant changes, between 3.7-7%, in the COP depending on how
the temperature of the system and the source varied compared to the
operation where the temperature was constant.

Li and Wu [13,14] investigated varying temperature sources and
found that lower source temperatures during the desorption phase
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decreased the cooling capacity, but occasionally yielded higher COPs,
while increasing the temperature over the desorption phase led to a
decrease in both cooling capacity and COP. Variations in cooling load
were also considered and the average cooling load over a cycle was
found to be more important for predicting system performance than
the variations in the cooling load over time. A two-bed, two-condenser
and two-evaporator heat and mass recovery process was explored
experimentally by Chen et al. [15]. They removed the check valves
usually used in a system to regulate the flow from the evaporator and
condenser and instead actively controlled the valve to improve the heat
and mass recovery. They noted improved system performance but did
not quantify the amount of improvement.

A novel three-bed, two-evaporator system was proposed and
modeled by Miyazaki et al. [16]. The dual evaporator allows two beds
to be adsorbing simultaneously, while a third is desorbing. A bed is
connected to a low pressure evaporator and then when reaching near
saturation conditions for that bed, it is connected to a high pressure
evaporator and adsorption continues. COP for this system design
increased by 70%, while SCC increased by 50% for this system design
compared to a standard adsorption chiller working at the same
conditions. Sadeghlu et al. [17], divided combined ADRS into four types
based on different arrangements of two working pairs, Zeolite 13x/
CaCl,-water and Silica gel (RD type)-water, to analyze the performance
of combined ADRS. After validating mathematical models with
available experimental data, ADRS is simulated by using Simulink-
Matlab software to achieve optimum times for various processes. The
results of simulation show that the cooling capacity of the system with
Zeolite 13x/CaCl,-water is more than the other types. The results have
shown that the arrangement of adsorbents affects cooling capacity of
combined ADRS significantly. In Type A, Zeolite 13x/CaCl,-water has
been used as an adsorbent for both top and bottom cycles. This type not
only has more cooling capacity than the other types, but also the effect
of hot water temperature on cooling capacity of this type is less than the
others. Furthermore, a sensitivity analysis has been done to determine
the importance of each parameter on ADRS system because the cooling
capacity and the COP are influenced by many constant parameters.

The objective of this paper is the development of a global
simulation model flexible in changing operating conditions
using Simulink-matlab. The optimization tools are used to enable
selecting the optimum operating conditions corresponding to the
best performance.

Working Principle of a Two-Bed Adsorption Chiller
with Mass Recovery Scheme

The schematic diagram of the proposed two-bed mass recovery
chiller is shown in Figure 1. The adsorbent bed is connected to the
evaporator or condenser by flap valves operated by the effect of pressure
difference between heat exchangers during adsorption or desorption
respectively. On the other hand, the flow of cooling and heating water to
the adsorbent bed, flow of the chilled water through the evaporator and
flow of cooling water to the condenser are controlled by 5 pneumatic
valves, shown in Table 1.

To operate the simulated chiller, each adsorption cycle consists of
two operating modes namely; adsorption/desorption and mass recovery
modes. In the adsorption/desorption mode the adsorbent bed-A is
heated up by means of heating water stream (the heat source-hot water-
is heated by solar radiation in a solar collector, stored in a storage tank
and then transferred to the desorber by a circulating water pump), the
adsorbate (water vapor) is desorbed from the adsorbent (the desorption
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Figure 1: Schematic of two bed chiller with mass recovery.
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Table 1: Chiller cyclic operation and valving.

process) and condenses in the condenser. The liquid water enters in
the evaporator at which the heat of the chilled water is adsorbed, while
bed-B is cooled down by means of cooling water stream (usually from
cooling tower). The adsorbent bed-B is connected to the evaporator to
generate the cooling effect by means of evaporation; the water vapor
is later on adsorbed by the adsorbents in the adsorber which has been
cooled by cooling water. The cooling water exits from the adsorbent
bed flow through the condenser tubes to condense the desorbed water
vapor.

The second mode is the mass recovery mode, where the bypass valve
between the adsorbent beds is opened to allow the water vapor flows
from hot bed (bed-B) to cold bed (bed-A) by means of pressure swing.
Because the difference of pressure between the elements of sorption, the
process of adsorption/desorption continues. The adsorbate continues to
evaporate of the generator and to transfer directly towards the adsorber
until the balance of the pressures. The mass recovery time should be
extended until the mechanical equilibrium (pressure equilibrium)
between the adsorbent bed reactors, where the excess time is not
recommended.

Mathematical Model
Assumptions

In order to develop a mathematical model, a number of assumptions
are required.

v The temperature, pressure and the amount of water vapor
adsorbed are wuniform throughout the adsorber beds.

v' There is no external heat loss to the environment as all the beds
are well-insulated.
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<

The condensate can flow into the evaporator easily.

AN

All desorbed water vapor from the desorber will flow into the condenser immediately and the condensate will flow into the
evaporator directly (no accumulation of steam in the desorber, what allows the increase of rate of desorption and condensation).

The condensate will evaporate instantaneously in the evaporator and will be adsorbed in the adsorber immediately.
The adsorbed phase is considered as a liquid and the adsorbate gas is assumed to be an ideal gas.
The thermal resistance between the metal tube and the adsorbent bed is neglected.

Flow resistance arising from the water flowing in the pipeline is neglected.

AN NN

The properties of the fluid, the metal tube and adsorbate vapor are constant.

According to these assumptions, the dynamic behavior of heat and mass transfer inside different components of the adsorption chiller can be
written as shown below.

Rate of adsorption/desorption

The rate of adsorption or desorption is calculated by the linear driving force kinetic equation, The coefficients of LDF equation for silica gel/
water are determined by Chihara and Suzuki [18] and are given in Table 2:

ow

=K (W —w) (kg/kgs) 1)

The effective mass transfer coefficient inside the pores k_ is given by:

K, =F, Eg (s-1) (2)
The effective diffusivity is defined as follows

D, =D, e /AT (m?s) 3)

Where,

D,_=2.54 10-4 m*/s, RP=1.7 10* m, E =4.2 104 J/mol, F0=15
R=8,314 J/mol K

The equilibrium uptake of silica gel-water pair is estimated using the equation developed by Boelman.

As
w' = 0346[@] (kgwa[er/kgsilica gel) (4)
P(T.)

s\ta

Where, P (T, ) and P_(T) are respectively the corresponding saturated vapor pressures of the refrigerant at temperatures T, (water vapor) and T,
(adsorbent). P_for water vapor is estimated using the following equation:

3820
P (T)=133,32 18,3 -
(T) exp( T_46’J (5)
Energy balance of adsorber
The adsorption energy balance is described by:
dT, dw dw .
(m,,C,y +m,c, +mwep, +mwep,) dtd =m,AH,, n +mep,, n [(p(Tw T, )+(1- go)(Tw -T, )} i D (Tf,m T, ) 6)

Where, ¢ is either 1 or 0 depending on whether the bed is connected with evaporator or another bed. The left hand side of the adsorber energy
balance equations (Equation 6) provides the amount of sensible heat required to cool the silica-gel (a), the water (r) contents in bed as well as metallic
(ad) parts of the heat exchanger during adsorption. This term accounts for the output of sensible heat required by the batched-cycle operation. The
first term on the right hand side of Equation 6 represents the release of adsorption heat, while the second and third terms represent for the sensible
heat of the adsorbed vapor. The last term on the right hand side of Equation 6 indicates the total amount of heat released to the cooling water upon
adsorption. Equation 6 does not account for external heat losses to the environment as all the beds are well insulated.

The outlet temperature of cooling water can be expressed as:
U_A
ad” “ad
-T, )exp - %
My 2q€Ps aq

T

ad,out

=T, +(T

ad,in

Energy balance of desorber
The desorption energy balance is described by:
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dw .
=m,AH ac + My 4. CPy (Tf‘.in — T oue ) (8)

de

(mg,.c,, +m,c, +m_ wcp,)

The left hand side of the desorber energy balance equations (Equation 8) provides the amount of sensible heat required to heat the silica-gel (a),
the water (r) contents in bed as well as metallic (ad) parts of the heat exchanger during desorption. This term accounts for the input of sensible heat
required by the batched-cycle operation. The first term on the right hand side of Equation 8 represents the input of desorption heat. The last term
on the right hand side of Equation 8 indicates the total amount of heat provided by the hot water for desorption. Equation 8 does not account for
external heat losses to the environment as all the beds are well insulated.

The outlet temperature of hot water can be expressed as:

U, A
o ! ( o ¢ ) [ My 4. CP¢ (9)
Energy balance of condenser
The condenser energy balance equation can be written as:
dT dw dw
cd _ des des :
(mr’cdcpr + mcdccd)_dt =—-m, —dt L, - m,cp, " (Tde -T, ) +m; ,Cp; (Tf’in — Tf’om ) (10)

Where the subscripts f,cd and cd indicate cooling water and condenser, respectively. The left hand side of Equation 10 represents the sensible heat
required by the metallic parts of heat exchanger tubes due to the temperature variations in the condenser. On the right hand side, the first term gives
the latent heat of vaporization (L ) for the amount of refrigerant desorbed (dw, /dt), the second term shows the amount of sensible heat requirement
to cool down the incoming vapor from the desorber at temperature T, to condenser at temperature T, and the last term represents the total amount
of heat released to the cooling water.

The outlet temperature of cooling water can be expressed as:

Uchcd

T

cd,out

—Tcd)exp ——

=T, +(T, —e e
! ( my CPs ca (11)

cd,in
Energy balance of evaporator

The energy balance in the evaporator is expressed as:

ev dwa s dW es 3
(mevcev + mr,evcp,r) dt = _ma d_tdLv - ma d_tdcp,r (Tcd - Tev ) + mf,evcp,f (Tf,in - Tf,out ) (12)

Where the subscripts fev and ev indicate chilled water and evaporator respectively. The left hand side of Equation 12 represents the sensible
heat required by the liquid refrigerant (r) and the metal of heat exchanger tubes in the evaporator. On the right hand side, the first term gives the
latent heat of evaporation (L ) for the amount of refrigerant adsorbed (dw, /dt), the second term shows the sensible heat required to cool down the
incoming condensate from the condensation temperature T, to evaporation temperature T, and the last term represents the total amount of heat
given away by the chilled water.

The outlet temperature of chilled water can be written as:
U
Tev,oul = Tev + (Tev,in - Tev )exp _.8\176\' (13)
. My o CPs ey
Mass balance in the evaporator
The mass balance for the refrigerant can be expressed by neglecting the gas phase as:
dmr,eV dW ads + dW des

m
dt | dt dt (14)

Where, m_ is the adsorbent mass.
System performance equations

The COP value is defined by the following equation:

COP = & (15)

de
The cooling capacity of the system is expressed by:

J‘:)cyqtrhf,ev Cpf (Tev,in - Tev,out ) dt

cycle

Q. = (16)

Where:
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Parameter Value Unit
m, 50 kg
AH,_ 2800 kJ/kg
L, 2500 kJ/kg
CiCoCos 0.386 kd/kg.K
Cp,, 1.85 kJ/kg.K
C, 0.924 kd/kg.K
C, 4.18 kd/kg.K
M, 1.6 mdh
M, 3.7 mh
m,,, 2 mh
Tosin 15 °C
Teain 22 °C
T 62 °C

de,in

Table 2: Parameters used in simulation of adsorption chiller.

t

Ocy“rhf,decpf (Tde,in - Tde,out )dt
Q. = (17)
tcyclc
Specific Cooling Power
SCP = Q. (18)

m

a
Results and Discussion

Model validation

Figure 2 shows the experimental and numerical inlet/outlet
temperature profile of the heat transfer fluid obtained for the above
mentioned standard conditions. After 7 minutes, the outlet hot water
temperature is approaches her inlet temperature; at this point we have
a minimum of heat consumption: the silica gel had heated thoroughly
to allow desorption of water vapor. Whereas the cooling water
temperature, the inlet temperature decreases during the desorption/
condensation phase and increases during the preheating and precooling
phase, because during the condensation /desorption process we need
to extract an amount of energy to allow the condensation of desorbed
water. While chilled water temperature (evaporator temperature), the
outlet temperature increases during the adsorption/evaporation phase
and increases during the preheating and pre-cooling phase (switching
time), because during the evaporation phase, the heat to evaporate the
refrigerant and cold production are needed.

The validation of the model is made for the case of a system for
simple two-bed adsorption chiller, afterward the mass recovery is added
to analyze the influence of mass recovery on the system performance.

Effect of hot water inlet temperature

Figure 3 presents the change in chiller cooling capacity (SCP) and
COP versus hot water inlet temperature at various cooling water inlet
temperatures. Other operating conditions (cycle time, chilled water
inlet temperature and secondary fluid flow rate) remain constant
at their design values. As the hot water inlet temperature increases
the chiller cooling capacity increases for all cooling water inlet
temperatures. As for COP, with hot water temperature variation from
55 to 95°C, COP increases. Because a higher hot water temperature
causes a higher heating power as well as a higher refrigerating capacity.
For temperatures below 85°C, remained relatively constant with the
increase in the generation temperature, this is due to the insufficient
refrigerant circulation required to generate the cooling power.

— Tecd_out_num-.... Tde_out_num-.... Tde_in_num
g0t  ---- Ted_in_num-— Tev_in_num-... Tev_out_num
a Tde in exp « Tde out exp = Tcd in_exp

.« Tcd_out_exp « Tev_in_exp » Tev_out_exp
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60 Bl oo o
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Figure 2: Overall outlet temperature profile of heat transfer fluid for two beds
adsorption chiller.
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Figure 3: Generation temperature influence on chiller COP (A) and SCP (B)
(Tev_in=15°C, tcycle=840 s).

It is clear that the sorption process is much faster for the highest
temperatures. This means that the increase of hot water inlet
temperature allows an increase in the rate of desorption and thereafter
a faster heat transfer that generates the refrigerant adsorbed before the
evaporation/adsorption phase.

Lowering the cooling water temperature increases the specific
cooling capacity and coeflicient of performance, because the
condensation is faster for lower condenser cooling water temperatures,
also because of the increase in adsorption rate.

The mass recovery allows the improvement of the COP and the SCP,
The adsorbed and desorbed masses increase, what leads to an increase
of the cycled mass and consequently an increase of the cold production.

Figure 4 shows the change in the outlet chilled temperature versus
hot water inlet temperature for variable cooling water inlet temperature,
there is a slight variation of the evaporator outlet temperature that
decreases with an increasing the heating water temperature.

The efficiency shows the ratio between the actual coefficient of
performance and the Carnot cycle coeflicient of performance ideal
inverse (Figure 5).

The Carnot coeflicient of performance is calculated by the
following relation:

T, T, T
cor, . [ EE ]
Tdc Tad 7ch

The adsorption efficiency of the machine is determined by:
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Figure 5: Generation temperature influence on chiller efficiency (Tev_in=15°C,
tcycle=840 s).

COP
COP

carnot

’n:

Efficiency increases with increasing hot water inlet temperature and
lowering the cooling water inlet temperature.

Effect of chilled water inlet temperature

In this part, the regeneration temperature is set at 85°C and the
cooling water inlet temperature is 40°C, we will vary the chilled water
temperature and see the effect on the performance of the adsorption
machine.

Figure 6 shows the change in COP and SCP versus the inlet
evaporator temperature, it is noted that for a variation of the latter to
20°C a variation of COP and SCP respectively 0.2 and 0.481 kW.kg™;
thus increasing the evaporator inlet temperature increases evaporation
rates and then increase the cold production thus increasing system
performance.

Figure 7 shows the chilled water outlet temperature against its
inlet temperature. It is found that the temperature difference between
inlet and outlet are kept in constant, which means they are in linear
relationship, for an inlet chilled water temperature of 30°C we can have
a chilled outlet temperature of 26.65°C.
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Figure 7: The relationship between chilled water outlet temperature and inlet
temperature. (Tref_in=40°C, Tde_in=85°C, tcycle=840 s).

Effect of cycle time

Figure 8 shows the effect of cycle time of the adsorption/desorption
process on chiller performance. The operating temperatures and flow
rates are kept constant at design values, shown in Table 3.

Figure 8 shows that The COP increases uniformly with extension
of the cycle time under a driving heat source of 85°C. This is because a
longer cycle time causes much lower consumption of driving heat, the
maximum COP can be obtained at maximum adsorption/desorption
time, which correspond to the minimum heating capacity and maximum
adsorbed refrigerant amount. Based on the aforementioned results, the
aim is to have a short cycle time with a reasonable performance, so the
optimal time 1240s cycle can be a tool to optimize adsorption system.

Conclusion

This work presents a solar adsorption refrigeration system using
silica gel/water pairs. It has several advantages over the conventional
system since it offers the possibility to use the free renewable energy
and causes no environmental effect. We have developed a numerical
model for simulating the heat and mass transfer of the adsorption and
regeneration processes in the two beds with mass recovery process.
This allowed us to study the influence of the regeneration, cooling,
evaporator inlet temperature and cycle time on the performance of the
machine. The results show that the study parameters have a great impact
on system performance for its adaptation to the Tunisian climate.
It is preferable to work with a high regeneration and evaporation
temperature where the coefficient of performance reaches its maximum
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