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Abstract 

 

The adsorption cooling technology has the potential to replace all vapor compression based 

chillers in the future. So, in all over the world immense researches are going on in this field. The 

purpose of this report is to experimentally investigate whether ethanol could serve as a 

refrigerant in the technology. Compared to water it has freezing point below 0 °C (-114.1 °C) and 

can therefore in theory be used in refrigeration applications. The report begins with the theory 

regarding the adsorption cooling process, describing the cycle and parameters that affect the 

Coefficient of Performance (COP).  

In the actual experiment, adsorption between the silica gel and the ethanol vapor is studied at 

various pressures by maintaining isothermal conditions. An experimental apparatus (Constant 

Volume Variable Pressure apparatus - CVVP) was fabricated, assembled and tested for this 

project. After the assembly and testing, volume calibration for the apparatus was carried out as it 

is essential to know in further experimental calculation. All the data related with the fabrication, 

assembly and testing of the apparatus and the volume calibrations are presented later in this 

report in detail. 

Adsorption experiments are conducted at 301.15K, 311.15K, 321.15K and 331.15K with varying 

inlet pressure condition to the system and then the uptake data is calculated for each and every 

experiments using ideal gas equation. Subsequently, the validations of the experimental data with 

the standard adsorption isotherms are done. Dubinin-Astakhov is found to be the most ideal 

isotherm to simulate the theoretical data. Its RMSE (Root Mean Square Error) value is found to 

be 0.506%. It is concluded that ethanol valid option for refrigeration, but further research is 

needed and recommended.   
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A – Adsorption Potential 

AS – Surface Area (m²) 
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Chapter 1: Introduction 

1.1 Background 

With deeper knowledge and better understanding for the environmental impacts of human 

activities such as the emission of greenhouse gases, deforestation and contamination of land, 

oceans and the atmosphere, there is a growing need for green technological solutions. 

In the specific field of cooling equipment, conventional air-conditioning uses large amounts of 

electricity, which mainly origins from fossil fuelled electricity plants. Other technologies using 

less electricity, although not as widely used, (eg absorption chillers) uses refrigerants containing 

ozone-harming ingredients, which therefore can and should be phased-out.
1
  

As a promising candidate to substitute both conventional air conditioning and absorption chillers 

in a long-term perspective, there is an increasingly researched technique of adsorption chillers. 

Using a refrigerant (the most common today is water), no solution pump, and heat as it’s only 

driving force; a reasonable Coefficient of Performance (COP) can be maintained with regards to 

the environmentally friendly input. 
2
 

Simplified, the technology can be described as a compressor cycle, but with the advantage of 

using water with a temperature of 50-80 degrees Celsius (    heat load instead of an electricity 

demanding compressor to increase the temperature and pressure, which is a central part in the 

cycle. The heat input is used to adsorb/desorb a gas onto a highly porous surface and with this 

technique creating the cooling effect intended.
3
 

                                                           
1
 Chakraborty A., Interview 2012-01-28 

2
 ibid 

3
 Chakraborty A., Theoretical insight of adsorption chillers, 2011 
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It is for example possible to use waste heat from the industry to cool nearby offices and/or spaces 

and using solar panels or even exhaust gases from cars to drive the cycle.
4
 

Today only a few manufacturers exist on the market, but continuously improved characteristics 

of the different parts of the adsorption machine makes it a feasible option for the future. One of 

the main topics still under research is the possibility that there are even better refrigerants, also 

referred to as adsorbates, than water to use in the adsorption cooling process. Two of these are 

carbon dioxide (C  ) and ethanol (C2H5OH). Especially ethanol is interesting in a refrigerant 

perspective as it has a freezing point of -114.1 °C at atmospheric pressure conditions and it is 

considered environmentally friendly.
5
 

When experimenting, an adsorbate is tested in pair with different adsorbents, which is the bed 

which the adsorbate is adsorbed at, to investigate which is the best combination to increase the 

adsorption capacity to create a more efficient adsorption chiller. In this specific report the 

adsorbate-adsorbent pair of RD-silica gel and ethanol vapor is being tested. 

1.2 Objectives 

The main objective of this report is to experimentally investigate the uptake of ethanol on RD 

silica gel. Since ethanol has similar properties as water, but a lower freezing point (and therefore 

can be used in applicationes where water can not) it is interesting to examine how well it works 

as an adsorbate. A second objective is to fit the experimental isotherm data with isotherm 

equations for adsorption chiller simulation purposes, and see which fits the best.   

                                                           
4
 Fong K.F., Investigation on radiative load ratio of chilled beams on performances of solar hybrid adsorption 

refrigeration system for radiant cooling in subtropical city, 2011 
5
 Dillon H.E.,  A fundamental Equation for Calculation of the Thermodynamic Properties of Ethanol, 2004 
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1.3 Method 

To get a broader understanding of the adsorption cooling process, a larger part of chapter two 

and three is dedicated to describe the cycle and its characteristics. This also includes the 

fabrication and assembling of an experimental set up which is made up to study the adsorption 

characteristics of various adsorbent-adsorbate pairs at low pressure conditions.  

However, the main scope is to carry out the project itself, measuring the uptake of ethanol vapor 

on RD-silica gel. It will be done by having the ethanol at constant temperature and at different 

low pressures to measure the amount that adsorbed with the aid of the ideal gas law and then 

analyzing the data.  

This will be done by comparing the uptake of ethanol with the uptake of water and by 

investigating which one of the mostly used isotherm equations (equations that simulates the 

adsorption process), namely the isotherms of Langmuir, Toth and Dubinin-Astakhov, is the most 

suitable to simulate the uptake of ethanol vapor. Lastly, the results will be discussed and 

recommendations for further usage of the experimental setup will be given. 

 

1.4 Delimitations 

The experiment is only focusing on the uptake of ethanol on silica gel under low pressure and 

isothermal conditions, not considering any other factors such as desorption etc. 

Also, since there are many variations of adsorption chillers that are being researched, each one 

with their own characteristics, this work will focus on the most investigated one, the two-bed 

adsorption chiller. 
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Chapter 2: Theory 

This chapter includes the basics of adsorption and the adsorption cycle, including the parameters 

that have the largest impact on the Coefficient of Performance (COP) of the adsorption cooling 

process, assuming that there is a fixed mass of adsorbent and the adsorbent-adsorbate pair is set. 

The last part of this chapter gives a brief description of different adsorbents and adsorbates.  

2.1 General 

The process of adsorption is when an adsorbent attract and holds adsorbates to its surface. 

Adsorbents can be molecules of a solid, liquid or gas. Adsorption is often confused with 

absorption, which is the process in which one substance is taken up internally by another; 

adsorption is when molecules stick to the surface of the adsorbent, as can be seen in fig 2.1.  

The total amount of material adsorption depends on the temperature, pressure, and the surface 

area of the adsorbent.
6
  

 

 

Figure 2.1. Adsorption on silica gel 

                                                           
6
 Chakraborty A., Theoretical insight of adsorption chillers, 2011 
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The adsorption cooling process, like absorption cooling, uses heat for cooling purposes. It does 

so by using a highly adsorptive material as a sorbent beds and a refrigerant in gas phase in the 

cooling cycle.
7
 

As mentioned, there are several variations of adsorption chillers. There are some using only one 

bed, but most are combining several adsorption/desorption beds in complex system to maximize 

the COP. COP is the ratio of cooling generated with a certain amount of heat inserted in the 

system (COP = 
     

    
 ). Although, the general theory is the same in all versions, and therefore only 

the two-bed adsorption chiller will be described.
8
 

2.1.1 Compartments of an adsorption chiller 

The two-bed adsorption chiller has four major compartments, which can be seen in figure 2.2.   

In the desorption bed compartment, which in figure 2.2 is referred as to Bed-1 the cycle begins. 

Originally the refrigerant is adsorbed on Bed-1. With the heat input from a heat source, Qheating,in, 

(eg waste heat from industry, exhaust gas, solar panels) the refrigerant is desorbed into the 

condenser.
9
 

In the condenser, which can be found as the upper compartment in figure 2.2, heat is removed to 

a cooling tower, Qcond, and the evaporated water saturates into liquid. Using an expansion valve 

the liquid is thereafter transferred into the evaporator, where the pressure is lower than in the 

desorption bed compartment and the condenser. Here, in the evaporator (seen in fig 2.2), the 

useful cold is produced. Assuming that the liquid entering the evaporator is saturated and at a 

low pressure, the cooling possible to extract is related to the heat needed for the adsorbate to go 

                                                           
7
 Chakraborty A., Theoretical insight of adsorption chillers, 2011 

8
 ibid 

9
 Saha B.B, A new generation cooling device employing CaCl2-in-silica gel-water system, 2009 
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from liquid to gas phase (hfg for the particular refrigerant at a specific temperature and pressure). 

The heat needed for the evaporation is extracted from low temperature water, Tchill,in. The water 

exits at  Tchill,out, being a few degrees colder than at the inlet. This water is used for cooling 

purposes.  

Figure 2.2 The compartments of a two-bed adsorption chiller. With authors permission. 

When evaporated, the refrigerant continues into the adsorption bed compartment, which is 

referred to as Bed-2, where it adsorbs on the surface of the bed. To withhold the adsorption 

capability of the surface, the bed is constantly cooled by water, at normal room temperatures.
10 

   

 

                                                           
10

 Yong Li, A survey of Novel Technologies, 2006  
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Since the refrigerant at this point only moves in one direct only, the desorption rate in the 

desorption compartment eventually declines when the amount of refrigerant in this chamber 

decreases. At a certain point, either through a fixed cycle time or a control device, a switch of 

functions of the adsorbate/desorbate compartments occurs.
11 

It should also be mentioned, that 

when calculating the theoretical COP, it is assumed that the uptake of the adsorbate on the 

adsorbent is constant throughout the cycle time.
12

 

During a period of time, all the valves between the compartments are shut down, and a change of 

flow of water takes place, where the heat input goes from being in  the desorption chamber into 

the 2nd chamber, which up to this point has acted as the adsorption compartment. At the same 

time, the cooling water acts reversed, it goes from the adsorption compartment to the former 

desorption compartment.
13

 

This time span at which the openings are closed, is also referred to as the switching time. It can, 

as well as the cycle time, be set to be specific (which is the most common approach to minimize 

costs
14

) or have a control device optimizing the switch.
15

  When the switching time ends, the two 

opposite valves (to those open in the first part of the cycle) opens up and a reversed cycle begins, 

with the former adsorption bed acting as a desorption bed and vice versa .
16

 

 

 

 

                                                           
11

 Yong Li, A survey of Novel Technologies, 2006 
12

 Saha B.B., A new generation cooling devices employing CaCl2-In-silica gel-water system, 2009 
13

Chakraborty A., Theoretical insight of adsorption cooling, 2011 
14

 Chakraborty A., Interview 2012-01-28 
15

 Saha B.B., A new generation cooling devices employing CaCl2-In-silica gel-water system, 2009 
16

 ibid 
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2.1.2 Pressure-enthalpy-uptake (P-h-c) coordinate system  

The thermodynamic properties of the cycle can be understood from figure 2.3. 

 

The line G-H represents the evaporation process. The refrigerant is adsorbed at the bed in the 

adsorption chamber, H-A. During the regeneration phase, when the valves are closed, pressure 

and temperature rises in the adsorption compartment, A-B-C. At a given point, the opposite 

valves open and desorption takes place, and the heat is rejected in the condenser, C-E-F. As the 

refrigerant cools down and go through the expansion valve, the cycle is complete with H-A-B-C-

E-F-G. As for the adsorption phase, C-D-A, in the same compartment, cooling occurs place and 

a pressure drop from condenser pressure to evaporator pressure takes place.
17

 

  

                                                           
17

 Chakraborty A., Theoretical insight of adsorption cooling, 2011 

Figure 2.3 P-h-c coordinate system. With authors permission. 
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2.2 Parameters affecting COP 

 

Maximum possible COP today is approximately 0.8 with silica gel and water.
18

 A conventional 

air conditioner (AC) has a COP of around 3-4, but can reach up to 5 in some of the newer 

machines.
19 

The parameters that affect the performance of the adsorption chiller are of course 

numerous, but there are a few that affect the performance more than others. These are switching 

time, cycling time and operational temperatures. 
20 

 

2.2.1 Switching time 

Two methods can be used, either set or pressure equivalent valves. The most common is using a 

set time.  

The switching phase is needed in the adsorption cycle. Instead of just switching after the cycle 

time a period of isolated, near-isosteric conditions is essential. This is due to if an instant opening 

of the valves opposite the ones open in the preceding cycle would occur, a pressure drop takes 

place in the compartment consisting the hot bed as the pressure in the evaporator is much lower.  

This would translate into momentary desorption of adsorbed refrigerant and undesirable 

reduction in instantaneous cooling power.
21

 In general, if the switching time is short the chilled 

water exiting the evaporator is peaking at a higher temperature after the switch and the cooling 

capacity is lower. Although if the switching time is too long the average cooling capability of the 

adsorption machine goes down due to the increased amount of standby mode in the cycle as 

whole. 

                                                           
18

 Chakraborty A., interview 2012-01-28 
19

 http://www.airconditioningfaq.com/Air-Conditioner/terminology/Air-Conditioning-
Terminology.html#Coefficient of performance 
20

 Chakraborty A., interview 2012-01-28 
21

 Chua H.T., Modeling the performance of two-bed, silica gel-water adsorption chillers. 1999. 
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Therefore there is an optimal value that has to be decided in every machine either by simulation 

or experiment.  

Another possibility is to use pressure equivalent valves, to maximize the switching time. 

However these are more expensive and due to the general approach of designing adsorption 

chillers, which includes keeping the number of components to a minimum, this is not very 

common.
22

 

2.2.2 Cycle time 

During the cycle time the refrigerant is transferred from one bed to another. After a certain point 

the adsorption bed becomes saturated and the cooling effect declines. Nonetheless, the COP 

increases when the cycling time increases. This is due to the hot water inlet temperature 

approaching the hot water outlet temperature, while the chilled water temperature difference 

does not change as much as the hot water difference. Since COP = 
      

     
, the instant COP 

increases but the overall COP decreases.  

At the same time keeping the cycle time to short would mean that not all the 

adsorption/desorption capability will be used. Therefore as well as with the switching time there 

is an optimal value, which has to be decided based on the machine.
23

 

2.2.3 Operating temperatures 

There are four inlets with a respective outlet connected to the adsorption chiller, which can be 

seen in figure 2.2. All four piping systems usually contain water at different temperatures 

streaming through them, with various purposes.  

                                                           
22

 Chua H.T., Modelling the performance of two-bed, silica gel-water adsorption chillers, 1999. 
23

 ibid 
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The largest impact on COP is in the difference between the inlet temperatures of Theating,in,Bed-1 

and Tcool,in,Bed-2, henceforth referred to as generation temperature lift.
24

 

Having a high temperature heating source (ca 80°C) and a low temperature cooling source, leads 

to a high desorption rate and high adsorption rate respectively. The heat is removed faster and a 

higher cooling capacity can be reached. 

Though increasing the generation temperature lift increases the cooling capacity initially, the 

gain declines and becomes relatively constant when it gets too high. This is if assuming that 

there is a fixed mass of refrigerant, which basically can not keep up with the 

adsorption/desorption rate initiated in the two compartments. Another factor to consider is the 

increased heat loss with a higher generation lift which indicates that there is no reason to raise it 

above the need. 
25 

 

The generation temperature lift is the most suitable tool to use for load variations, as decreasing 

it almost lessens the load linear, with only a minor drop in COP. In the simulation done by R.M 

Ahmed et al. it was shown that while changing the cooling temperature from 20°C to 35°C, 

keeping the heating inlet temperature at 85°C and all other parameters fixed, the cooling capacity 

went down from 342kW to 180kW, while the reduction in COP was only 0,03 (0,63 to 0,6). 
26

 

The water temperature inlets to the evaporator/condenser do not affect COP in the same extent as 

the generation temperature lift. In general, normal room temperature water is used for the 

condenser and water around 10-15°C is used in the inlet to the evaporator.  

                                                           
24

 Ahmed R.M., Physical and operating conditions effects on silica gel/water adsorption chiller performance, 2012 
25

 Ibid 
26

 ibid 
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2.3 Adsorption Isotherms 

Adsorption isotherms are equations that are used to calculate how much adsorbate is absorbed on 

a surface of an adsorbent. If adsorption occurs depends on the materials, pressures, temperatures 

among other parameters.
27

  

2.3.1 Langmuir Isotherm  

Langmuir isotherm is the most basic isotherm which depicts the relationship between the number 

of active sites on the adsorbent surface undergoing adsorption and pressure. This isotherm is 

derived by taking some assumptions and these are; 

 A fixed number of adsorbate molecules are available for adsorption. 

 All the adsorbate molecules on the adsorbent sites are identical and they are equal in size 

and shape. 

 Adsorptions occurs up to monolayer.  

 There is no lateral interactions between the adsorbed molecules. 

 Dynamic equilibrium exist in between the adsorbed molecules and free gaseous 

molecules.
28

 
29

 

The Langmuir isotherm is given by: 

         
 

  
 

  

    
 ,…………………………………(2.1)    

                                                           
27

 Suzuki M., Adsorption engineering, 1990 
28

 Suzuki M., Adsorption Engineering, 1990. 
29

 "Xamplified free online education resource,Adsorption isotherms," [Online], 2012. 
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where K is a constant which determines adsorption and desorption process based on the number 

of occupied and unoccupied sites. The constant K is usually obtained experimentally and it 

depends on adsorption energy and pressures. The limitations of this isotherm are; 
30

 

 The adsorbed gas has to behave ideally in the vapor phase which is possible only in low 

pressure conditions. So this isotherm is only valid for low pressure conditions. 

 It assumes that only monolayer adsorption takes place on the surface of adsorbent which 

is not realistic.  

 Another main limitation is that it assumes that the adsorption sites are homogenous and 

have equal affinity towards the adsorbate molecules. Actually all the adsorption sites are 

heterogeneous. 

 It also assumes that there is no lateral interaction between the adsorbed molecules. 

However, there is a weak force of attraction between the lateral molecules. 

 

2.3.2 Toth Isotherm  

Toth isotherm is another form of Langmuir isotherm equation, where the surface heterogeneity 

effect has been added. Toth isotherm is given by: 

 

  
  

  

[         ]
 
 

   …………………………………(2.2) 

Where      
   
  ,    is the pre-exponential coefficient,     is the isosteric heat of adsorption 

and t is the Toth constant, which indicate that when t=1 then the Toth isotherm equation becomes 

                                                           
30

 Suzuki M., Adsorption Engineering, 1990. 
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Langmuir isotherm equation. This equation is usually used if Langmuir isotherm fails to model 

the experimental data correctly.
31

 

2.3.4 Dubinin-Astakhov Isotherm  

It is developed from the rigor of micropore filling theory approach and is suitable for modeling 

the adsorbate uptake ( ) of micropore adsorbents such as Maxsorb III, where the surface 

heterogeneity is dominant.
32

 Moreover it is found that Dubinin-Astakhov (DA) is suitable for 

modeling high pressure adsorption experimental data as well as low pressure.
33

 

The DA isotherm is given by:
34

 

         
 [  ⁄ ]  …………………………………(2.3)   

where E is the characteristic energy, q0 indicates the limiting amount of adsorbate uptake, and A 

is the adsorption potential. 

                                      A= [        ⁄  ] …………………………………(2.4)   

2.4 Adsorbents 

To have an efficient adsorption chiller it is important to have an adsorbent material that has a 

high uptake capability and a high thermal conductivity. 

The more mass the adsorbent can hold the higher mass of refrigerant can be transported from the 

desorption bed to the adsorption bed without increasing the actual size of the machine. 

                                                           
31

 Suzuki M., Adsorption Engineering, 1990. 
32

 Saha B.B., On the thermodynamic modeling of the isosteric heat of adsorption and comparison with 
experiments, 2006 
33

 ibid 
34

 Suzuki M., Adsorption Engineering, 1990. 
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Adsorbents are preferably porous, thermally stable and have large surface area per unit weight. 

Usually are adsorbents divided into three different classes;
35

  

 Oxygen based adsorbents – for example zeolites and silica gel. 

 Carbon based adsorbents – for example maxsorb III and graphite. 

 Polymer based adsorbents. 

The most popular adsorbents in today’s applications are zeolites, silica gel and maxsorb III.
36

 

2.4.1 Zeolites 

Zeolites has a surface area of around 400   /g.
37

 They are porous, got well defined crystalline 

structure and contains oxygen, silicon and aluminum. Zeolites are considered environmentally 

friendly
38

 and research has shown that zeolites have water vapor uptake capability of 

approximately 50% of its own weight.  

2.4.2 Maxsorb III 

The surface area of this adsorbent is approximately 3140   /g. As it also is highly porous and 

has good thermal conductivity, it is one of the best adsorption materials available on the market 

today. The setback is a higher cost and it does not work as well as a counterpart to water vapor 

(as refrigerant) as silica gel does.
39

 
40

 

                                                           
35

 Chakaborty A., interview, 2012 
36

 ibid 
37

 Hemmingway B.S., Thermodynamic properties of zeolites, 1984. 
38

 www.bza.org/zeolites.html (online) Accessed: 2012-04-01 
39

 Saha B.B., Isotherms and thermodynamics for the adsorption of n-butane on pitch based activated carbon, 2008. 
40

 Wang D.C, Study of a novel silica gel-water adsorption chiller. Part II. 2005 

http://www.bza.org/zeolites.html
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2.4.3 Silica gel 

There are three types of silica gel available commercially. They are 1) Type-RD, Type-A, Type-

   . They differ in the sense of surface area, microporic volume and external surface as seen in 

table 2.1. 

Silica gel is made up by amorphous silicon dioxide. It is non-toxic and has among the different 

adsorbents the best uptake capability if we assume water as the adsorbate. It is also inexpensive 

and is considered environmental friendly which makes it popular.
41

  RD-Silica gel is what is used 

in the experiment that this report covers. 

Table 2.1. Properties of RD, A and A++ silica gel. 

Parameter Type RD Type A Type    

Micropore area (  /g) 108.1 75.6 93.4 

Micropore volume (   /g) 0.047 0.030 0.038 

External surface area (  /g) 528.3 693.5 770.1 

 

2.5 Adsorbate 

The adsorbent is paired up with an adsorbate. There are certain characteristics that need to be 

considered when choosing an adsorbate.  

 Environmentally friendly with negligible ozone depletion potential and global warming 

potential. 

 Inexpensive and readily available. 

                                                           
41

 Thu K., Thermo-physical properties of silica gel for adsorption desalination cycle, 2011. 
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 High latent heat for reducing the mass of adsorbent in developing adsorption device. (hfg 

(kJ/kg) and density (kg/m
3
)).  

 Thermally stable
42 43

 

2.5.1 Water as adsorbate 

Water fulfills all of the requirements above. It has a relatively high latent heat (hfg) and a density 

at 1005 kg/m
3
 at atmospheric conditions. However, when refrigeration is the intent of the 

process, water cannot be used since the freezing point of water under atmospheric conditions is 

zero degrees.  

2.5.2 Ethanol as adsorbate 

Ethanol has lower boiling and melting point temperatures than water. Due to this fact, it is 

capable of operating at lower temperature applications where water can’t be used.
44

 

Since both density and latent heat is lower than it is for water, the amount of heat possible to 

extract from the chilling water (assuming a fixed mass of refrigerant) is less. This leads to a 

lower overall COP of the adsorption chiller.
45

 At atmospheric conditions it is a color- and odor 

less liquid. Properties of ethanol can be found in table 2.2. 
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43
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44

 Dillon H.E, A Fundamental Equation for Calculation of the Thermodynamic Properties of Ethanol, 2004 
45

 Chakraborty A., Interview 2012-04-04. 
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Table 2.2 Chemical and Physical Properties of Ethanol. 

 

 

 

 

 

 

 

 

 

 

 

Characteristic Value 

Chemical Formula        

Boiling Point 78 deg C 

Freezing/Melting point -114.1 deg C 

Density (ρ) 790kg/   

Molecular Weight (M) 46.0684 g/mol 

Gas constant (R) 180.4809 J/(kg.K) 

Critical temperature (  ) 513.9000 K 
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Chapter 3: Experimental setup 

 

3.1 Volumetric Apparatus 

The experimental test facility mainly consists of three main sections as shown in Figure 3.1. The 

three sections are divided by valves that can be opened/shut manually; 

1. Section 1 consists of the adsorption chamber with piping. Here the actual adsorption 

takes place.  

2. Section 2 consists of the dosing chamber with piping, which purpose is to provide a 

measurable amount of refrigerant to the adsorption chamber. 

3. Section 3 consists of the evaporator chamber with piping. Contains the evaporated 

ethanol. 

 

 

Fig 3.1: Three sections of the experimental facility 

Section 3 
Section 1 

Section 2 

A 
B 

C 
D 
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The adsorbent chamber has an inbuilt heater, and has inner diameter of  75 mm and inner volume 

of 304.0±6.0ml.The dosing chamber has an inner diameter of 110 mm  and inner volume of 

801.33±2.83ml.The evaporator chamber has an inner diameter of  110 mm and inner volume of 

800.0±3.5ml 

There are in total five valves which can be shut/opened manually. Three of them are ball valves 

(A,B and E). E was added later and is not shown in the picture. See fig 3.7 for the location of 

valve E. The remaining two are stainless steel inline valves (C and D) as shown in figure 3.1. 

The piping connected to the chambers are assembled by 16mm diameter pipes, o-rings and tri 

clamps. This is to ensure that there is no leakage in the system and vacuum condition can be 

kept. There are also measurements instruments such as pressure gauges and Resistance 

Temperature Detectors (RTD’s). 

In order to maintain isothermal conditions in the test system throughout the experimental 

process, two water control baths with double insulated system are developed to prevent the heat 

transfer through the surfaces of the water baths. This is since the surrounding environments 

temperature often differs from the test systems temperature and needs to be kept at the same 

level to minimize heat losses and variations in temperatures to get accurate results. The baths can 

be seen in fig 3.2. 

The larger tank contains the adsorption chamber and the dosing chamber. The smaller tank 

contains the evaporator chamber. In order to provide isothermal condition above water level, and 

to avoid condensation, heating tape is being used. More precise description of the baths and 

heating tape can be found in appendix 1.1. 
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Fig 3.2: The experimental facility with water baths 

3.2 Additional Apparatus for the System 

A rotary vane vacuum pump is connected, by a flexible 16mm diameter metal hose, to valve A. 

The purpose of this pump is to create a vacuum condition within the setup, as it is needed to 

conduct the experiment.  

Water bath with 

insulation (602 x 

351 x 302 mm) 

Water bath with 

insulation 

(302 x 302 x 302 mm) 

 

Circulating 

Water bath 

with heater 
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Fig 3.3: a) The vacuum pump b) The vacuum pump connected to test facility through metal hose 

A helium gas cylinder is connected to valve D, also by using flexible metal hose with the aid of 

an adapter as shown in figure 3.3. The helium gas is used for volume calibration and the removal 

of residual gases from the adsorbent.  

 

 

A flexible metal hose is connected to valve E as shown in Figure 3.5. It is done to simplify the 

procedure of vacuuming the evaporator chamber when it is filled up with ethanol. 

Adapter 

Helium 

Cylinder 

16mm 

diameter 

metal hose 

Connected 

through 

adapter 

Fig 3.4: a) Specially fabricated adapter to connect the helium cylinder to the experimental setup  b) The 

helium cylinder connected to the experimental facility 
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In order to successfully measure the pressure within the experimental facility two pressure 

gauges are used. Both are placed on the piping; one in section 1 (gauge 1) and the other is in 

section 2 (gauge 2). To measure the temperature within the system, two RTD’s are used. One of 

them is inserted in the adsorption chamber which touches the surface of the adsorbent. It 

provides an accurate temperature of the adsorbent. The second measures the temperature in 

dosing chamber. Data regarding the additional apparatus can be found in appendix 1.2.  

All the measurement devices, including the RTD’s, pressure gauges and the heating tape, are all 

connected to data logger to display the results.  

 

 

 

 

 

Valve E 

 

Fig 3.5 Valve E with metal hose 
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After assembling all sections (1,2 and 3), the complete volumetric apparatus is developed and the 

complete setup is shown in figure 3.6.  

 

 

3.3 Volume calibration 

The schematic diagram of the Constant Volume Variable Pressure (CVVP) apparatus, the 

experimental setup, used for this project to measure uptakes of ethanol on silica gel is shown in 

figure 3.7. Since the components are new in the laboratory and special ordered, volume 

calibration is needed prior to the experiment and also to use those values of volume in the 

calculations of the uptakes. Two methods are used to calculate the inside volume of the 

experimental setup. One using distilled water (liquid method) and the other with helium gas 

(Gaseous method). Both methods are executed under isothermal conditions. 

Fig 3.6: Fully assembled test facility 
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. 

 

Fig 3.7:- Schematic diagram of the Constant Volume Variable Pressure (CVVP) test facility 

AC:-Adsorption Chamber, DC:-Dosing Chamber,  EC:-Evaporation Chamber 

3.3.1 The liquid method 

The three chambers (AC, DC, and EC) are all dissembled and each part is filled with water. 

Calibrated equipment is used to fill each and every components of the experimental set up with 

water. The volume calibration of the experimental set up has been carried out at least three times 

in the chambers in order to reduce the effect of these error sources. The piping are only measured 

ones as these have much smaller interior volume. See appendix 2.1 for sources of error using the 

liquid method. Table 3.1 furnishes the volume calibration results for the test facility.  

           
 

 



33 

Table 3.1. Volume Calibration Results 

 Chamber Total   (Chamber+piping) 

Section 1 

Volume from valve A to B 

including adsorption chamber  

306.0ml  

304.00±6.00ml 

 

 

403.50±2.00ml 308.0ml 

298.0ml 

Section 2 

Volume from valve B to C 

including dosing chamber 

 

803.5ml  

801.33±2.83ml 

 

889.27±1.02ml 802.0ml 

798.5ml 

Section 3 

Volume from valve C to D 

including 

evaporation chamber 

796.5ml  

800.00±3.50ml 

 

888.83±0.33ml 802.5ml 

801.0ml 

 

 

3.3.2 The gas method 

In this method, gas is employed to calibrate the volume of the experimental set up. In order to 

use this method, base volume (section 3 volume) need to be calculated by liquid method. The gas 

methods purpose is to verify the credibility of the liquid calibration method based on the ideal 

gas law PV=mRT (as PV=nRT and n=
 

 
 with a constant M  PV=mRT). The correlation 

between the two methods indicates its validity. See appendix 2.2 for detailed description on how 

it is carried out.  

 

 



34 

3.4 Testing of the experimental setup 

To verify the functionality of the system a few tests and modifications are done. The tests are as 

follows: 

 Circulation of water – to maintain isothermal conditions in test system. 

 RTD`s, vacuum pump and pressure gauges – to make sure these equipment work 

accordingly.  

 Leakage test – to verify that no leakage occurs in the system.  

Minor adjustment were made to improve the experimental setup. For example were new RTD`s 

installed since the original ones were too short (22cm to 42cm). See appendix 3.1- 3.4 for further 

information regarding the testing done.  

3.5 Packing of Silica gel and the filling of ethanol 

To be able to conduct the experiment a fixed mass of adsorbent is needed in the AC. 1.020g of 

RD silica gel is weighed using moisture analyzer, and inserted at the bottom of the adsorption 

chamber. To prevent the silica gel to be displaced from the adsorbent chamber during 

vacuuming, a filter is installed in the chamber itself. 

A calibrated beaker is used to measure ethanol (150 to 200ml) to fill up the evaporation chamber. 

The vacuum pump is moved to the inlet of valve D (shown in Figure 3.7) and the evaporation 

chamber is vacuumed for one minute, then valve D is closed. The purpose of doing this is to 

keep the evaporation chamber at low pressure condition so that the ethanol can be kept in vapor 

phase. The pump is thereafter moved back to valve A. 
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3.6 Pre-Experimental Procedure  

Once the apparatus is volume calibrated, the next step is to prepare the uptake measurement 

experiment. The first thing done is to vacuum the system for one hour in order to keep vacuum 

condition inside the system. Secondly regeneration is needed for six hours, to completely remove 

residual gases from the silica gel. It is done by heating up the adsorption chamber (with the in-

built heater) step by step with 10°C interval, starting with 30
0
C up to 140°C. The step by step 

approach is done to minimize the risk of the system to overheat since there is a delay in response 

of the feedback system, due to convection between the heater and the RTD sensor located inside 

the adsorption chamber. When the temperature of 140°C is reached it is kept for 6 hours. During 

this process valves A and B which are shown in Figure 3.7 are closed. Directly after finishing the 

regeneration, valves A and B are opened and vacuum for 30mins in order to remove all 

remaining gases and keep the system in low pressure condition. Valve A is then closed to isolate 

the system and the vacuum pump. Thereafter the inlet of the helium gas tank is changed from 

valve D to A. 

Valves A and B are now opened and helium gas is let into the adsorption and dosing chambers. 

The helium gas is allowed to stay in the set up for 1 hour with valve A closed. Thereafter the 

vacuum pump is switched back to the inlet of valve A and the adsorption and dosing chambers 

are vacuumed again to remove away all the gases. When this is done valves A and B are opened 

again. Fig 3.8 explains the steps of the pre-experimental procedure. 
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Vacuum the system for 

one hour 

Regeneration at 140°C for 6 hours 

Vacuum for 30mins 

Purge in helium gas for 1 hour 

Vacuum the test system to 

remove away all the 

residual gases 

 Fig 3.8: Pre experimental test procedure 
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Chapter 4: Experiments 

4.1 Experimental procedure 

The experiments are conducted at isothermal conditions, each one of them preceded by a 

regeneration described in section 3.6. Each set measures the ethanol uptakes on silica gel at 

different inlet pressures, but with isothermal conditions. Moreover, during the different sets of 

experiment, the temperature is varied to measure how the uptake of ethanol on silica gel changes 

with this parameter.  

Firstly the two water tanks are filled with water. For maintaining the isothermal adsorption 

condition throughout the experiment, the water bath containing the adsorption chamber and the 

dosing chamber are connected to a heater. The tank containing the adsorption chamber and the 

dosing chamber is referred as the test system. 

In each set of experiment, the second tank containing the evaporation chamber has been kept at 

low temperature. In order to elevate the inlet pressure inside the dosing chamber, the temperature 

of the tank which contains the evaporation chamber has been slightly increased throughout the 

experiment. The temperature of water in the tank which contains the evaporation chamber is 

lower than the temperature of the water in the test system. This is to ensure that there is no 

condensation of ethanol in the test system. The temperature of the heating tape has been set to 

the same temperature as the water in the test system while water temperature is settling to desired 

values. This is to avoid further condensation of ethanol vapor and to maintain isothermal 

condition throughout the test system.  

The interior of the experimental set up has to be in isothermal conditions as mentioned, so it is 

necessary to wait till the two RTD sensors show the desired value, even though the surrounding 
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water has reached the temperature wanted. When ethanol is in vapor phase in the evaporation 

chamber and all the temperatures are set, it is required to vacuum the adsorption and the dosing 

chambers for about 15mins by opening valves A and B as shown in Figure 3.7. Valves A and B 

are closed and the pressures left to settle once the vacuuming is done. 

As a next step, valve C is slightly opened and swiftly closed to fill ethanol vapor in the dosing 

chamber. The pressure in the dosing chamber is then left to reach thermodynamic equilibrium. 

When the system is stabilized then the pressure of the dosing chamber has been recorded. Next 

in the sequence valve B has opened fully and the pressure in the test system left to reach 

thermodynamic equilibrium. During this phase the adsorption of ethanol vapor occurs on the 

silica gel. It is the bottle neck portion of the experiment since adsorption is a slow process. The 

final equilibrium pressure has been recorded and that concludes the process of taking the reading 

of the first point. 

Valve B is then closed and the temperature of the water tank containing the evaporation chamber 

is increased by a few degrees corresponding to the inlet pressure required in the dosing chamber. 

Valve C is slightly opened and rapidly closed as the next step to fill in more ethanol vapor in the 

dosing chamber. It is left to reach thermodynamic equilibrium and a note is taken of the final 

pressure. As the next action, valve B is opened and the system has left to reach thermodynamic 

equilibrium between dosing and adsorption chamber pressure. A note of final pressure has taken 

once the process has completed. 

These steps are repeated for another few times which conclude a set of experiment. Regeneration 

is done after completion of a set of experiment which was explained above, followed by another 

set of experiment. Figure 4.1, the flow chart, explains the steps of experiment. 
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Required 

temperature is 

reached? 

Regulate the temperature of the 

system 

 

No 

Yes 

Open valve C to purge in the ethanol 

vapor to the dosing chamber 

Thermodynamic 

equilibrium 

reached? 

Open valve B to purge in the ethanol vapor to 

the adsorbent chamber 

Thermodynamic 

equilibrium 

reached? 

Take note of the final pressure 

Yes 

Wait to reach equilibrium 

No 

Yes 

Wait to reach equilibrium 

No 

Fig 4.1: Steps for the experiment 
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4.2 Calculation for the ethanol vapor uptake 

Experiments were carried out at constant temperatures, ranges from 28
o
C to 58

o 
C and at various 

pressures starting from 2kPa to 7.5kPa in order to monitor the effects of temperature and 

pressure on the adsorption capabilities. In this section the results of those experiments are 

presented. 

The experimental data collected from the system are thermodynamic equilibrium pressure at 

different inlet pressures with isothermal condition. In order to deduce the uptake data, some 

calculations are needed. The details of the calculation steps are provided below. 

The base equation that is used to calculate the mass of adsorbate being adsorbed is ideal gas 

equation as shown below. 

Mass of ethanol vapor purged into the dosing chamber, 

           
      

  
       ……………………… (4.1) 

Where Pdc is dosing pressure, Vdc is the volume of the dosing chamber, R is the gas constant of 

ethanol vapor and T is the absolute temperature. 

Mass of ethanol vapor remains in the system after adsorption has been taken place,   

                                                                                                           

mremains=
      

  
……………………………… (4.2) 

where Pre is the equilibrium pressure and Vre is the combined volume of the adsorbent and dosing 

chamber. 

Mass of ethanol vapor being adsorbed,     mads=minput-mremains ………………. (4.3)  
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Equations 4.1 to 4.3 can be used to calculate the mass of adsorbate being adsorbed at the initial 

pressure at a given temperature. In order to calculate the uptake for the subsequent steps, it is 

needed to consider the mass of gas remained in the adsorbent chamber (AC). So the equation 4.1 

changes as shown below. 

       
      

  
 +  

      

  
     ………………. (4.4) 

Where Pac denotes the pressure inside the adsorbent chamber and Vac represents the volume of the 

adsorbent chamber. But Pdc , Vdc, R and T denote the same parameters as explained before. Also, 

to calculate the total uptake for the subsequent steps equation 4.3 has to be modified as equation 

4.5. 

                                  qads (i)= (minput-mremains) + mi-1 ………………. (4.5)  

Where i denotes which point is taken in that particular set of experiment and the mi-1 is 

previously adsorbed ethanol vapor. Throughout the experiment the equation 4.2 is used to 

calculate mremains . 

  



42 

Chapter 5: Results  

This chapter includes the results obtained in the experiments. It also includes the comparison 

between the practical data with the standard isotherms such as Langmuir, Toth and DA 

isotherms. Lastly, a comparison between the three correlations is done using the Root Mean 

Square Error equation (RMSE). 

5.1 Experimental Results 

The experimental results are presented in table 5.1. 
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Table 5.1: Uptake data for various pressures and temperatures 

T(K) P1(kPa) qads(g) q
*
ads=mads/madsorbent 

 

293.15 

2.343 
 

0.029809 
0.029224 

2.826 0.056298 
0.055194 

3.417 0.077269 
0.075754 

3.914 0.095133 
0.093268 

 

301.15 

3.875 0.061345 

 
0.060142 

4.420 0.116431 
0.114148 

5.214 

 

0.153269 

 
0.150264 

6.536 

 

0.184434 

 
0.180818 

7.444 

 

0.206929 
0.202872 

 

311.15 

3.1845 0.044655 0.043779 

3.6285 0.078249 0.076714 

4.528 0.100979 0.098999 

5.165 0.114927 0.112674 

6.450 0.128749 0.126225 

7.445 0.141315 0.138544 

 

321.15 

2.311 0.022555 0.022112 

3.177 0.042276 0.041447 

4.066 0.05646 0.055353 

5.144 0.067391 0.066070 

6.332 0.076396 0.074898 

7.247 0.083321 0.081687 

 

331.15 

2.855 0.003799 0.003725 

3.617 0.011792 0.011561 

4.200 0.022986 0.022535 

5.656 0.032981 0.032334 

6.422 0.037228 0.036498 

7.423 0.041578 0.040763 
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Fig 5.1 Uptake of the ethanol vapor plotted against equilibrium pressure at different temperature 

The experimental results show that the uptake of the ethanol vapour on the silica gel increases 

with the pressure. (The results carried out at 18
o
C were inconsistent and therefore is not 

presented.)  It also shows that the uptake is higher at lower temperatures. At all the points taken 

during the four sets of experiment, the maximum uptake reached is 0.203g/g (mass of uptake/ 

mass of silica gel). This is at the temperature of 28
o
C and at the equilibrium pressure of 

5.389kPa. These are logical results, since the ethanol vapour molecules at high temperatures has 

higher internal energy. Therefore it does not adsorb as easily as it does at lower temperatures. 

Moreover during the isothermal conditions, the uptake increases with pressure due to the 

presence of the more molecules, as can be seen in figure 5.1. 
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5.2 Correlation of experimental results with Langmuir adsorption isotherm  

 

The Langmuir isotherm is given by the equation below. 

 

  
 

  

    
…………….5.1 

Where K is a function of temperature with constants Ko and Qst .  

     
   
  ………………..5.2 

In order to fit the experimental data with the theoretical data, the constant K needs to be 

optimized by changing the variables Qst and K0 accordingly. The ideal value of K0 is found to be 

10
-8

. Qst follows a linear relationship with the temperature as shown in figure 5.2, and it is 

inversely proportional to temperature.  The optimized values for K are shown in table 5.2.   

 

 

Fig 5.2: Correlation between isosteric heat of adsorption in J/mol (Qst ) and temperature (K) 
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Fig 5.3: Correlation of experimental results with Langmuir adsorption isotherm. Dotted lines are simulated using 

Langmuir’s isotherm. Solid lines are the experimental results. 
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Temperature(K) 301.15 311.15 321.15 331.15 

K 0.613081 0.196777 0.078249 0.030535 

Table 5.2: Optimized value for K at different temperatures 

 



47 

Figure 5.3 depicts the correlation between the experimental results and the theoretical data at the 

same pressures and temperatures using the equation of the Langmuir adsorption isotherm, 

described in chapter 2. It can be concluded that the experimental results can’t be fitted well with 

the Langmuir isotherm, especially at the low pressure region. 

 

5.3 Correlation of experimental results with Toth adsorption isotherm  

The Toth isotherm is given by the equation below. 

 

  
  

  

[         ]
 
 

……………………..5.3 

Where K is a function of temperature with constants Ko and Qst .  

     
   
  ………………….…5.4 

In order to fit the experimental data with the theoretical data, the constant K and roughness 

coefficient t need to be optimized. The ideal values for K0 and t are found to be 10
-8 

and   1.07 

respectively. The same optimized Qst values, which are used in Langmuir isotherm, have been 

used in this isotherm as well. Hence the value of K remains the same as Langmuir isotherm. 

Figure 5.4 describes the correlation of the experimental data with the Toth isotherm. It is quite 

clear from the figure that Toth isotherm data doesn’t fit well with the experimental data.  
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Fig 5.4: Correlation of experimental results with Toth adsorption isotherm. Dotted lines are simulated using Toth’s 

isotherm. Solid lines are the experimental results. 

 

5.4 Correlation of experimental results with Dubinin-Astakhov Isotherm  

In this section, a correlation of the experimentally obtained data with Dubinin-Astakhov (D-A) 

isotherm is presented. The Dubinin-Astakhov isotherm is given by: 

     
 [  ⁄ ] ………………..5.5 

Where E is the characteristic energy and A is the adsorption potential 

                                      A= [        ⁄  ] ………………………….5.6 

Correlation of the experimental data with DA is done by optimizing the values of maximum 

uptake (q0) and characteristic energy (E). The optimized values of q0 and E are furnished in    

table 5.3. 
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Temperature (K) 301.15 311.15 321.15 331.15 

q0(g/g) 0.277 

 
0.255 

 
0.227 

 
0.220 

E (J/mol) 6700 4900 4000 2750 

n 0.8 0.8 0.8 0.8 

 

 

Figures 5.5 and 5.6 explain how q0 and E vary with the temperature. It can be seen from the 

graphs that both the q0 and E are inversely proportional to temperature and they follow linear 

relationship. So it can be said that the maximum saturated uptake (q0) and characteristic energy 

(E) occurs at lower temperatures. 

 

Fig 5.5: Correlation between maximum theoretical uptake (q0 ) and temperature (K) 
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Table 5.3: Optimized values for q0  and E at different temperatures 
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Fig 5.6: Correlation between characteristic energy (E) and temperature (K) 

 

The correlation of the experimental data with the DA isotherm can be found in figure 5.7. It is 

quite clear from the figure that the DA simulates the experimental data well, compared to 

Langmuir and Toth isotherm. 
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Fig 5.7: Correlation of experimental results with Dubinin-Astakhov adsorption isotherm 

5.5 Comparison of the correlations  

A brief comparison of the three correlations, Langmuir, Toth, and Dubinin-Astakhov Isotherms 

are done on this section. The Root Mean Square Error equation (RMSE) is used as a tool to 

compare the error of the experimental data when it is correlated with different isotherms. RMSE 

can be calculated by the following equation. 

     √∑(               )
 

 
……………………..5.7 

Where       is the experimental uptake,           is the theoretical uptake and N is the number 

of observations. The RMSE values for the three correlations are given in the table 5.4. 

Isotherm Langmuir Toth Dubinin-Astakhov 

RMSE(%) 1.700 

 

1.659 

 

0.506 
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Table 5.4: RMSE values for three correlations 
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By analyzing the table 5.4, it can be concluded that the Dubinin-Astakhov isotherm fits quite 

well with experimental data as it only has a 0.506% RMSE value. Whereas, the RMSE value of 

the other isotherms are found to be higher than the DA. If Toth and Langmuir are compared, then 

it can be said that Toth is slightly better than Langmuir to simulate the experimental data, as its 

RMSE value is slightly lower than that of the Langmuir.  
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Chapter 6: Discussion 

Ethanol and its properties is today considered known and understood in a large extent. It is in 

many ways similar to water (which is a very good adsorbent), so it is a logic compound  to 

investigate as a refrigerant. Compared to for example methanol (CH3OH) and R-134a (a 

commanly used refrigerant today) it is non-toxic and has a very low ozone depletion factor.  

 

The most commonly used adsorbate today is water,  as it has a high adsorption rate on silica gel 

and is considered environmentally friendly. Therefore is a comparison between the uptake of 

water and ethanol a reasonable way to get an understanding of “how good” the uptake of ethanol 

is. As can be seen in fig 6.1, water vapor is superior in regard of uptake on silica gel. This is 

probably due to higher density (1000kg/m
3
) of water compared to ethanol (790kg/m

3
). Higher 

density means that more mass can be adsorbed onto the specified pore volume. 

 

Fig 6.1 Ethanol vapour- and water vapour uptake on silica gel plotted against equilibrium pressure 
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As the uptake of ethanol is around 20-30% (at 1,7-4,2 kPa) of that of water, assuming a linear 

relationship between COP and uptake, the experiment indicates that the COP of an adsorption 

chiller using ethanol as a refrigerant can reach around 0,2-0,25 in COP (as the maximum COP of 

water-silica gel today is approximately 0,8). There are of course numerous other parameters 

affecting the performance, but this simple calculation gives a good indication on what to expect 

in the sense of performance. Although the ethanol vapor’s uptake data is not as impressive as 

water vapor, it has a potential to be used in certain refrigeration application where water vapor 

can’t be used. This is because of lower freezing point of ethanol (-114.1
o
C at atmospheric 

pressure) than water.  

 

Potential applications are many. The main advantage of the adsorption chiller is, as mentioned 

earlier, to use waste heat as the driving source. Because of this the COP matters less as the 

energy otherwise, as the word “waste heat” implies, would go to waste. This opens up 

possibilities for example food and medical industries, which have a lot of mixed processes 

involving heating and refrigeration within the same building to increase their energy efficiency 

by using adsorption chillers as the main refrigeration source and auxilirary electricity needing 

freezing machines if needed. The same concept could also be used between companies where as 

one might have waste heat and the other refrigeration needs (industrial symbioses). 

 

As for small scale applications the process can be used on sailing boats, caravans and/or summer 

houses for food storing purposes, where there might be little or no access to electricity, but 

instead a large amount of solar hours where solar energy can be used as the driving source.  
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A computer based simulation would be a natural next step in the resarch regarding ethanol as an 

adsorbate. This is instead of the execution of more experiments, as it is a lot easier to adjust input 

data and examine the results on a computer than experimentally. From the comparison of the 

Langmuir, Toth and DA isotherms, it is clear that the DA isotherm is the most suitable for this 

purpose. From the various reports that the author of the report has read, there is no obvious 

evidence that this would have been expected since no clear pattern between adsorbate and 

isotherm equation has been found. Further research, more experimental data and especially a 

deeper understanding of the impact of materials properties and  their reaction to each other at 

different pressures and temperatures is essential to be able to predict an adsorbates adsorption 

pattern.  
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Chapter 7: Conclusions 

In this project RD Silica gel – Ethanol vapor is used as adsorbent-adsorbate pair to study its 

characteristics. It has been observed that the ethanol vapor get adsorbs onto the silica gel easily. 

The maximum uptake takes place at relatively low temperatures and at relatively high 

equilibrium pressure. As the temperature increases then the uptake rate decreases. 

On comparison with the RD Silica gel-water vapor system, the ethanol’s uptake is quite small. 

Though the ethanol vapor has low adsorption capability compared to water, it has higher 

potential to be used as an adsorbate in those applications where very low temperature is needed. 

If the water vapor is used in those applications then the risk of freezing is high because of its 

elevated melting point compared to ethanol. 

Langmuir, Toth and Dubinin-Astakhov isotherms are used to correlate with the experimental 

data to find which theoretical model suits well to simulate the experimental data.  From the three 

models, Dubinin-Astakhov (DA) model is found to be the most suitable model to simulate the 

experimental results. RMSE value of DA is 0.506%, whereas RMSE values of Langmuir and 

Toth isotherms are 1.659% and 1.700% respectively. 
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Chapter 8: Recommendations and lessons learned 

 

8.1 Lessons learned 

 The heating tape that used to regulate the required isothermal conditions within the 

piping during the experiment was only able to heat up the piping and not to cool it off 

below room temperature. If the heating tape can be used to cool down the piping, then 

the experiments can be carried out at lower temperature than room temperature. 

 The water baths which were used throughout the experiment were not confined. 

Therefore the heat loss was high and it was difficult to reach the required temperature. 

If the experiments are to be carried out at higher temperature it would be good if the 

water baths were confined. 

 Instead of using circulating water bath heaters, it would be more efficient to use 

heaters which are incorporated with the water baths. 

 Presently RTD’s and pressure gauges are installed only in section 1 and section 2 of 

the experimental apparatus. It would be better to install a RTD and a pressure gauge 

in section 3 as well in order to get an accurate temperature and pressure reading of the 

adsorbate in the evaporator chamber. 

8.2 Further research 

 Instead of silica gel-ethanol vapour pair, different adsorbent-adsorbate pairs can be 

used to study their adsorption properties. 

 A simulation of the adsorption cooling process with ethanol as a refrigerant can be 

conducted to further investigate future applications.  
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Appendix 1 

 

Appendix 1 covers a more detailed description of the water baths and the heating tape, as well as 

data of the additional apparatus used in the experiment (vacuum pump, helium tank and pressure 

gauges). 

  

Appendix 1.1 Isothermal Apparatus 

Both water baths are equipped with three valves that can be opened and closed manually. The 

purpose of one of the valves is to simplify the emptying of the respective water bath. The second 

and third are connected to a respective circulating water bath heater which controls the inward 

and outward flow of water to the system to maintain the constant temperature within it. The 

circulating water bath heater connected to the larger water bath has the heating/cooling range of -

30 to 200°C and has the reservoir capacity of 13 litres. The second one connected to the smaller 

water bath, has a heating/cooling range of -20 to 200°C and has the reservoir capacity of six 

litres. 
47

 

The insulated hoses connect both heaters outlet to their respective water bath inlet, as well as the 

water bath out let to the heater inlets. When the baths are filled with the water, then it circulates 

to maintain isothermal condition within the system. In order to provide isothermal condition 

above water level, and to avoid condensation, heating tape is being used. Connected to a heater, 

the tape is wrapped around piping throughout the experimental set up. The temperature of the 

heating tape can be controlled by a thermostat regulator. Thereafter insulating the heating tape 

and the piping, minimizes the heat loss to the environment. 

                                                           
47

 PolyScience, Operators manual 2009 
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Appendix 1.2 Additional Apparatus 

 The ultimate pressure of the pump is 2 x10
-3  

mbar, and its displacement is 3.7m
3
/hr . 

      The purity of the helium gas used is 99.9995% and the maximum pressure inside the 

helium cylinder is 150 bars. The helium gas cylinder is connected to the 16mm diameter 

metal hose. 

 The pressure gauges used are both APR 250 (absolute pressure gauges, pressure ranges 

from 0.1 to 1000mbar, accuracy     of full scale).  
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Appendix 2 

In appendix two the calibration methods of the experimental setup, namely the liquid and gas 

methods, are described.    

Appendix 2.1 The Liquid Method   

There are certain unavoidable sources of error using the  liquid volume calibration which can 

only be minimized. They are (1) surface tension of fluid, (2) environmental factor such as the 

wind from the laboratory fan,   (3) air bubbles formed in the chamber, (4) possibility of 

remaining water droplets in the measuring cylinder which can’t be wiped out, (5) human error 

(operator error) such as parallax error and the error due to the spillage of fluid. 

Appendix 2.2 The Gas Method   

The procedures of the volume calibration using gas are as follows. The valve numberings 

(A,B,C,D and E) are as shown in Figure 3.7. 

The first step is to vacuum the system for one hour, with the valves between the chambers, A, B 

and C open, and valve D closed. After this, the valve to the vacuum pump, A, is closed and the 

pressure gauges 1 and 2 are left to stabilize.  

When this was done valve C, between the dosing chamber (DC) and the evaporation chamber 

(EC), is closed and valve D to the helium tank is opened. At this point the pressure in the 

adsorption chamber goes from a low pressure condition to a high pressure condition, nearing 

atmosphere pressure, as the helium gas enters the chamber. After that valve D is closed and the 

pressure and temperature is measured in the evaporation chamber after have letting it stabilize. 

Using the ideal gas law at isothermal condition, which can be written as          , by this 
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point the pressure (P), and the volume (V) are all known. The volume is known from the 

calibration done by the water method.  

Then valve C is opened to let the helium gas to flow into the dosing chamber. After this the 

system is left to stabilize until the two pressure gauges connected to the evaporation and dosing 

chambers indicate the same value, where after a note of the new pressure is taken. 

Due to isotherm conditions, same gas constant (R) and the same mass (m) ideal gas law can be 

used.                      P3V3 = P2V2 , …………………………………..  (App 2.1) 

where, P3 = The pressure before opening valve C, P2 = The pressure after opening valve C, 

V3 = The volume of evaporation chamber given from water calibration (Base Volume),V2 = The 

Combined volume of evaporation and dosing chambers. Then the volume of section 2 (Volume 

from valve B to C including dosing chamber) can be found using the equation,   

    = V2-V1 ,……………………………………..  (App 2.2) 

where      is the volume of section 2. The pressure reading is left to settle and after that valve B 

is opened. Once again the ideal gas law is used since the temperature and the gas constant remain 

constant.        P2V2 = P1V1 ,…………………………………..  (App 2.3) 

  where, P2 = The pressure before opening valve B, P1 = The pressure after opening valve B. 

 VAC = V1-V2 , …………………………………..  (App 2.4)
 

Where     is the volume of section 1, V1 = The Combined volume of all the chambers and 

piping. The correlation between the water method and the gas method confirms the volume of 

the experimental setup.   
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Appendix 3  

Appendix 3 covers a set of tests conducted to verify the functionality of the experimental setup. 

These are circulation of water, test of the vacuum pump, pressure gauges and RTD’s and a 

leakage test. 

Appendix 3.1 Circulation of water  

Circulation of water from the baths to their respective heater reservoir is essential to maintain 

isothermal conditions for the test system. Both circulation systems are tested by filling up water 

to a level so that the chambers are covered with water and enough water is being kept in the 

heater reservoirs. Thereafter the inlet/outlet valves to the baths/heater reservoirs are opened and 

water is left to circulate by the use of a pump which is incorporated in the circulatory bath heater 

itself.  

It is realized that the valves which control the water flow to and from the circulatory bath heater, 

plays an important role in determining the reservoir water level. The recommended reservoir 

water level is 25mm below from the top of the reservoir. So in order to attain this, the opening 

and closing of the valves are required to be adjusted. Several iterations have been carried until 

the ideal opening positions for all the valves are find out.                                                                                                 

Appendix 3.2 Vacuum pump and pressure gauges 

A properly working vacuum pump is also essential to have an experiment running smoothly. To 

test it, the system is vacuumed for two hours with the purpose to see if the maximum capacity 

(2x 10
-3

mbar) given by the manufacturer of the pump can be reached. The pump and the two 

pressure gauges are concluded to work correctly since both gauges indicate that the pressure in 

the system almost reaches the lowest pressure possible which is given by the manufacturer. 
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Appendix 3.3 RTD’s  

As the purpose of the RTDs is to measure the temperature inside the adsorption chamber and the 

dosing chamber, it was realized that the pair that was initially intended to be used were too short, 

as they only reached halfway down to the actual chambers. Therefore a new pair of RTDs, a little 

more than double the length, were ordered from the manufacturer and installed accordingly.  

Appendix 3.4 Leakage test 

It was decided to test the system for leakage, as a non-stopping pressure rise occurred when 

leaving the system in a closed, low vacuum condition. It was done by vacuuming the system and 

at the same time applying neutralized IPA (Isopropyl alcohol) at the junctions of the RTD and 

other possible leakage points. 

The liquid’s function is that if the pressure suddenly rises when it is applied on the junction then 

there is a leak. This is because the liquid is literally sucked into the system, evaporates and 

therefore changes the conditions towards a slightly higher pressure. Though the liquid was 

applied on all the joints, there was no pressure rise observed.   The conclusion is therefore drawn 

that there are no leaks, and the “non-stopping” pressure change is due to the degassing of the 

system and actually stabilizes when reaching a certain level. 

The next chapter describes the experimental investigation for the measurement of ethanol 

uptakes on silica gel for various temperatures and pressures. 

 

 


