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ABSTRACT 

The rapid expansion of human life and industrial development has led to a significant 
increase in energy demands. However, the reliance on limited fossil fuel resources has 
resulted in environmental problems and energy scarcity. Consequently, the search for 
alternative green energy sources has gained considerable interest. Solar energy, being 
abundant and non-polluting, has attracted global attention as a viable solution. Solar cooling, 
particularly in regions with high solar insolation and a demand for refrigeration, offers great 
potential. Among the various solar cooling technologies, solar adsorption refrigeration has 
emerged as a promising option. This report presents and discusses the experimental 
methodology, along with typical test results, highlighting the potential of the proposed 
system. A lab level test apparatus of a double bed Adsorption refrigeration framework 
utilizing Silica-gel as Adsorbent and Water as an eco-friendly Adsorbate is created for the 
utilization of refrigeration.  

This work is intended for 0.5 TR cooling limit in which Hot water in the temperature 
scope of 45 to 65°C is utilized as a hot source while water at environmental temperature and 
weight is utilized as a cold source. Chilled water is yield as a output from the system. 
Adsorber bed heat exchangers utilized as a part of the system goes about as a 'Thermal 
compressor'. The Adsorber bed warm exchangers are composed and manufactured such that, 
the heat and mass exchange rate are to be as high as could be expected  under the 
circumstances and heat resistance are to be as low as would be prudent. It comprises of Mass 
Transfer Channel (MTC), an incorporated structure which is comprised of number of copper 
tubes and blades of roundabout shape made of aluminium are given on copper tube to build 
maximum heat and mass exchange rates. Silica-gel is filled minimally around the copper 
tubes to diminish heat resistance. Binder PVAC is utilized to fill the silica gel in space 
between balances around the MTC to hold the substance and encased in a sealed external 
packaging. The framework is examined through arrangement of examinations against 
various working conditions to get the execution parameters as, Specific Cooling Power 
(SCP) and Coefficient of Performance (COP). A modern and surely knew strategy is 
embraced here to limit the mistakes in experimentation. Impacts of working conditions on 
the execution parameters are investigated and given the assistance of graphical instruments 
to comprehend the general working of the System. 
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1.1 Theory Introduction 

As the human life expands, energy demands are continuously increasing rapidly as the 

development of the industrial. The main source of the energy used nowadays which is the 

fossil fuel is extremely limited to deal with the worldwide demand and has been causing series 

of environmental problems. Thus, the search for alternative green energy resources has been 

drawing a lot of interest in the research. Solar energy, as the most abundant resources all over 

the world as reported that amount of solar energy received from Sun every year is reaching to 

1×1018 wk. It is almost ten thousand times human energy consumption annually Solar energy 

technologies attract worldwide attention owing to their non-polluting nature. Indeed, the 

technology is matured in some countries and for more than 30 years exploitation has 

proceeded. Among various applications, refrigeration is one of the attractive applications of 

solar energy, because the amount of sunshine and the need for refrigeration reach maximum 

levels in the same season.  

Solar cooling could be a useful technology in areas of the world where there is a 

demand for cooling, high insolation levels, and no firm electricity supply to power 

conventional systems. One of the very effective forms of solar refrigeration is the production 

of ice with the ozone-depletion problem of traditional vapor compressed refrigeration growing 

more serious, substituting traditional refrigeration with green technology has become a hot 

topic in recent years. Among those green technologies, the solar adsorption refrigeration has 

attracted much of the attention of researchers. Driven by low-grade thermal energy, the 

adsorption refrigeration system has the advantages of being environmentally friendly, small, 

and flexible. This adsorption system can also be driven with non-solar energy, for instance by 

waste heat discharged from thermal equipment or by engine exhaust gases from vehicles, as 

mentioned by Hu et al.1 In an adsorption cooling system, the adsorption bed is the key 

component. Its work directly affects the performance of the whole system. Therefore, the 

design of the adsorption bed is the most important issue as pointed out by Sutuki.2 A decade 

ago, the flat bed was mostly used in the adsorption cooling system.3,4,5 Without any solar 

concentrating device, the flat bed temperature was usually low and hence the COP of the 

system was unsatisfactory. In contrast, the tubular adsorption bed improved the COP. It was 

reported that the COP could reach 0.21 in sub-Sahara region by Hadj Ammar et al.6 

Furthermore, Wang et al.7 developed a spiral plate adsorber that was distinguished by the 

characteristic of continuous heat regeneration. The novel design of the adsorption bed 

shortened the cycle time of the system.  
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Abu-Hamadeh et al reported their study on the solar adsorption refrigeration system 

with a parabolic trough collector. Their test results showed the COP of the system varied from 

0.18 to 0.20. El Fader et al.9 studied an adsorption refrigeration system that was coupled with 

a heat pipe and powered by parabolic trough collector, which showed an optimum COP of 

0.18. In the current study, we experimentally studied an improved solar adsorption 

refrigeration system, in which a solar tracking parabolic trough collector was applied, and an 

internal cooling tunnel was deployed. With the SAPO-34/ZSM-5 zeolite and the water vapor 

as the working pair, the system showed interesting characteristics in terms of thermodynamics 

and refrigeration. The experimental methodology as well as the typical test results will be 

presented and discussed in this report.  

1.2 Aim  
Assessment of the performance of Solar Powered  adsorption Refrigeration  system which is. 

developed for refrigeration of compartment. 

1.3 Objectives 
• To find the perfect working pair of adsorbent and refrigerant for maximum COP 

• To Improve design of Generator used in Adsorption refrigeration System. 

• To Improve the design of solar collector used in Adsorption Refrigeration system. 

1.4 Necessity  
• For sustainable development refrigeration system working on renewable energy 

sources are  needed because all the refrigerating units requires electricity which is 

majorly produced by burning  fossil fuels results in huge Carbon Emission. 

•  Also, majority of refrigeration units uses CFC as a  refrigerant which are the major 

contributors in global warming. 

• An energy efficient system which  utilizes waste energy and give useful refrigerating 

effect are needed. 

• Refrigeration Units driven by green energy is in  future demand. 
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2.1 Related Work   

The phase out of CFC’s and HFC’s had made it necessary for us to find out an alternative to 

the conventional system. Adsorption refrigeration system is found out to be a most suitable 

alternative to VCR system. Adsorption refrigeration system has been employed in a much 

cooling application such as icemaker for a fishing boat, vehicles air-conditioning of 

subcompact vehicles, large capacity ice makers using waste heat source or solar energy, water 

chiller etc. As this technology has no adverse effect on the environment is seen as more 

prominent technology. But due to very low overall efficiency, it is facing very big problem for 

commercialising. There is large amount of heat transfer and mass transfer resistance inside the 

adsorber bed which results in low SCP and COP. These issues are required to be solved by 

some technical improvements. This chapter reviews the concept of adsorption cooling 

system’s basic principle and working.  

2.2    Adsorption Refrigeration System  
The system operates by using a heat source, such as solar energy or waste heat, to desorb 

the adsorbent material, which releases water vapor or other refrigerant gases. This process creates 

a low-pressure environment that draws in ambient air, which is then cooled as it passes over the 

adsorbent material. The cooled air can be used for various cooling applications, such as air 

conditioning, refrigeration, or food preservation. Adsorption refrigeration systems have several 

advantages over traditional compression-based refrigeration systems, including lower energy 

consumption, quieter operation, and the ability to use renewable energy sources. However, 

adsorption refrigeration systems also have some limitations, including lower cooling capacity and 

longer cycle times. As a result, they are generally used in smaller-scale applications or in 

conjunction with other cooling systems to provide supplemental cooling. 

2.2.1 Basic Nomenclature   
1) Adsorbent: - A material having capacity to adsorb another material on its surface. E.g.   

Silica-Gel, Activated Carbon, Zeolite.  
2) Adsorbate (Refrigerant): - A material that is capable of being adsorbed by adsorbent. 

E.g., Water, Ammonia, Ethanol.  

3) Sorption: - Adsorption and absorption both are abbreviated as sorption together.   

4) Adsorption: - It is process of adhesion of any ion, atom, and molecules on a surface. It is 

physical process when molecules of any phase are adsorbed on a solid surface and 

adsorption is a surface phenomenon. Exothermic reaction takes place and heat is evolved 

during this reaction which is extracted by cold source.   
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5) Desorption: - With the application of heat the adsorbate is released from adsorbent surface 

it is known as process of “Desorption”.  

2.2.2 Difference between Absorption and Adsorption  

 There is considerable difference between adsorption and absorption processes which are as 

follows: -  

Table 2.1: -Difference between Adsorption and Absorption. 

Parameters Adsorption  Absorption  

Principle Molecules of liquid or gas  

(Adsorbate) accumulates 

or adheres to the solid  

(adsorbent) surface  

Molecules of liquid or 

gasses (Adsorbate)  

penetrates inside the 
porous (absorbent) surface  

Phenomenon Surface phenomenon  Volumetric phenomenon  

Source temperature 
requirement 

As low as 50 °c to as high 
or higher than 500 °c  

Should be greater than 70  

°c  

Fluctuation in heat source 
temperature 

Does not affected  Affects much on working 
of the system  

Hot and dry working 
environment 

  

Can work effectively.  

  

Not suitable  

Corrosion Not severe  Severe  

Size Large  Small  

Life More than 30 years  7 to 9 years  

Efficiency Low  High  

Cooling capacity 5.5 to 500 kW  4.5 to 5 MW  

Installation cost Very high  Low  

Maintenance cost Low  High  

   
2.2.3 Principle of adsorption: -  

 Adsorption refrigeration system is operated with the help of principle of adsorption. It is 

accomplished by evaporator, condenser, expansion device and the adsorber bed which is filled 
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with solid adsorbent. When gaseous molecules come in contact with solid adsorbent surface it 

interacts with it as the surface is unsaturated. The gaseous molecules get attracted and retained 

to balance the residual forces. In quick interval of time, the large amount of concentration of 

molecules is build up near the solid surface; this is caused by process of “Adsorption”. When 

this process is going on inside the bed, the cooling effect is produced at the evaporator section.  

For the continuous operation, heat energy is supplied to bed to desorb the refrigerant from 

adsorbent and this process is known as “Desorption”. Due to the Van der walls forces, the 

pressure and temperature inside the system increases during adsorption. Adsorption 

refrigeration cycle can be divided into two halves “Heating-Desorption-Condensation” and 

“Cooling-Adsorption-Evaporation”[1].  

2.2.4   Single bed adsorption refrigeration cycle: -  

   

Figure 2.1:-Single bed adsorption refrigeration cycle[1]  

Single bed adsorption refrigeration system consists of one adsorption bed heat exchanger, an 

evaporator, condenser, an expansion device, and valves to regulate the flow of vapour. 

Specially designed packed bed heat exchanger is used to increase the pressure and temperature 

of refrigerant as shown in figure 1. The compressor of VCRS is replaced by adsorber bed heat 

exchanger. In single bed adsorption refrigeration system cooling effect is pulsating as during 

desorption period there is no cold production.    
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Figure 2.2: Single bed Adsorption cooling cycle on Clapeyron’s diagram.   

Description: 1-2 = Isosteric heating process, 2-3 = Isobaric heating process, 3-4 = Isosteric 
cooling process, 4-1 = Isobaric cooling process, 2-C = Condensation process, C-D = 
Expansion process, D-1 = Evaporation process [2].   
   
  Processes in a single bed sorption cooling cycle can be explained by Clapeyron 

diagram (ln P vs. -1/T) as shown in Figure 2. A complete cycle can be divided in between two 

half cycles. Initially, the reactor is charged with Adsorbate at atmospheric temperature (Tamb) 

and at evaporator pressure (Pevp), i.e., position 1 in Clapeyron diagram. Now the bed is heated 

continuously so that both temperature and pressure will increase. The process is known as 

Isosteric (concentration of adsorbent does not changes) heating (process 1-2). At point 2, 

Pressure is Pcond. Now at condenser pressure, heating continues up to point 3 and Asorbate go 

into the condenser. This process is known as Isobaric (at constant pressure) heating (process 

23). Adsorbate (vapor) is condensed in the condenser (process 2-C). From condenser pressure, 

Adsorbate (liquid) is expanded up to evaporator pressure (process C-D). Evaporator pressure 

is lower than atmospheric pressure so that the Adsorbate starts evaporating in the evaporator 

by absorbing surrounding heat. During this process cooling effect is obtained (process D-1). 

Within this time, bed is cooled by outside media up to Pevp (process 3-4) and then bed 

will start adsorbing molecules of Adsorbate. As the reaction is exothermic, heat 

need to be removed at constant pressure Pevp by cooling media (process 4-1). Reactor 

and Adsorbate attain position 1 and the cooling cycle gets completed.  



  
 

9   

   

ADCS using single bed produces cooling power only during half cycle ‘Cooling - Adsorption 

– Evaporation’. Adsorber bed heat exchanger needs to be regenerated during ‘Heating – 

Desorption – Condensation’. During this cycle, there is no cooling effect and to take over this 

issue of single bed ADCS, Double-bed ADCS can be implemented.  

2.2.5 Double bed adsorption refrigeration cycle: -  

   
Figure 2.3:Double Adsorption refrigeration system   

Double bed heat exchanger system consists of two adsorber bed heat exchanger in 

order to produce continuous cold production with evaporator (E), condenser (C) and expansion 

device (EV). The two-bed adsorption system is heavier than single bed. The valves are to be 

switched after a definite interval of time to alter the working bed for adsorption and desorption 

process.   

2.3 Adsorbents: -   

  In adsorption cooling system physical adsorbents are commonly used, adsorbents are 

the main pillars of any adsorption cooling system. The main adsorbents used in Adsorption 

refrigeration system are silica gel, activated carbon, zeolite etc.  

2.3.1 Silica Gel: -   

The regenerative temperature of silica gel crystal is very less hence silica gel can be 

effectively utilised for the adsorption refrigeration system with hot source temperature as low 

as 700 C[3] due to very low regenerative temperature silica gel is in very interest of many 

researchers and can be effectively used for the system powered by low-grade temperature 
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source and solar energy[4]. Following table shows experimentation outcomes obtained by 

researchers who have used Silica-gel as an Adsorbent in their experimentation. Values of COP 

and SCP can be compared from following table for different parameters.   

Table 2.2: Literature review of experimental investigations using Silica-gel as 

Adsorbents.  

Source  Method 
of heat 
addition  

Working 
pair  

(Adsorbent  
+  

Adsorbate  

Qty. of  
Adsorber 

bed  

Cooling 
capacity  

(kW)  

SCP  
(W/Kg of 

adsorbent)  

COP  

[5]  Hot 
water 
loop  

Silica 
gel/water  

2  3.6  -  0.39  

[6]  Hot 
water 
loop  

Silica 
gel/water  

2  4.2  -  0.42  

[7]  Hot 
water 
loop  

Silica 
gel/water  

4  -  335  0.29  

[8]  Hot 
water  

Silica 
gel/water  

2  -  430  -  

The following table shows technical specifications of Blue Silica-gel which is easily 
available. in the market.  

Table 2.3: Technical Specification of Silica-gel Blue As per IS-3401-1979/1992/2003.  

DESCRIPTIONS  SILICA-GEL BLUE  

Type  Indicating Type  

SiO2 content  97 – 99 %  

pH  6-7  

Bulk Density  0.600 - 0.700 gm/cc  

Loss on Drying %  < 5-6 %  

Loss on Attrition %  2.5%  

Adsorption Capacity at 100 % humidity  27 – 40 %  

Friability  99.5  

Chloride (as Nacl)  0.4 ppm  

Sulphates (Na2SO4)  0.5 ppm  

Ammonium (NH3)  NIL  

Particle size (Mesh) available  1-2,3-4, 3-8, 5-8, 9-16, 16-30  

Chemical Formula  SiO2+H2O+CoCl2  
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2.3.2 Zeolite: -   

Zeolite has very high regenerative temperature ranging from 1800C to 6000C hence it 

cannot be used for low grade waste energy sources. Zeolite can be utilized for the waste heat 

source of furnaces and boilers as the source temperature is high. Zeolite and water pair is three 

times more efficient than silica gel water pair, as zeolite is destructive over 700oC hence it 

does not have more application and is not suitable for solar sources[9].  

2.3.3 Activated carbon: -  

Wood is used as main material to make activated carbon with peat, coal, and coconut 

shell. When the microcrystal for activated carbon is produced from bones it has a structure of 

six elemental carboatomic rings. The proposed specific surface area of activated carbon is 

between 500-1500m2/g. Activated carbon has narrow pore area within the grains and 

composed of the net structure with irregular channels.[10] Activated carbon differs from other 

physical adsorbent in the surface feature, that is oxide matrix covering whole surface with the 

help of inorganic material, hence have weak polarity and is non-porous in actual. The heat of 

adsorption is less when compared to another adsorbent.  

2.4 Adsorbate (Refrigerants): -  
Adsorbate contributes to the cooling effect in the adsorption refrigeration systems; 

adsorbate must possess maximum properties of ideal refrigerant as ideal refrigerant is an 

imaginary concept. The GWP and ODP of the adsorbent must very low so that the system can 

contribute to eco-friendly refrigeration system.[11] The commonly used adsorbent with physical 

adsorbent are water, ethanol, methanol, and ammonia. But ammonia is not preferred as it is 

poisonous and can harm a human.[12]   

Table 2.4: Properties and suitability of Adsorbates used in ADRS.  

Adsorbate   Boiling point(oC)   Latent  heat  of  
vaporization(kj/kg)   

Density(kg/m3)   

Water   100   2258   958   

Methanol   65   1102   791   

Ethanol   79   842   789   

Ammonia   -34   1368   681   
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DESIGN CALCULATION AND FABRICATION 
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Fig.3.1 Experimental setup   

  
Description Of Fig.3.5: ((1) Evaporator Section (2) Adsorber Bed 1 (3) Adsorber Bed 2 (4) Inlet 
Circuit for both the bed (5) Outlet Circuit for both the bed (6) Condenser (7) Expansion Device 
(8) Hot Water Tank (9) Hot Water Pump (10) Rotameter in hot water line (11) Solar water Heater   
(12) Cold water tank (13) Cold Water Pump (14) Rotameter in cold water line (15)valve 
connecting evaporator and adsorber bed 2 (16) valve connecting evaporator and adsorber bed 2 
(17) valve connecting condenser and adsorber bed 1 (18) valve connecting condenser and adsorber 
bed 2   
3.1  Introduction    
   The design is the major tool take on to construct a mechanical system effectively. It is a 

customary procedure adopted to ensure safety and effective utilization of most suitable 

construction techniques to construct a prerequisite test facility. Adsorption refrigeration system 

is manufactured with respect to its application, i.e., for refrigeration of insulated compartment. 

There are many parameters that can be considered for design of such refrigeration system. These 

all parameters either be redecided or else post-realized. An experimental test rig is essential to 

check its suitability for selected application. In this chapter, details of experimental test rig are 

elaborated and are discussed to carry out experiments to proceed further for results. Experimental 

test rig entails of the set-up of all the required components of the system. An organized approach 
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is adopted to make provisions of components. The sophisticated design method is developed, 

and fabrication is done to lessen probable errors.  

3.2      Design of experimental test facility   
3.2.1 Capacity of Adsorption System   

 Prior to fabrication of the test rig the capacity of the chilling unit must be decided so 

that the rig must efficiently meat the cooling load. In present invention adsorption refrigeration 

system is to be designed for the application of cooling of insulated compartment. Here, the 

system is decided to be designed for 0.5TR capacity which is sufficient to cool the selected 

compartment.  

A methodical procedure is followed now after deciding capacity of the system.[1]  

3.2.2 No. of Adsorber bed heat exchanger   

  Single bed adsorption refrigeration system produces intermittent cooling effect as 

during the process of desorption process there is no evaporative effect in evaporator, but in the 

refrigeration application we require continuous cooling effect. This is fulfilled by using double 

bed adsorption refrigeration system. Only disadvantage posed by this system is the space 

requirement, as we are using double bed system, we will require extra space for the second 

bed. In the present invention we are using double bed adsorption system. Both the beds are 

identical in design. Every design parameter, configuration and working are same for both the 

beds.   

3.2.3 Design of an Adsorber bed heat exchanger:   

 Adsorber bed is the Soul of the adsorption refrigeration system. Adsorber bed is a 

distinct type of heat exchanger in which Adsorbent material is filled with care. Heating and 

cooling arrangements for adsorber bed were made externally. The flow of an Adsorbate is 

regulated in the heat exchanger with the help of valves. In adsorber bed the phenomenon of 

heat transfer and mass transfer occurs simultaneously. The design of Adsorber bed is of at 

most important because poor design leads to low heat and mass transfer rates, which eventually 

affects the cycle time, SCP and COP [2]. However, the design of an Adsorber bed is not given 

prior importance in the older available adsorption systems. In the present invention, more 

focus is made on the improvement of heat and mass transfer rates. After analysis, it has been 

found that Heat transfer rate of the heat exchanger can be enhanced by increasing the heat 

transfer area and mass transfer rate can be enhanced by decreasing the thermal resistance 

between Adsorbent-Adsorbate particles or by creating voids. According to this, Adsorber bed 

heat exchanger is designed and assessed [3].  
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While designing the adsorption system for Refrigeration system powered by waste heat, 

method of heat addition and extraction, size and shape should be considered. Available 

adsorption systems were somewhat bulky because of the large size of Adsorber bed heat 

exchangers and hence cannot be appropriate for application. In the present invention, efforts 

were made to reduce the size of the whole system. In available systems, exhaust heat at the 

outlet of the engine was utilized as a heat source. It is a good utilization of heat content, but 

practically it creates a problem of handling the gas at a temperature around 400 °C. In the 

present system, it is decided to use hot water which is heated by heater for experimentation 

otherwise would have been heated by waste heat from exhaust.                           

 A. Selection of an Adsorber bed heat exchanger configuration  

 

Figure 3.2: Different types of Adsorber bed heat exchanger configurations  

  
As it has been observed earlier that heat and mass transfer in the heat exchanger is at 

most important, so it is important to adopt such configuration of the heat exchanger which has a 

maximum area of heat transfer as well as lowest thermal resistance to the flow of Adsorbate 

over the Adsorbent. There are so many configurations of heat exchangers available and used 

before by many researchers. Prior to information, Amir Sharafian et al. [1], Listed various types 

of heat exchanger designs can be used effectively in the adsorption cooling system.   
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                                             Fig 3.3 Design of Generator 

 

          Isometric view                           Closed Front View  

Fig 3.4 Design of Generator Tubes 

The effect of Adsorber bed design on COP, SCP, and Adsorber bed to Adsorbent Mass Ratio 

(AAMR) is compared to nine different types of configurations of Adsorber bed heat 

exchangers.   

Those are Spiral plate type, Shell and Tube type, Hair-pin type, Annulus tube type, 

Plate-fin type, finned tube type, Plate tube type, simple Tube type, and simple Plate type, as 

shown in the figure above. Amongst all these configurations, highest COP, and SCP is reported 

for the finned tube type heat exchanger. With this analysis, it is decided to go with finned tube 

Adsorber Heat Exchanger so that we can assure higher heat and mass transfer rates. The design 

of finned tube Adsorber bed heat exchanger includes a heat transfer tube of material having 
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higher thermal conductivity and it is surrounded by extended surfaces which increase surface 

area. The adsorbent material is filled in the gaps available between the fins surrounding to heat 

transfer tubes and are binder to the tubes by using binder polyvinyl alcohol. This section is 

called as Mass Transfer Channel (MTC) ‘and now the whole assembly is enclosed in the outer 

casing so that it would be subjected to vacuum.   

B. Selection of Adsorbent-Adsorbate pair   

Adsorbent-Adsorbate pair combination is an important aspect of mass transfer inside 

the adsorber bed. It has been decided to use the hot water with temperature range 800C to 900C. 

Hence, while selecting the suitable Adsorbent and Adsorbate, it is important to ensure that, 

regeneration of an Adsorbent material is in between this temperature range. Following 

important points are considered while selecting suitable Adsorbent material [4]:   

Adsorbent material should be capable of adsorbing maximum amount of an adsorbate vapor 

at minimum input conditions.   

• When subjected to hot source must regenerate as soon as possible.   

• Adsorbent material must have long life and must not deteriorate with time and use.   

• It should be non-corrosive and non-toxic.   

• It should have low cost and easy availability.     

Following important points are considered while selecting suitable Adsorbate.(Refrigerant) 
[4]:   

• It should have a high value of the latent heat of vaporization and low value of specific 

volume.   

• It should saturate at low pressures (above atmospheric pressures)   
• It should easily adsorb on the Adsorbent material and should not damage Adsorbent 

material.   

• It should be thermally stable at operating range.   
• It should be non-corrosive, non-toxic and non-inflammable.   
• It should have low cost and easy availability.   
From the above discussion, Blue Silica-gel beads (2mm) are selected as an Adsorbent 

material and Water is selected as a refrigerant. Blue Silica-gel can be easily regenerated at a 

temperature below 80 °C, at higher vacuum pressures, and easily available in the market. The 

capacity of adsorption of silica-gel beads can be easily restored by soaking it in the acidic 

solution followed by washing with distilled water [5]. Water is non inflammable and non-toxic 

as well. It has a high latent heat of vaporization around 2250 kJ/kg. Hence, water is the most 

suitable Adsorbate with Silica-gel [6].   
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C. Amount of an Adsorbate (Refrigerant) required.   

For 0.5 TR capacity, amount of Adsorbate required can be calculated as follows: We have, 

Equation to calculate amount of Adsorbate (Refrigerant) required as follows [1]:    

   

   
Where,    

 = Cooling effect = 1.758 kW; because system is to be designed for 0.5TR refrigeration 

capacity.   

 = Adsorption time = 300 S; for any compartment to be cooled, 10 min is the standard time 

in which we need cooling effect and total cycle time is addition of Desorption time and 

Adsorption time. In this way, Desorption time is 300 S and Adsorption time is 300 S, but we 

get cooling effect during Adsorption time which is equal to 300 S [1],   

 = enthalpy of water Adsorbate vapor at Tevp = 10 °C = 2519.2   

kJ/kg [1]   

 = enthalpy of liquid water (refrigerant) at Tcond = 45 °C = 188.44 
kJ/kg [1]   

Now,    

Therefore,    

D.Amount of Adsorbent required.   

For 0.5 TR capacity, amount of Adsorbent required can be calculated as follows [1]:   

                         
Where,  = amount of Adsorbate needs to be circulated in system in order to meet 

cooling requirement, calculated as earlier= 0.226 kg,   

 = Water uptake and discharge difference capacity of Silica-gel = 0.09 to 0.1 kg/kg of dry 

Silica-gel [1].    

Now,     

Therefore, 2.5 kg of dry Silica-gel per bed.  

3.2.4 Selection of material and other parameters of main components   

According to the requirement, finned tube Adsorber bed heat exchanger consist of heat 

transfer channel surrounded by circular fins and the whole assembly is known as MTC which 
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is packed in outer casing with the help of flanges. The whole bed can be evacuated from one 

end. Selection is as follows –   

1. Mass Transfer Channel (MTC):   

     Material used for tubes– copper (higher thermal conductivity and easy availability)   

       Orientation – coiled tubes (5 tubes – to assure maximum heat transfer)   

        Diameter of tube – 3/8 (9.54 mm)   

        Shape - Circular          

Length – 300 mm           

Fins:   

• Type - Circular fins   

• Material – aluminium   

• Thickness of each fin – 0.5 mm   

• Dimension of single fin - (Diameter * thickness) cm= 5 * 0.05 cm   

• Space between two fins –10 mm   

• No. of fins on one tube- 48   

2. Outer casing:   

• Material – G.I. Sheet   
• Dimensions - (Diameter * height) cm= (30 * 60) cm     

3. Condenser:   

• Air-cooled   

• Tube material – copper   

4. Capillary tube:   

• Diameter – 2 mm   

• Length – 60 cm     

5. Evaporator:   

• Material of outer body – Aluminium sheets   

• Shape – Rectangular Box   

• Plate type evaporator   

There are two openings for the evaporator, one passes liquid Adsorbate from expansion 

capillary to evaporator, and one passes vaporized Adsorbate to Adsorber bed for adsorption.  

In this way, main components are selected, and system is now ready for fabrication.  
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3.2.5 3D modelling on Solid work  

   
Fig 3.5 Design of Model  

3-D modelling on solid work Adsorber bed heat exchanger is designed and modelling 

is done on 3-D interface by using solid work software. Solid work is used to create a 3-D view 

of Adsorber bed heat exchanger.  

3.3 Performance parameters required to be calculated.   

Any thermodynamic system has performance parameters which are required to analyse 

the performance of the system. These parameters may be calculated through experimentation 

and realized through discussion. ADCS has been analysed for performance parameters which 

are Coefficient of Performance (COP), Specific Cooling Power (SCP) and Adsorber bed to 

Adsorbent Mass Ratio (AAMR). It was pre-decided to calculate these performance 

parameters, so instrumentation has been done in experimental setup.   

A. Specific Cooling Power (SCP)   
SCP is the most important performance parameter in Adsorption cooling system as it 

represents the amount of cooling output obtained per unit of mass of dry adsorbent.  SCP is 

defined as the ratio of cooling energy to the mass of unsaturated adsorbent multiplied by 

required cycle time. Unit of SCP is W/kg of dry adsorbent. SCP depends on the Adsorbate 

uptake capacity of adsorbent. If Adsorbate uptake capacity of an adsorbent is large with 

minimum consumption of time, then SCP is more [1]. It is well and good that SCP is as large 

as possible. The definition of SCP stated here does not consider the weight of an extra metal 

of an Adsorber bed heat exchanger other than Adsorbent. Also, the volume of Adsorber bed 

is also neglected here. To resolve this issue, Volumetric SCP can be calculated. Prediction of 

SCP can be possible as follows,   
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Qe designed condition is equal to 0.5 TR, which is equal to 1.75 kW. Tads is nothing but 300 S 

out of 600 Seconds of total cycle time. 2.5 kg of Silica-gel is to be filled in each Adsorber bed 

which is calculated earlier. In this way, maximum value of SCP obtained.   

  

   
B. Coefficient of Performance (COP)   

To evaluate the efficiency of Adsorption refrigeration system here, a parameter called 

COP is to be calculated through experimentation. COP is a dimensionless term which defined 

as the ratio of cooling power obtained through the evaporator to the heat energy supplied to 

Adsorber bed heat exchanger through the hot source. It is always expected that COP should 

be above one but, sorption systems have COP less than one. If the hot source is available in 

abundance, then COP will not be as important as other performance parameters.    

3.4 Selection of all other components   
The other supplementary setup consists of parts as, hot, and cold-water tank, Pumps, 

In-way and Out-way circuits, valves, heater, control panel, instrumentation, Insulations, etc. 

these components are chosen according to market suitability and price.    

3.5 Fabrication of Experimental test facility   
Fabrication of Experimental setup includes the building of a structure which includes 

main and supplementary components. Manufacturing techniques are adopted in such a way 

that, all components of the system should be assembled properly and working may not be 

disturbed during experimentation. Suitable manufacturing techniques are adopted according 

to material and accuracy required. The test facility is discussed in the following sections.   

3.5.1 Line Diagram of an Adsorber bed heat exchanger and detail description   

Line diagram of Adsorber bed heat exchanger shows the assembling of all different 

parts through suitable manufacturing processes as follows:   
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Figure 3.6: Line diagram of an Adsorber bed Heat-Exchanger  

Description: - (1) Mass transfer channel (2) adsorber binded copper fins (3) Mass transfer inlet  

(4) Mass transfer outlet (5) Refrigerant inlet (6) Refrigerant outlet (7) Outer shell with insulator  

Figure 3.6 shows the line diagram of an Adsorber bed heat exchanger. All the parts of the bed 

are listed below the diagram. The same design is adopted for the Adsorber bed heat-

exchangers. Mass transfer channel (Callout 1) is a refillable and having compact structure. 

Mass transfer channel consist of 5 copper tubes having inlet (Callout 3) and outlet (Callout 4), 

through which heat transfer fluid circulated. Copper tubes have silica gel binder aluminium 

fins on each tube  

(Callout 2) were fixed around the periphery of the tube. Gap available between the fins is 

utilized for binding more of Adsorbent material. The mass transfer channel is enclosed 

completely in the outer shell (Callout 7) and fitted with the help of leak proof enclosure. There 

is inlet (Callout 5) and outlet (Callout 6) for the vapor refrigerant.   

3.5.2 Line diagram of complete experimental setup facility and description   

Line diagram of a complete set up shows connections of all primary and secondary 

components as follows,   

      
Figure 3.7– Line drawing of primary experimental set-up.   

Figure 3.7 shows a line diagram of the experimental set-up. All the components of the 

setup are listed below the diagram. Adsorber bed 1 (callout 2) and Adsorber bed 2 (callout 3) are 
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state of the art heat exchangers of the system. Adsorber bed 1 connected to condenser (callout 

6) via valve (callout 17). The outlet of Condenser is connected to inlet of an Evaporator (callout 

1) via a Expansion device (callout 7). Adsorber bed 1 is connected to Condenser and Evaporator 

by valves (callout 17 and 16 respectively). Similarly, Adsorber bed 2 connected with Condenser 

and evaporator by valves (callout 18 and 15 respectively). Hot and cold water supplied to bed 

via inway circuit (callout 4) while, received back throughout-way circuit (callout 5). Hot water 

tank (callout 8) is provided and fitted with an electrical heater (callout 11) to supply hot water 

via a pump (callout 9). Similarly, cold water tank (callout 12) is provided which acts as a 

common reservoir of cold water required to cool the adsorber bed via pump (callout 13) as well 

as water circulated in evaporator via submersible pump (callout 21) to achieve the desired output. 

Rotameters (slot 14 and 10) fitted in pipeline with hot and cold water to measure mass flow rate. 

Refrigerant is used as water and charged in the evaporator via a separate arrangement by creating 

a vacuum (external arrangement, not shown in line diagram).   

3.6 Description of test facility    
The primary experimental setup consists of a two Adsorber bed heat exchangers, air 

cooled condenser, an expansion device (Capillary tube) and an evaporator. The other 

supplementary setup consists of parts as hot and cold-water tank, Pumps, In-way and Out-way 

circuits, heater, valves etc. Two Adsorber beds of same configurations are incorporated as a 

Thermal compressor in the system. Two beds operate during their respective half cycles. 

Common air-cooled condenser and evaporator is connected to the Adsorber beds with the help 

of valves. Valves are operated manually to evaluate the system for changing parameters. The 

function of valves in the refrigerant line is to regulate the flow of an Adsorbate through Adsorber 

bed, followed by a condenser, evaporator and back to the Adsorber bed.  Valves present in the 

in-way and out-way circuits are used to regulate the flow of cold and hot water in the Adsorber 

bed heat exchangers. Two reservoirs used in the system to provide hot and cold water. Hot and 

cold water is being circulated in the system with the help of pumps. Submersible pump dipped 

in the cold-water tank is used to circulate chilled water through the evaporator.  Rotameters are 

fitted in the pipeline of hot and cold water after the pumps. The temperature at the different 

locations is measured by ktype thermocouples and indicated by digital indicator present on the 

control panel. Pressure gauges used to measure pressure. The separate external arrangement is 

provided in the system to create a vacuum to charge Adsorbate. A pictorial view of complete 

experimental setup is as shown in the Figure 3.7.    
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3.7 Fabrication of Experimental Setup  
  Design: The first step is to design the adsorption system based on the specific requirements and 
objectives. This includes determining the adsorbent material, system capacity, operating 
conditions, and overall configuration. 
 
Material selection: Select the appropriate materials for constructing the system components such 
as adsorbent beds, piping, valves, and instrumentation. The materials should be compatible with 
the adsorbent material and the operating conditions (temperature, pressure, corrosive environment, 
etc.). 
 
Construction of adsorbent beds: Fabricate the adsorbent beds or columns where the adsorption 
process takes place. The construction method depends on the system design and may involve 
welding, casting, or assembling pre-made sections. The beds should be structurally sound and 
capable of holding the adsorbent material securely. 
 
Installation of valves and instrumentation: Install valves, pressure gauges, temperature sensors, 
and other necessary instruments to monitor and control the system. Ensure proper sealing and 
connections to prevent leaks or pressure losses. 
 
Piping and plumbing: Connect the adsorbent beds with piping to allow the flow of the process 
fluid or gas. Consider factors such as fluid velocity, pressure drop, and pressure ratings when 
designing and installing the piping system. Proper insulation may be required to maintain desired 
operating temperatures. 
 
Support structures: Fabricate support structures or frames to hold the adsorption system 
components securely in place. These structures should be stable and able to withstand the weight 
and forces exerted by the system. 
 
Testing and quality control: Once the fabrication is complete, thoroughly test the system to ensure 
its proper functioning. This may include pressure testing, leak detection, performance evaluation, 
and compliance with safety standards and regulations. 
 
Installation and commissioning: Install the adsorption system at the designated location and 
integrate it with the existing infrastructure. Conduct the necessary commissioning procedures to 
verify its performance and functionality. 
 
 
 
 
 
 
 
 
 
 

Figure 3.8: Fabrication Images of Adsorber Bed 
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Figure 3.9: Fabrication Images of Experimental setup 
 

3.8 Solar Water Heater  

                             
Figure 8.10: Design of solar water heater  

The design of a solar water heater with dimensions of 80cm x 80cm and water tube size of 
3/4 inch made up of aluminium fixed on a copper plate of 2 feet by 2 feet is relatively straight 
forward.  
Material Selection: As per the design requirement, aluminium and copper plates are chosen 
to build the system. Aluminium is an excellent conductor of heat and is also lightweight, 
while copper is a good thermal conductor with high thermal stability. The 3/4-inch water 
tubes will be made of copper for the best thermal conductivity. Water Tank: A water tank of 
the size 25 cm ×25 cm will be used to store hot water. The tank is placed at a higher level 
than the collector to ensure natural flow.  
Copper Plate: The copper plate of 2 feet by 2 feet is fixed to the bottom of the collector to 
ensure maximum heat transfer.  
Water Tubes: The 3/4-inch aluminium tubes are then fixed on the copper surface with the 
help of a thermal adhesive. The tubes are arranged in a serpentine pattern to maximize heat 
transfer. The inlet and outlet pipes are connected to the water tank.  
Insulation: The collector is insulated on all sides to prevent heat loss.  
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Mounting: The collector is mounted on a stand made with mild steel angles such that it 
includes the collector 30 ° with roof.  
Operation: The solar water heater works by converting solar energy into heat. When sunlight 
falls on the collector, it heats the water in the tubes. The heated water is then stored in the 
tank for later use.      
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4.1 Introduction to Experimentation 

Experimentation is be performed with a specific end goal to discover execution 

parameters. Experimentation is a standard system took after to acknowledge working of 

specific process or marvel. Here, a cooling framework considering the standard of Adsorption 

is tried for various cases and perceptions are recorded in the perception tables. 

Experimentation performed on the test apparatus and safety measures are taken to limit 

blunders. In this section, a complex execution technique is talked about which is adjusted to 

lead experimentation. The investigation is led for three unique situations where starting 

conditions shift while marvel continues as before.   

4.2 Procedure of Experimentation   

The double bed Adsorption refrigeration system comprise of two Adsorber bed heat 

exchangers, the entire work is separated into two sections: one a player in Adsorber bed 1 and 

another piece of Adsorber bed 2. Both the beds associated with in way and the out-way circuit 

through which hot and cool water supply is made. Consider, Adsorber bed 1 i.e., one section 

is experiencing the desorption procedure. At this, high temperature water is provided to bed 1. 

The desorption process is followed by condensation in the condenser and refrigerant is 

expanded to the evaporator pressure by a capillary tube. In the evaporator refrigerant is utilized 

to cool environmental water, which is kept in the bottle. In the meantime, another part is 

provided with cool water and gets refrigerant which is extended in the initial segment. This 

procedure is exchanged after halftime of cycle slipped by. Presently, second part is ready to 

be first part and vice versa. All operations were exchanged, and this exchanging time is 

disregarded. During this time, position of valves was interchanged. Position of valves is as per 

the following,   

4.2.1 Position of valves   

Valves present in the system are divided into three categories as,   

1. Valves present in the Refrigeration line,   

2. Valves present in the In way circuit and,   

3. Valves present in the Out-way circuit.    
Position and nomenclature of valves are as shown in the following figure,  
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Figure 4.1: Position of valves   

4.2.2 Operation of valves according to process   

Following table categorizes operation of valves to operate bed for a particular process.   

Table 4.1: Operation sequence of valves present in the system.  

Adsorber 
bed   

Proces 
s   

Valves in the Refrigeration 
line   

Valves in the In way 
circuit   

Valves in the Out way 
circuit   

V1   V2   V3   V4   1   2   3   4   1   2   3   4   

Adsorber 
bed 1   

Desorp 
tion   

On   Off   On   Off   On   Off   Off   On   Off   On   On   Off   

Adsorber 
bed 2   

Adsorp 
tion   

On   Off   On   Off   On   Off   Off   On   Off   On   On   Off   

Adsorber 
bed 1   

Adsorp 
tion   

Off   On   Off   On   Off   On   On   Off   On   Off   Off   On   

Adsorber 
bed 2   

Desorp 
tion   

Off   On   Off   On   Off   On   On   Off   On   Off   Off   On   
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4.3 Instrumentation   
4.3.1 Measurement of temperature   

Temperatures at the different locations are measured with the help of K-type 

thermocouples. Different locations of thermocouples and nomenclature of temperatures are as 

shown in the following table,   

Table 4.2: Location of thermocouples to measure temperatures.  

Sr.no   Temperature   Position of thermocouple in system   

1   T1   Inlet of Adsorber bed 1   

2   T2   Outlet of Adsorber bed 1   

3   T3   Inlet of Adsorber bed 2   

4   T4   Outlet of Adsorber bed 2   

5   T5   Evaporator   

6   T6   In the refrigerant line at the Outlet of Adsorber bed 1   

7   T7   In the refrigerant line at the Outlet of Adsorber bed 2   

8   T8   In the refrigerant line at the Inlet of Evaporator   

9   T9   In the refrigerant line at the outlet of Evaporator   

10   T10   In the refrigerant line at the inlet of Condenser   

11   T11   In the refrigerant line at the outlet of Condenser   

 
4.3.2 Measurement of mass flow rate of hot and cold source   
The mass flow rate of hot and cold water is calculated by Rotameters fitted in hot and 

coldwater lines respectively. Rotameters are calibrated in LPM of water from 0 to 20 LPM of 

water.  

4.3.3 Control panel   

The control panel consists of digital indicators, temperature knob and on-off switches at the 

front side. Control panel used as a supportive structure to hold temperature sensors in the plugs 

of digital indicators. Readings of temperature at different locations can be calculated by 

rotating the temperature knob which has 12 no. of steps.   
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4.4 Experimental cases   

To compute different performance parameters and to establish a relation between them, 

it is necessary to keep constant some operating parameters and some to be changed.  

Experimentation is divided into three cases as follows,   

4.4.1 Case A: The Varying mass flow rate of a hot and cold source for a range 
of operating conditions at the constant cycle time.   
In this case, mass flow rate of the hot and cold source is varied in the range of 3 to 15 LPM of 

water. Cycle time is decided 10 min earlier but, to compensate the effect of switching time, 

the cycle time is kept constant at 15 min. Three inlet temperatures of hot source are analyzed 

as follows,   

1. For Thot in = 45 ˚C, Tcold in = 30˚C and Tbottle, in = 30 ˚C.   

2. For Thot in = 55 ˚C, Tcold in = 30˚C and Tbottle, in = 30 ˚C.   

3. For Thot in = 65 ˚C, Tcold in = 30˚C and Tbottle, in = 30 ˚C.   

4.4.2 Case B: Keeping constant mass flow rate of a hot and cold source for 
varying operating conditions at constant cycle time.      
In this case, mass flow rate of the hot and cold source and cycle time kept a constant while, 

the inlet temperature of the hot source is varied from 45 °C and 60 °C.   

4.4.3 Case C: Keeping constant mass flow rate of a hot and cold source for 
varying operating conditions at varying cycle time.   
In this case, mass flow rate of hot and cold source kept constant and Inlet temperature of the 

hot source along with cycle time is changed.  

4.5 Observation table   
Table no 4.3 General layout of the observation table 

This is general layout of the observation table; every observation is shown in the annexure.   

      Bed 1: Hot Water, Bed 2: Cold water          
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M)   

   
(LP 

M)   

Tad 
s  
(m 
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)   

Tde 
s  
(m 
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 4.6  Formulation   
Table 4.4: - Table of Formulation  

Parameter   Symbol   Equation used for calculation   Unit   Reference   

Heat 
supplied to 
the  
Desorber 

bed   

   

(kg/s)×    (kJ/kgºC)× ΔThot (ºC)   

kW   

[1]   

Heat 
extracted  
from the   

Adsorber bed  
   

  (kg/s)×    (kJ/kgºC) × ΔTcold (ºC)   

kW   

Heat given 
at the  

Condenser   
  U (kW/m2) ×A (m2)×ΔTcond (ºC)   kW   

Cooling 
effect  

obtained at 
the   

Evaporator   

Qevap   U (kW/m2) ×A (m2)×ΔTLMTD (ºC)   kW   

Coefficient 
of  

Performance   
   

  

-   

Specific  
Cooling  
Power   

   W/kg   

Total cycle 
time         min.   

 

4.7 Calculations   
Following assumptions before evaluation of performance parameters   

1. The Adsorbate vapor in the system is assumed as an ideal gas.   

2. Properties of Adsorbent particles, copper tube, and fins are Isotropic.   

3. System has no heat losses.   

4. There is no thermal resistance between the copper tube and the adsorbent bed.   

Sample calculations are shown as below for Available data,   

A. Varying mass flow rate of hot and cold source for constant operating 

conditions and at the constant cycle time   

From,    
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Table 4.5: For (Thot) in = 45 ˚C  
      Bed 1: Hot Water, Bed 2: Cold water         

   
(L 
P 
M)   

   
(L 
P 
M)   

T 
ad 
s  
( 

mi 
n.)   

T 
de 
s  
( 

mi 
n.)   

Tcy 
cle   

( 
mi 
n. 
)   

Temperature (0C)         

T 
1   

T 
2   

T 
3   

T 
4   

T 
5   

T 
6   

T 
7   

T 
8   

T 
9   

T 
1 
0   

T 
11   

3   3   7.5   7.5   15   4 
5   

3 
6   

3 
0   

3 
4   

2 
9   

3 
3   

3 
1   

3 
0   

3 
5   

34   3 
1   

 
4.7.1 Calculation of   

   
From the available data,   

 = 3 LPM of water = 3/60 kg/s,   

 = 4.181 kJ/kg ºC at 50 ºC   

 = T1 – T2 = 9 °C   

Therefore,   

 × 4.181 × 9 = 1.88145 kW  

4.7.2 Calculation of    

 × ΔTcold   

From the available data,   

 = 3 LPM of water = 3/60 kg/S   

 = 4.178 kJ/kgºC at 30 ºC   

 = T4 – T3 = 4 ºC   

Therefore,   

 × 4.178 × 4 = 0.8356kW   

4.7.3 Calculation of    

  = U(W/m2C) × Ac(m2) × (ΔTLMTD) (ºC)   

U =825 W/m2K for Water-to-Water heat transfer from Data 

book Ac = *Di*L= 0.1645 m2 =Total heat transfer area.  Di 

=0.006m   

×  
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L =7.29m   

ΔTLMTD = T1- T2/ln( T1/ T2)   

T1 = T5-10 ºC   

T2 = Tbottle,in -10 ºC   

Therefore,   

  = 825*0.1645*1.69= 0.23kW   

4.7.4 Calculation of Coefficient of Performance ( )   

   

From the calculated data,   

  =       

Therefore,   
 = 0.12018   

4.7.5 Calculation of Cycle time:   

  =      

From the available observations,   

  = min.   

 = 15 min   

4.7.6 Calculation of Specific Cooling Power ( )   

        

Where,   

  = = 15 min.   

From calculated data,   

 W/kg of dry Adsorbent        

= 46 W/kg of dry Adsorbent.   
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    CHAPTER 5  
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5.1 Results  
In this section, results are mentioned which are obtained from the complete analysis of 

the experimentation facility. Base case operating conditions are decided to determine the 

nominal performance parameters and working model of the Double-bed Adsorption cooling 

system are analysed to calculate those parameters. Then, Analytical study is conducted to find 

the effect of different parameters on the performance of the system. Different types of analysis 

tools are used to compare results and based on its effective discussion has been done which is 

mentioned in subsequent sections.  

Varying mass flow rate of hot and cold source for constant operating conditions at the constant 

cycle time.  

Table 5.1: Results for (Thot) in = 45 ˚C, (Tcold) in = 30˚C and (Tbottle) in = 30 ˚C.  

a. Bed:1 Hot water, Bed:2 Cold water   

Qc(kW)  Qh(kW)  Qevap(kW)  COP  SCP  

0.84  1.88  0.23  0.12018  45.22  

1.11  2.51  0.39  0.15428  77.40  

1.74  2.44  0.45  0.18542  90.44  

2.09  2.09  0.48  0.22764  95.18  

3.41  1.95  0.52  0.26511  103.45  

4.46  3.34  1.10  0.32872  125.55  

6.27  4.39  1.65  0.37568  152.22  

6.96  6.27  2.51  0.39945  178.35  

10.45  5.23  2.46  0.47067  178.35  

Bed:1 Cold water, Bed:2 Hot water   

Qc(kW)  Qh(kW)  Qevap(kW)  COP  SCP  

0.84  1.88  0.23  0.12018  45.22  

1.11  2.51  0.39  0.15428  77.40  

1.74  2.44  0.45  0.18542  90.44  

2.09  2.09  0.48  0.22764  95.18  

3.41  1.95  0.52  0.26511  103.45  

3.90  3.34  1.10  0.32872  125.55  

6.27  5.02  1.76  0.35112  152.22  

6.96  5.57  2.23  0.40058  178.55  

10.45  7.32  3.59  0.49100  178.55  

Tables of result for other operating conditions are given in the annexure. 
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5.2 Discussion  

5.2.1 Effect of Cycle time on the Coefficient of Performance  

Assess the impact of cycle time on the COP of system, trial is performed by keeping 

mass flow rate of hot and cold source steady at 15 LPM. Working conditions were kept steady 

to variation were made in cycle time while hot source inlet temperature is embraced as 45°C, 

55°C, and 65°C. Information gathered by experimentation is gathered in Table 5 and results 

got after definition is arranged in Table 11.  

  

  
Figure 5.1: Trend of COP at different Cycle time for a Constant mass flow rate of the 

hot and cold source  

As appeared in above figure, Bell-formed smooth bend of COP got against Cycle time. 

The bend demonstrates that higher COP is obtained for Cycle time of 10 to 15 min and for 

higher process duration period, COP decreases continuously. At the beginning of the cycle, if 

we consider Desorption prepare then the temperature of the bed is insufficient to make enough 

flow of Adsorbate in the system and hence, low COP are accounted for at the process duration 

of 10 min. when heat exchange rate expands, the bed gets warmed and temperature of bed 

expanding ceaselessly alongside Adsorbate vapor.   

Contrasted with the process duration of 10 min, we get enough heat transfer rate in 15 min. a 

lot of Adsorbate vapor goes into the condenser and higher COP is acquired. Most noteworthy 

COP detailed through experimentation is around 0.53 when temperature of the hot source is 

around 65 °C. It is all around acknowledged in the use of refrigeration where 15 min is 

adequate to get a cooling impact in the wake of beginning of the system. Experimentation is 

rehashed for 20 min of process duration; however low COP are accounted for due to transient 

conduct of Adsorber bed heat exchanger. As process duration expands, more heat is exchanged 

to the bed; this builds the temperature of part of the Adsorber bed other than Adsorbent. More 
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heat is used to build the temperature of uncovered metal instead of Adsorbent and low COP 

acquired. Along these lines, it is constantly desirable over keep process duration around 10 to 

15 min. along these lines, that Desorption and Adsorption process can be successfully 

exchanged in the middle of half cycles and the cooling impact acquired in the acknowledged 

range.  

5.2.2 Effect of mass flow rate of hot source on the Coefficient of Performance  

To assess the impact of mass flow rate on the COP, Experimentation is finished by 

continuing working conditions and process duration consistent. The process duration of 15 

min. is received to remunerate time required for exchanging of valves after every half cycle. 

Mass flow rate of the hot and cold source is shifted from 0 to 15 LPM of water and perceptions 

recorded in the perception tables under case A. because of the goodness of experimentation 

office, the most extreme conceivable mass flow rate of the hot source is 15 LPM of water. The 

inlet temperature of the hot source is  shifted  in the scope of 45 to 65 °C with the progression 

of 10 °C and results are talked about as appeared underneath in the sub-segments.  

  
Figure 5.2. Trend of COP for a different mass flow rate of hot and cold source at 55°C 

of hot source inlet temperature  

Mass stream rate is changed in the scope of 0 to 15 LPM of water. At the process duration of 

15 min, the delta temperature of the hot source is kept consistent at 55 °C. As appeared in 

above figure, Very low COP's were accounted for lower mass stream rates; same as acquired 

when inlet temperature of the hot source is at 55°C. Be that as it may, an uneven example is 

watched when mass flow is expanded imperceptibly which demonstrates that bed is heated 

progressively and after each progressive process duration heat exchange increments however 

less and henceforth, COP increments hardly. In some cases, it remains practically consistent. 
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Most extreme COP is acquired at 15 LPM of water is around 0.49 which is higher than COP 

got at 55°C of hot source inlet temperature.  

5.2.3 At inlet temperature of hot source as 65 °C and constant Cycle time  

  
Figure 5.3: Trend of COP for a different mass flow rate of the hot and cold source at 

65°C of hot source inlet temperature 

As appeared in above figure, the pattern of COP is seen at 65°C of hot source temperature. At 

the beginning of the cycle, COP increments quick when the mass flow rate of hot source 

expanded insignificantly. Large heat is exchanged at this raised temperature. At the point when 

the mass flow rate of the hot source increments advances over 10 LPM of water, an immaterial 

increment in COP has been watched.  Regardless of the possibility that the mass flow rate of 

the hot source is expanded slowly, no responsible increment in COP watched. COP remains 

partially steady past 15 LPM of water.  

5.2.4 Comparison of Trend of COP’s for varying mass flow rates of hot source at constant 
cycle time  

Analyze the impact of mass flow rate on COP of the cycle, patterns of COP are shown at 45°C, 

55°C and at 65°C. These patterns are as appeared in figure 5. These patterns were dissected 

independently in before observation. Examination of the COP estimations of every operating 

condition has been shown down by watching nature of estimations of COP gathered for various 

operating condition run yet at single cycle of mass flow rate as appeared in figure 6.  



  
 

40   

   

  
Figure 5: Different COP Trends obtained at different inlet temperatures of hot source 

against mass flow rate of hot source at constant Cycle time.  

From the above figure, trend of COP follows the same trend at any operating condition when 

cycle time is constant. Smooth and hassle-free operations were observed at 45°C of the inlet 

temperature of the hot source. The range of COP values is maximum when the temperature is 

around 65°C but, the trend observed is uneven and unpredictable for earlier values of mass 

flow rates of hot source. Beyond 10 LPM of water, COP remains almost constant for all 

operating conditions. Nature of increase in COP is well predictable in the range of mass flow 

rate of the hot source of 10 to 15 LPM of water. It is well and good to keep mass flow rate of 

the hot source in the range of 10 to 15 LPM of water.  

  



  
 

41   

   

Figure 5.5: Comparison of COP values in the range of operating conditions for varying 

mass flow rate of hot source at constant Cycle time 

 Above figure demonstrates a viable examination of three unique extents at same process 

duration. Same and low estimations of COP are acquired at the beginning of the system, for 

all the three working conditions. The reason is the low mass flow rate of heated water. For 

higher estimations of mass flow rate of hot source, COP increments, when inlet temperature 

of hot source provided is increased. At the beginning of the system, hot source inlet 

temperature of 66°C is well and sufficient to fabricate Adsorbate vapor in the framework in 

gave process duration. On the off chance that we analyze COP values at a higher mass stream 

rate, then COP around 0.53 got when hot source inlet temperature is around 65°C and COP 

acquired is 0.47 and 0.4 when the temperature of the hot source is 45°C and 55°C individually.  

5.2.7 Effect of temperature of hot source on Coefficient of Performance when mass flow rate of 
hot and cold source kept constant at constant cycle time.  

To assess the execution of Adsorption cooling system against the temperature of the hot 

source, a temperature scope of hot source from 45°C to 66°C is embraced. COP is computed 

for the mass flow rate of the hot source at 15 LPM of water. This estimation of mass flow rate 

of the hot source is embraced on the grounds that higher COP seen through before 

experimentation. For this situation, the system is made working constantly with an interim of 

process duration and Experimentation results are specified in Table 4 and results were said in 

table 9. The outcome is plotted and appeared as underneath.  

 
Figure 5.6:- Variation in COP against the inlet temperature of hot source  

The pattern of COP acquired against the inlet temperature of the hot source is as appeared in 

above figure. Unmistakably COP is expanding with increment in the inlet temperature of the 

hot source in the scope of 45 °C to 65 °C. The channel temperature of the hot source is continue 

changing in the range while the mass flow rate of hot source and process duration is kept at 15 
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LPM of water and 15 min with the ADTR = 1. Because of the ethicalness of experimentation 

office, experimentation at a higher temperature of the hot source is impractical.   

  
Figure 5.7: Increment in COP at different temperature of hot source  

At the starting of system after completing the one-half cycle of 15 min, we get COP = 0.33, 

provided at 45 °C of the inlet temperature of the hot source, 30 °C of the inlet temperature of 

the cold source and chilled water inlet temperature, as shown in above figure. Flow rate of the 

hot and cold source is set at 15 LPM of water. As the temperature of hot source inlet 

temperature is increased at 55°C, we get an increase in COP for the same cycle time. Maximum 

COP is obtained around 0.53 at the 65 °C of hot source.    

5.2.8 Utilization of energy  

To assess the usage of energy in the system, Output from the system is contrasted against the 

input energy provided to the system. Input energy to the system is the energy provided to the 

Desorber bed to recover the bed for next cycle and yield got is the energy separated from the 

evaporator.  
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Figure 5.8:- Utilization of energy 

As shown in above figure, at 45 °C; less output is obtained from the input energy supplied. 

The amount of output obtained is increasing the temperature of hot source increases. 

Maximum output is obtained at 65 °C. Around 37% output energy obtained against the input 

energy supplied. This would be the ideal operating condition in the desired temperature range.  

5..2.9 Effect of Mass flow rate of hot source on Specific Cooling Power (SCP)  

To assess the impact of mass flow rate of the hot source on SCP, experimentation is done at 

consistent process duration of 15 min and working conditions are changed in the scope of 50 

to 60 °C. Experimentation parameters specified under case A. mass flow rate of the hot source 

is changed from 0 to 15 LPM of water. Because of the temperance of experimentation, the 

most extreme conceivable mass flow rate of the hot source is 15 LPM of water. The inlet 

temperature of the hot source is differed in the scope of 45 to 65 °C with the progression of 

10°C and results are examined as appeared underneath in the sub-areas.  

   
Figure 5.9:- Trend of SCPs against varying Mass flow rate of the hot source in the 

range of operating conditions 

From all the three patterns, unmistakably SCP increments straightly with increment in mass 

flow rate as appeared in above figure. Low SCP seen at the lower mass flow rates of hot source. 

Up to mass flow rate of 10 LPM of water, it is hard to anticipate nature of the increment in 

SCP because of little variety of evaporative power. When the mass flow rate of the hot source 

increments past 10 LPM of water, more heat is exchanged to the bed. In the evaporator, we 

get substantial temperature drop and thus more evaporative cooling power. This infers 

increment in cooling power. Refrigeration system intended for 0.5 TR limit is well n great 

when it accomplishes SCP around 350 W/kg of adsorbent. At a mass flow rate of close around 
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15 LPM and hot source bay temperature of 65 °C, the system accomplishes SCP around 350 

W/kg of the permeable. It is practical to work the system in this range to get successful SCP.  

  
Figure 5.10:- Comparison of SCP values in the range of operating conditions for 

varying the mass flow rate of the hot source.  

 Low estimations of SCP are seen at the lower mass flow rate of the hot source. SCP of around 

50 W/kg of adsorbent is accounted for at the mass stream rate of 3 LPM of water for all 

arrangement of working conditions in the working reach. It is not adequate to work the system 

at these low mass flow rates. As we require SCP cycle 350 W/kg of adsorbent. We ought to 

supply hot source in the scope of 45 to 65°C at 15 LPM of water as the mass stream rate of the 

hot source keeping in mind the end goal to acquire SCP around 350 W/kg of adsorbent. It is 

additionally seen from above assume that hot source temperature close around 45°C is not 

adequate to get coveted estimation of SCP because low heat exchange rates at lower 

temperatures.  

5.2.10 Effect of Cycle time on Specific Cooling Power  

To obtain the effect of cycle time on the SCP, the system is operated at a constant mass flow 

rate of 15 LPM of water as higher SCPs reported at higher mass flow rates. Operating 

conditions are set at 45 °C, 55 °C and 65 °C. Experimentation outcomes mentioned in table 5 

under case C and results are mentioned in table 11. SCP trends for the different operating 

condition in the range are plotted against cycle time as shown in the following the figure.  
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Figure 5.11: Trend of SCPs in the range of operating conditions against Cycle time at 

constant mass flow rate of hot and cold source 

It is essential to see that, SCP is expanding as process duration increments from 10 min to 15 

min, it happens on the grounds that bed requires some more opportunity to accomplish the 

enough temperature at which Adsorbate vapor leaves the surface of Adsorbents. On the off 

chance that more vapor of Adsorbate goes into condenser then the all the more cooling impact 

is acquired in the evaporator. This infers vast temperature drop in the evaporator. At the 

process duration of 15 min., SCP around 350 W/kg of adsorbent is seen at the hot source 

temperature of 65 °C. SCP around 250 W/kg of adsorbent is seen at 55 °C, which is 

acknowledged when bring down temperature drop is required in the evaporator. As Cycle time 

increments past 15 min, SCP values fluctuate conversely with process duration. SCP values 

begin diminishing and again beginning qualities revealed. This happens because information 

vitality is utilized to build the temperature of metal present in the bed which is not in contact 

with the adsorbent material. Because of this measure of Adsorbate vapor diminishes. Less 

temperature drop in the evaporator suggests less estimations of SCP.  
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Figure 5.12 :-Comparison of SCPs in the range of operating conditions against Cycle 

time at a constant mass flow rate of the hot source 

SCP values compared with each other in the operating range from 50 to 60 °C as shown in the 

interactive figure above. For the same cycle time, SCP values increase as hot source inlet 

temperature increases. Achieve sufficient cooling, SCP around 350 W/kg of adsorbent is our 

prime goal. Achieve that goal, it is mandatory to operate the system for 15 min. of cycle time 

and at an inlet temperature of hot source around 60 °C. SCP of 348 W/kg of adsorbent is 

observed  at this operating condition.   

  

5.2.11 Effect of hot source inlet temperature on Specific Cooling Power (SCP)  

To acquire the impact of hot source inlet temperature on SCP, system is operated by 

keeping cycle time and mass flow rate of hot and cold source constant. Cycle time is  kept  

consistent at 15 min and mass flow rate of the hot source at 15 LPM of water on the grounds 

that most noteworthy SCP is recorded. Presently, the temperature of the hot source is changed 

from 45 to 65 °C. Experimentation perceptions said, and graphical examination instruments 

were utilized to anticipate variety in SCP.  
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Figure 5.13: Effect of the inlet temperature of the hot source on Specific Cooling Power  

(SCP)  

 The value of SCP which is desired is 350 W/kg of adsorbent and this value is obtained at 65 

°C of the inlet temperature of the hot source. From this temperature if we start reducing 

temperature up to 45 °C, then SCP also decreases linearly. This implies that less temperature 

drop is obtained in the evaporator due to less amount of Adsorbate vapor evaporates in the 

evaporator. The trend of SCP stabilizes at a lower temperature near 45 °C as at this temperature 

very less amount of Adsorbate vapor available which produces the very less cooling effect. It 

is well and good to operate the system at higher hot source temperatures as large temperature 

drop required at the starting of the vehicle.  
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6.1 Conclusions  
This project explores tentatively the execution of cooling framework in view of the 

wonder of Adsorption. Execution parameters like SCP and COP are ascertained, in view of 

which test examination is finished. Taking after conclusions can be made through compelling 

work on the project,   

1. Experimentation reason model of Adsorption Cooling System has been produced.   

In this venture, Device and approach for the development and working of double bed 

Adsorption Refrigeration system operable with water as an eco-friendly Adsorbate and silica-

gel as an adsorbent is developed. It comprises of Adsorber bed heat exchangers, Air cooled 

condenser, an Expansion gadget (Capillary tube) and an Evaporator as essential set up. Other 

supplementary setup comprises of parts as hot and cool water tank, Pumps, Inway and Out-

way circuits, radiator, and so on.   

2. Design and Fabrication of an Adsorber bed heat exchanger   

The plan of Adsorber bed heat exchanger given at most significance since poor outline 

prompts low estimations of execution parameters. Here, more concentrate is made on the 

change in heat and in addition mass exchange rates. As per this, Adsorber bed is composed and 

manufactured. Heat exchange rate of the Heat exchanger is upgraded by expanding the heat 

exchange territory. Mass exchange rate is upgraded by diminishing the heat and mass 

resistance between Adsorbent-Adsorbate particles by using binder. Silica-gel (Adsorbent) 

material is filled legitimately in the middle of the circular fins with help of binder. Thus, 

creation of Adsorber bed heat exchanger is done to expand the execution of the work.    

3.Specific Cooling Power (SCP) and Coefficient of Performance (COP) is 

straightforwardly corresponding to the mass flow rate of the hot source   

As the mass flow rate of hot source builds, heat exchange rate inside the Adsorber bed 

heat exchanger increments. SCP and COP increment with increase in mass flow rates and gets 

settled after a few estimations of mass flow rates at specific process duration. At the process 

duration of 15 min, which is very much acknowledged time for cooling of the freezer, the mass 

flow rate of hot source embraced around 15 LPM of water. At this estimation of mass flow 

rate, most extreme COP's and SCPs are watched. Afterward, COP and SCP values stay 

consistent (exceptionally minimal change) regardless of the possibility that mass flow rate 

expanded. At around 65 °C of the gulf temperature of hot source and 15 min. of process 

duration, COP acquired is around 0.55 while, SCP is around 348 W/kg of adsorbent.   
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4.Specific Cooling Power (SCP) and Coefficient of Performance (COP) is specifically 
corresponding to the Inlet temperature of the hot source   

As hot source input expands, COP and SCP increments. Desorption handle expands the 

convergence of Adsorbate particles in the framework which infers substantial temperature drop 

in the evaporator. Silica-gel received in the framework desorbs 40 % of Adsorbate while 

subjected to desorption temperature around 85°C. The framework displayed here is intended 

for utilization of vehicle ventilating, where the hot source is boiling point water accessible at 

the motor coolant circle around normal temperature 45 to 60°C. Consequently, Temperature 

range is chosen from 45 to 60 °C and execution parameters are assessed in this range as it were. 

In this range, no bigger temperature drop is seen at the beginning of the vehicle. As framework 

made running ceaselessly, the temperature drops.   

5. Best execution of the system at cycle time between 10 to 15 min   

Process duration is the most vital parameter to be chosen keeping in mind the end goal 

to get the cooling impact at the beginning of the vehicle. The process duration of 10 min is all 

around acknowledged planned time in vehicle cooling. Here, the cooling framework is 

intended for process duration of 10 min. after experimentation it has been found that COP 

boosts as process duration is expanded from 10 min to 15 min. after 15 min., COP and SCP 

begins diminishing considering transient conduct of Heat Exchanger. Greatest COP around 

0.55 is gotten at process duration of 15 min. it is exceptionally close to the outlined process 

duration. Still a few varieties are watched because of faults in the creation of Adsorber bed 

warm exchanger. These issues need to unravel to get the cooling impact as quick as conceivable 

after the beginning of the vehicle.   

6. Less temperature drops in the evaporator   

It is seen through experimentation that, SCP of 348 W/kg of Adsorbents is seen at just 

some specific conditions. Regardless of the possibility that we perform tests at those 

conditions, still a few varieties are seen in the estimations of execution parameters. There is 

not enough temperature drop saw in only one cycle. It is not acknowledged in genuine 

application.  

 

From this, it is reasoned that info parameters are not all that enough to modify varieties in the 

execution parameters. Execution improvements procedures to be utilized with a specific end 

goal to guarantee stable cooling power.   
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6.2 Future extension   

1.Heat and mass exchange improvement inside the Adsorber bed warm exchanger   

Low estimations of COP and SCP are the hindrances in the method for 

commercialization of cooling innovations which deals with the guideline of sorption. Poor 

heat and mass exchange rates are the purposes for this. More research is required to enhance 

COP and SCP estimations of ADCS. A few techniques are to be embraced to expand execution 

of ADCS as,   

a. Heat recuperation and mass recuperation prepare in ADCS   

Sharing of info heat source in the middle of beds is known as Heat recuperation and 

sharing of Adsorbate vapor in the middle of the bed is known as Mass recuperation. Both 

the wonder together can enhance the execution of the system as Heat recuperation deals 

with powerful usage temperature while Mass recuperation deals with Pressure varieties.   

b. Thermal wave (convective) and constrained convective cycle in ADCS   

The rule of the thermal wave is to incite a wave in the Adsorber bed by flowing any 

heat exchange liquid with well-pre-characterized speed in the shut circle containing 

radiator and cooler for the individual heat exchanger. By receiving this marvel, COP 

increments yet SCP diminishes.   

c. Cascading of ADCS   

Cascading is the blend of the fixing cycle which works at a high-temperature level and 

bottoming cycle which works at the low-temperature level. The standard of cascading is 

to utilize heat, after culmination of the Desorption procedure, in the bottoming cycle before 

the start of the Desorption procedure. Through this rule, powerful usage of heat increment 

which expands COP of the system.   

d. Multi-bed system   

More than two beds might be exchanged then again so that the constant cooling impact 

might be guaranteed. With the utilization of such multi-bed, the pinnacle temperatures in 

the evaporator and condenser diminish. The multi-bed system has higher efficiencies than 

single and double bed Adsorption cooling system.   

e. Coating of Adsorbent   

The adsorbent material is covered around the heat exchange tubes to decrease the heat 

resistance between the Adsorbent-Adsorbate combine. Mass exchange rate supported and 

COP increment.    
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f. Use of composite Adsorbents   

Composite adsorbents are delivered by blending synthetic mixes in physical adsorbents 

in well pre-chosen extents. Adsorption rates are helped and warmth exchange rate 

increments.   

2.Use of nano-permeable material set up of an Adsorbent material   

A nano-permeable material has more no. of pores and more surface range than the 

ordinary Adsorbents. This new Adsorbent can trap the more measure of Adsorbate vapor than 

that of the physical Adsorbents. With this, size of the Adsorber bed warm exchanger will 

decrease.    

3.Use of fluidized bed innovation   
Fluidization of adsorbent material in the Adsorber bed warm exchanger could upgrade 

the execution of the framework.   

4.Evaluation of the impact of system segments or system parameters on SCP and COP   

Impact of condenser channel temperature, the impact of chilled water inlet temperature, 

the impact of icy water provided for Adsorption prepare, on execution parameters should be 

resolved to develop the system.  
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6.3 Program Outcomes (PO’s) 

1. Engineering knowledge: For fabrication of solar powered adsorption refrigeration system 
knowledge of mathematics , science, and fundamentals of Engineering are used to design, develop, 
and experiment on the system. 

2.Problem analysis: by studying various research papers and articles the review is prepared for 
adsorption pairs and their applications 

3.Design/development of solutions: Design of adsorption bed is created for maximum heat 
transfer during adsorption and desorption process from coolant to adsorbent. 

4.Conduct investigations of complex problems: Investigations of cop and other parameters of  
adsorption refrigeration system are studied through data interpretation, from the research papers 
was studied  

5.Modern tool usage: For designing adsorption refrigeration systems solid works software is 
used. And analysing the heat transfer of coolant solid works flow  simulation extension is used. 

6.Environment and sustainability: The electricity consumption of refrigeration and air condition 
system is huge which is produced by burning fossil fuels so sustainable environmentally friendly 
solar powered adsorption refrigeration system is created . 

7.Ethics: This project provides an opportunity to understand professional responsibilities while 
representing the college in national student  competitions. 

8.Individual and teamwork: This project being a group activity, has taught to effectively work 
as an individual and as member /leader of team. 

19.Communication: The project  work has taught to understand the effective communication with 
engineering society  like ISHRAE and involve in the activities and events conducted by ISHARE  
society . 

10.Project Management and Finance: The project timeline is properly managed, and the finance 
is  also properly managed by keeping the records in balance sheet. 

11.Life-long learning: The project highlights the ability to identify the societal needs and 
professional requirements related to adsorption refrigeration, as well as being prepared to engage 
in lifelong learning to adapt to future technological advancements and trends. 

  

  

  

  

  

  

  



  
 

54   

   

  

  

  
  

  

  

  

 

 

 

 

 

 

 

  

  

Chapter No. 7 

APPENDICES 
 

  

  

  

 

  

  

  

  

  

  

  

  
 



  
 

55   

   

7.1 Patent Acceptance  

 

 



  
 

56   

   

  

 



  
 

57   

   

7.2 ISHRAE SRPG GRANT Approval  
 

  

                                          



  
 

58   

   

  

                                         

  

 

 

 

 

 

Chapter No. 8 
REFERENCES 

  

  

  

  

  

  

  

  

  

  

  

  

  

   



  
 

59   

   

[1] R.P. Sah, B. Choudhury, R.K. Das, A review on low grade heat powered adsorption 

cooling systems for ice production, Renew. Sustain. Energy Rev. 62 (2016) 109–120. 

doi:10.1016/j.rser.2016.04.036.  

[2] M. Hamdy, A.A. Askalany, K. Harby, N. Kora, An overview on adsorption cooling 

systems powered by waste heat from internal combustion engine, Renew. Sustain. Energy Rev.  

51 (2015) 1223–1234. doi:http://dx.doi.org/10.1016/j.rser.2015.07.056.  

[3] R.J.H. Grisel, S.F. Smeding, R. de Boer, Waste heat driven silica gel/water         

adsorption cooling in trigeneration, Appl. Therm. Eng. 30 (2010) 1039–1046. 

doi:10.1016/j.applthermaleng.2010.01.020.  

[4] A. Shara, M. Bahrami, Assessment of adsorber bed designs in waste-heat driven 

adsorption cooling systems for vehicle air conditioning and refrigeration, 30 (2014) 440–451. 

doi:10.1016/j.rser.2013.10.031.  

[5] H.Z. Hassan, A.A. Mohamad, A review on solar-powered closed physisorption cooling 

systems, Renew. Sustain. Energy Rev. 16 (2012) 2516–2538. doi:10.1016/j.rser.2012.02.068. 

[6] B.B. Saha, A. Akisawa, T. Kashiwagi, Solar/waste heat driven two-stage adsorption 

chiller: The prototype, Renew. Energy. 23 (2001) 93–101. doi:10.1016/S0960-

1481(00)00107- 

5.  

[7] X. Song, X. Ji, M. Li, Q. Wang, Y. Dai, J. Liu, Effect of desorption parameters on 

performance of solar water-bath solid adsorption ice-making system, Appl. Therm. Eng. 89 

(2015) 316–322. doi:10.1016/j.applthermaleng.2015.06.034.  

[8] A.R.M. Rezk, R.K. Al-Dadah, Physical and operating conditions effects on silica 

gel/water adsorption chiller performance, Appl. Energy. 89 (2012) 142–149. 

doi:10.1016/j.apenergy.2010.11.021.  

[9] Z.Z. Xia, R.Z. Wang, D.C. Wang, Y.L. Liu, J.Y. Wu, C.J. Chen, Development and 

comparison of two-bed silica gel-water adsorption chillers driven by low-grade heat source, 

Int. J. Therm. Sci. 48 (2009) 1017–1025. doi:10.1016/j.ijthermalsci.2008.07.004.  

[10] A. Akahira, K.C. a. Alam, Y. Hamamoto, A. Akisawa, T. Kashiwagi, Mass recovery 

adsorption refrigeration cycle—improving cooling capacity, Int. J. Refrig. 27 (2004) 225–234. 

doi:10.1016/j.ijrefrig.2003.10.004.  

[11] R.J.H. Grisel, S.F. Smeding, R. de Boer, Waste heat driven silica gel/water adsorption 

cooling in trigeneration, Appl. Therm. Eng. 30 (2010) 1039–1046. 

doi:10.1016/j.applthermaleng.2010.01.020.  



  
 

60   

   

[12] Y. Liu, K.C. Leong, The effect of operating conditions on the performance of 

zeolite/water adsorption cooling systems, Appl. Therm. Eng. 25 (2005) 1403–1418. 

doi:10.1016/j.applthermaleng.2004.09.013.  

[13] L.W. Wang, R.Z. Wang, R.G. Oliveira, A review on adsorption working pairs for 

refrigeration, 13 (2009) 518–534. doi:10.1016/j.rser.2007.12.002.  

[14] I. Sarbu, C. Sebarchievici, General review of solar-powered closed sorption 

refrigeration systems, Energy Convers. Manag. 105 (2015) 403–422. 

doi:10.1016/j.enconman.2015.07.084.  

[15] C.Y. Tso, C.Y.H. Chao, S.C. Fu, Performance analysis of a waste heat driven activated 

carbon based composite adsorbent - Water adsorption chiller using simulation model, Int. J. 

Heat Mass Transf. 55 (2012) 7596–7610. doi:10.1016/j.ijheatmasstransfer.2012.07.064.  

[16] A. Shara, M. Bahrami, Assessment of adsorber bed designs in waste-heat driven 

adsorption cooling systems for vehicle air conditioning and refrigeration, 30 (2014) 440–451. 

doi:10.1016/j.rser.2013.10.031.  

[17] S. Jiangzhou, R.Z. Wang, Y.Z. Lu, Y.X. Xu, J.Y. Wu, Z.H. Li, Locomotive driver 

cabin adsorption air-conditioner, Renew. Energy. 28 (2003) 1659–1670. 

doi:10.1016/S09601481(03)00007-7.  

[18] H. Demir, M. Mobedi, S. Ülkü, A review on adsorption heat pump: Problems and 

solutions, Renew. Sustain. Energy Rev. 12 (2008) 2381–2403. doi:10.1016/j.rser.2007.06.005. 

[19] A.A. Askalany, M. Salem, I.M. Ismail, A.H.H. Ali, M.G. Morsy, A review on adsorption 

cooling systems with adsorbent carbon, Renew. Sustain. Energy Rev. 16 (2012) 493–500. 

doi:10.1016/j.rser.2011.08.013.  

[20] D. Wang, J. Zhang, Y. Xia, Y. Han, S. Wang, Investigation of adsorption performance 

deterioration in silica gel-water adsorption refrigeration, Energy Convers. Manag. 58 (2012) 

157–162. doi:10.1016/j.enconman.2012.01.013.  

[21] H.T. Chua, K.C. Ng,  a Malek, T. Kashiwagi, A. Akisawa, B.B. Saha, Modeling the 

performance of two-bed, sillica gel-water adsorption chillersMod{é}lisation de la 

performance des refroidisseurs {à} deux lits {à} adsorption utilisant le gel de silice/eau, Int. J. 

Refrig. 22 (1999) 194–204. doi:doi: 10.1016/s0140-7007(98)00063-2.  

[22] Fan Y, Luo L, Souyri B. Review of solar sorption refrigeration technologies: 

development and applications. Renew Sust Energy Rev 2007;11(8):1758–75. 

[23] Wang RZ, Zhai XQ. Development of solar thermal technologies in China. Energy 

2010;35(11):4407–16. 



  
 

61   

   

[24] Balaras CA, Grossman G, Henning HM, Ferreira CAI, Podesser E, Wang L, et al. Solar 

air conditioning in Europe—an overview. Renew Sust Energy Rev 2007;11(2):299–314. 

Sumathy K, Huang ZC, Li ZF. Solar absorption cooling with low grade heat source —a 

strategy of development in South China. Solar Energy 2002;72(2):155–65. 

[25] Wang RZ, Xia ZZ, Wang LW, Lu ZS, Li SL, Li TX, et al. Heat transfer design in 

adsorption refrigeration systems for efficient use of low-grade thermal energy. Energy 

2011;36(9):5425–39. 

[26] Nkwetta DN, Smyth M. The potential applications and advantages of powering solar 

air-conditioning systems using concentrator augmented solar collectors. Appl Energy 

2012;89:380–6. 

[27] Fadar AE, Mimet A, Perez-Garcia M. Study of an adsorption refrigeration system 

powered by parabolic trough collector and coupled with a heat pipe. Renew Energy 

2009;34(10):2271–9. 

[28] Dieng AO, Wang RZ. Literature review on solar adsorption technologies for ice 

making and air-conditioning purposes and recent developments in solar technology. Renew 

Sust Energy Rev 2011;5(4):313–42. 

[29] Hulse GE. Refroidissement d’um wagonfrigorifique a marchandises par un systeme a 

adsorption utilisant le gel de silice. Revue Generale de Froid 1929;X(10):281–7. 

[30] Tchernev DI. Solar refrigeration utilizing zeolites. Proc Intersociety Energy Conv Eng 

Conf 1980;2:2070–3. 

Guilleminot JJ, Meunier F, Mischler B. Etude de cycles intermittents a adsorption solide pour 

la refrigeration solaire. Revue Phys Appl1980;15(3):441–52. 

[31] Sakoda A, Suzuki M. Fundamental study on solar powered adsorption cooling system. 

J. Chem Eng Japan 1984;17(1):52–7. 

[32] Zhai XQ, Wang RZ. Experimental investigation and performance analysis on a solar 

adsorption cooling system with/without heat storage. Appl Energy 2010;87(3):824–35. 

[33] Leite APF, Belo FA, Martins MM, Riffel DB. Central air conditioning based on 

adsorption and solar energy. Appl Therm Eng 2011;31(1):50–8. 

[34] Lu ZS, Wang RZ, Xia ZZ, Wu QB, Sun YM, Chen ZY. An analysis of the performance 

of a novel solar silica gel–water adsorption air conditioning. Appl Therm Eng 2011;31(17–

18):3636–42. 

[35] Alam KCA, Saha BB, Akisawa A. Adsorption cooling driven by solar collector: a case 

study for Tokyo solar data. Appl Therm Eng 2011. http://dx.doi.org/ 

10.1016/j.applthermaleng.2011.09.028. 



  
 

62   

   

[36] Wang DC, Li YH, Li D, Zia YZ, Zhang JP. A review on adsorption refrigeration 

technology and adsorption deterioration in physical adsorption systems. Renew Sust Energy 

Rev 2010;14(1):344–53. 

[37] Gong LX, Wang RZ, Xia ZZ, Lu ZS. Experimental study on an adsorption chiller 

employing lithium chloride in silica gel and methanol. Int J Refrig 2012;35:1950–7. 

[38] Gong LX, Wang RZ, Xia ZZ, Chen CJ. Design and performance prediction of a new 

generation adsorption chiller using composite adsorbent. Energy Convers Manag 

2011;52:2345–50. 

[39] Gong LX, Wang RZ, Xia ZZ, Chen CJ. Adsorption equilibrium of water on a 

composite adsorbent employing lithium chloride in silica gel. J Chem Eng Data 

2010;55(8):2920–3. 

[40] Saha BB, Chakraborty A, Koyama S, Aristov YI. A new generation cooling device 

employing CaCl2-in-silica gel–water system. Int J Heat Mass Trans 2009;52:516–24. 

[41] Wang LW, Metcalf SJ, Critoph RE, Thorpe R, T-Telto Z. Development of thermal 

conductive consolidated activated carbon for adsorption refrigeration. Carbon 2012;50:977–

86. 

[42] Wang LW, T-Telto Z, Thorpe R, Critoph RE, Metcalf SJ, Wang RZ. Study of thermal 

conductivity, permeability, and adsorption performance of consolidated composite activated 

carbon adsorbent for refrigeration. Renew Energy 2011;36:2062–6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  
 

63   

   

 


