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ABSTRACT 

Solar powered distillation is an attractive method for producing clean water in remote 

areas. The basic objective of this work is to prepare a small scale standalone system for the 

production of fresh water. A closed loop distillation system based on direct contact 

membrane distillation (DCMD) is developed and then it is integrated with solar collector. 

All the energy requirements for the system are met by solar collector. A mathematical 

model is developed which is dependent on heat and mass transfer within the DCMD 

module in order to predict the effectiveness of the system under different working 

parameters. Poiseuille and Knudsen model is used for this purpose which is then solved 

using MATLAB® software numerically. The verification of model is done by means of 

parametric analysis. This proposed model is then used to figure out the temperature 

difference across the both surfaces of hydrophobic membrane which then led to the 

calculation of pressure difference across the membrane which then led to the result of 

permeate flux. The results of mathematical model are then verified through simulations by 

using COMSOL® software and the optimum working conditions for the system are 

identified. Also the modelling of solar collector is done to evaluate the temperature of fluid 

after the process of heating from Sun. This also became the basis of MATLAB® code 

which demanded evaluation of versatile coefficients for various reasons. A small scale 

working prototype is also developed in order to validate the theoretical results. From 

experimentation, it is observed that the water flux increases with increasing the bulk feed 

temperature, bulk feed velocity, porosity of membrane and decreases with increasing the 

bulk permeate temperature, decreasing the bulk permeate velocity, increasing the 

membrane thickness etc. 
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PREFACE 

 

Clean drinking water is one of the basic necessities of life. It is a major global problem and 

according to present experts, next world war will be based on the sources of clean water. 

780 million people in the world lacks clean drinking water and by 2025, an estimated 1.8 

billion people will live in areas plagued by water scarcity, with two-thirds of the world 

population living in water stressed regions. Talking about our country, Pakistan is at the 

17th position in the world which are facing water crisis. Our project is based on solving 

this problem (by using only sunlight as energy source) economically and efficiently by a 

technique named as direct contact membrane distillation.  

Keeping in mind the energy crisis in Pakistan, this is indeed one of the best methods 

devised so far for the production of clean drinking water by solar energy. This technique 

is very efficient and economical as it removes nearly 99% of the salts from the sea water 

by using merely sunlight.  

Proper waste water treatment is another arising issue in developing urban areas which can 

be addressed by the method we worked on in a very economical way. This unit can be used 

not only for the production of drinking water in areas near sea but also for the treatment of 

chemically polluted and hazardous waste water produced from the industries in very cost 

effective way. These small portable standalone units can easily produce enough water to 

fulfill the requirements of a house by putting it simply on the roofs even in hilly areas 

where lack of drinking water is a major issue now a days.  

We worked on making the method more efficient and cost effective by making a standalone 

unit, using solar energy only as the external source of energy.   
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CHAPTER 1: INTRODUCTION 

1.1 Motivation 

Fresh water is considered to be the lifeblood of life and it is the right of each and every 

person in this world to get pure and potable water. But the water crisis is a bitter dilemma 

and the threatening concern that exists around it is that it is not getting the deserve attention 

which it deserves that results in water shortage problem not for this generation only but for 

coming generation as well. The problem is getting even more astringent in developing 

countries just like Pakistan where at least 40 million people are running short of potable 

water. That is why according to diverse surveys, Pakistan will have insufficiency of clean 

drinking water by the year 2025. The problem is utterly replicated in this quote that “Water 

is the new oil’. This problem is further made deteriorated by Industrial sector which are 

polluting the lakes and rivers by industrial waste and becoming cause of further deaths. 

According to the UN report, about 70% of the total waste generated in the industries is 

being thrown into blue water [1]. There are around 250,000 children who die due to the 

water borne diseases and majority of these children indeed belong to the rural areas and 

about 840,000 die every year particularly because they don’t get clean water for drinking. 

In addition to that, more than 80% of the diseases in the developing countries is caused by 

water sanitation issues [2]. 

So as a result of the above facts and claims, it is extremely enticing to have a cost effective 

desalination method or reliable process that can clean or purify the water so that remote 

communities can have access to this fascinating facility as demand of fresh water is rising 

exponentially. Around 72% of total area of Earth is covered with water and among this, 

around 97% of this is sea water [3]. So by employing this facility, we could eradicate this 

clean water problem. The proportion of the water that is clean in this world right now is 

only 0.8% and available in limited forms like lakes, rivers etc. but this percentage is 

extremely low. In response to this, presently reverse osmosis holds around 50% share of 

purifying the water out of other desalination methods but due to its complications and 
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difficulties this cannot be endorsed in Pakistan. The reasons due to which reverse osmosis 

cannot be used efficiently in countries like Pakistan is due to the high feed salinity of the 

available water bodies and the high brine concentrations that make the membranes 

susceptible to fouling in the RO process. Secondly, there is extremely elevated occurrence 

of harmful algae blooms (HABs) in the Arabian Sea, our main water source for desalination 

[4]. These HABs contain high concentrations of toxins that may pass through the 

membrane in the RO process and can cause illness on drinking and in some cases may lead 

to death as well. 

As about 97% of total water is sea water, so this sea water could be used for the purpose 

of getting clean and potable drinking method by means of Membrane distillation. The 

outcome of the project will be clean and pure water on the other side. Furthermore, to 

make it more economical and cost effective, integration with natural resource like solar 

energy could be much more efficient and productive instead of driving it with artificial 

sources and energies. 

1.2 Membrane distillation 

Membrane desalination works on the basis of partial pressure difference on the shell and 

lumen side which arises due to the temperature difference. Vapors that are formed on the 

feed side pass through hydrophobic membrane gets condensed on the other hand and thus 

converted into the liquid form which is actually the clean water. Water cannot pass through 

membrane because membrane resists and thus blocks the water due to surface tension 

forces. Development of the pressure across the hydrophobic membrane also depends on 

the type of configuration of membrane distillation.   
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1.3 Background 

 

Figure 1: Chronological Background 

 

1960
• Membrane distillation introduced

1963
• Bodell published its first patent regarding Membrane distillation.

1967
• Findley published the first ever research paper describing the significance of it.

1968
• SGMD and VMD concept introduced by Bodell

1982
• Gore and Associates made the PTFE membranes for Membrane distillation 

purpose

1983
• Swedish company reported the results with AGMD unit.

1987
• Schofield, Fane and Fell drew an extensive comparison of its different types

1991
• Hogan described the integration of MD with solar energy

1999
• TNO patented Memstill

2003
• European Commission started two projects named SMADES and MEMDIS for 

sustainable water supplies especially to remote areas.

2006
• MEDINA project was initiated under Sixth European Commission framework

• First pilot scale Memstill plant having a capacity of 1 m3/day

2008
• Project MEDINA was extended to MEDIRAS under Seventh EC Framework

2011
• First commercial plant was built in Maldives by Aquaver.

• First large scale demonstration plant (Memstill) having a capacity of 100m3/day
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1.4 Problem statement 

To eradicate the problem of clean and pure water shortage by designing and fabricating a 

Membrane distillation setup incorporated with solar energy to make a “standalone solar 

driven direct contact membrane distillation unit”. 

1.5 Objectives of this project 

 Optimum design of distillation module. 

 Complete instrumentation of the module. 

 Mathematical modelling of the system. 

 Performing the parametric analysis and observing the trends on permeate flux in 

any simulation software. 

 Performing the experimental comparative study by varying different parameters 

and recording the water flux. 

1.6 Advantages 

Following are the prominent advantages of MD [6]. 

 This membrane process can be integrated easily with other processes or natural 

resources like solar, wind etc. 

 It can easily operate on lower temperature and pressure. 

 Carrying out the separation of pure water can occur in normal conditions. 

 Less stringent mechanical properties are needed for the operation. 

 Characteristics of Membrane can be controlled and varied easily. So if it is used in 

a proper way, this could enable the access of clean water easily. 

 By comparing it with other similar process for cleaning water, it is considered to be 

less susceptible to the limitations of flux by concentration polarization. 

 More than 99% of salt rejection is achievable. 
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1.7 Project Plan 

The tasks required for the project were divided into sub tasks which are given as below:  

 

 

Literature 
Review

• This step included the study of:

• different techniques of membrane distillation

• integration of distillation process with different sources of energy

• parameters affecting the performance of DCMD

• recent developments in membrane distillation

Mathemati
cal 

Modelling

• This step included the development of:

• a mathematical model for a flat plate solar collector consisting of all the 
heat transfers taking place inside it

• a mathematical model describing the heat and mass transfer taking place in 
a DCMD module

Design/ 
Simulation

• This step included the follwing:

• design of basic 3D CAD model for a DCMD module

• doing a FEA simulation using COMSOL describing

Fabrication

• The fabrication consisted of the following:

• Market survey

• Purchasing of membranes and acrylic sheets

• Fabricating the membrane module

• Purchasing all related electronic and other equipments

• Manufacturing of a wooden stand for setting up the project

Experimen
-tation

• Experimentation included the following:

• Setting up the project on the stand

• Making the complete flow circuit diagram

• Integrating the project with a solar water heater

• Operating the project to check its working

• And finally experimentation is done by varying various parameters (e.g.
temperature and flow rate, etc.) to see the dependence of the flux on them.
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Figure 2: Gantt chart 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Membrane Distillation 

Membrane distillation is a thermal driven process that accounts for the transport of vapors 

through hydrophobic membrane to get clean and pure water. It is regarded as one of the 

most atypical and nonpareil technologies that can succeed and replace the conventional 

methods that includes Multi stage flash (MSF), Reverse Osmosis etc. It is a topic of 

consideration since 1960 and a lot of versatile researches has been done on this premier 

method till today. However, despite the fact that it has not been able to get implemented in 

the industry, but still is now being considered as a prime topic for research due to its 

appealing features [7]. 

The role of operating conditions in membrane desalination process is extremely critical 

and thus was studied by Sulaiman et al. [8] in Direct Contact Membrane Desalination. They 

found that thermal efficiency and Transmembrane flux were found to be extremely delicate 

to feed temperature, feed flow rate and concentration of feed solution as increase in the 

first two properties enhanced thermal efficiency and Transmembrane flux and the latter 

one decreased the thermal efficiency and Transmembrane flux which was carried out on 

the modules named as MD020CP2N, MD020TP2N and MD080CO2N. They also studied 

the properties of hydrophobic membrane and found that increasing the thermal 

conductivity, thickness and decreasing the membrane porosity lessen the Tran’s membrane 

flux and thermal efficiency. Similarly, different micro porous hydrophobic membranes of 

flat type of polyvinylidene fluoride (PVDF) and polytetrafluoroethylene (PTFE) were 

examined [9]. Drioli et al. [10] showed that low thermal conductivity, high liquid entry 

pressure, high thermal and chemical stability are the most favorable and suitable properties 

for hydrophobic membranes for the purpose of distillation.  

Initially when membrane desalination was discovered in late 1960s, it was not 

commercialized particularly due to the fact that favorable and adequate properties of the 

membrane were an issue. So people started to look into the materials that can satisfy their 



 

8 

 

needs for the purpose of distillation. Hence, further research has been carried on to Nano 

materials by Daer et al. [11] and their studies have shown that they are superlative in salt 

rejection and contribute to high flux especially Zeolites, CNT’s and Graphene. This can be 

extended to Reverse osmosis as well which can be carried out efficiently using GOF 

(Graphic Oxide Framework) rendered by molecular dynamics simulations [12]. 

Stand-alone membrane desalination process was constructed using mathematical model to 

investigate its potential by Alklaibi [13]. He developed the mathematical model which 

comprised of mass and heat transfer analysis. He proved that variation of different 

parameters and putting them in different equation yielded the outcome that polarization 

coefficient is minimum at relatively high Reynolds number. Drioli et al. [10] have 

explained that different nature of fouling occurs for different type of Membrane 

desalination methods.  

A mathematical model was developed as well by Qtaishata et al. [14] using heat and mass 

analysis for locating the heat transfer coefficients values and interface temperature of the 

liquid/membrane. Model was evaluated on the basis of experimental evidences. It was 

solved using MATLAB and hence derived the result that permeate flux is highly dependent 

on average temperature. Similar results were deduced by Cai et al. [15] that feed 

temperature plays the most influential role on permeate flux. Also the dependency of mass 

transfer on heat transfer and relation between them was deliberated extensively. It was 

found using Dufour effect that it was insignificant at permeate and feed side under certain 

conditions whereas study of its effect is remarkable inside the membrane [16]. 

2.2 Vacuum Membrane Desalination 

Various Vacuum Membrane Desalination (VMD) models have been developed and 

analyzed theoretically and experimentally. This word was first used by Bodell [17]. In one 

of the models, VMD model is suggested considering the bulk flow of temperature, velocity, 

mass fraction and pressure distribution as function of module length by Gil et al. [18]. The 

commercial membrane used was polypropylene (PP) hollow fiber type membrane module 
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from Mycrodyn-Nadir GmbH (MD020CP2N). They found that productivity increases with 

an increase in the inlet feed temperature (because of high vapor pressure difference) and 

velocity, the number of fibers and the total module length. However, it decreases with an 

increase in the mass fraction of the feed. VMD has been experimentally studied by M. 

Khayet et al. [19] and has determined the heat transfer coefficients in both the lumen and 

shell side of hydrophobic membrane. 

2.3 Air Gap and Sweeping Gas Membrane Desalination 

Similarly, other two types of membrane desalination are Air gap membrane desalination 

(AGMD) and Sweeping gas membrane desalination (SGMD) which have undergone a 

wide range of work and research on it. Effect of operating conditions in AGMD was 

examined by Khalifa et al. [20]. A novel method of AGMD using series and parallel 

connectors was analyzed by Khalifa el al. [21]. Similarly, Garcia et al. [22] modified the 

process with hollow fiber membrane made up of alumina. On the other side, SGMD has 

been studied with the assistance of theoretical and experimental studies as well as by 

modelling and optimization of different parameters [23, 24]. Sweeping gas MD using 

hollow fiber is comprehensively studied by Karinikola et al [25]. 

2.4 Permeate Gap and Conductive Gap Membrane Desalination 

In addition to the above mentioned types of membrane desalination, there are other two 

types which have gained a lot of attention in the past few years i.e. Permeate Gap 

Membrane Desalination (PGMD) and Conductive Gap Membrane Desalination (CGMD) 

[10]. These two are considered to be the derived form of DCMD and AGMD and hence 

consists of the characteristics of both types of MD. One of the separating feature of these 

two types of MD is the distillate separation from the coolant. Also internal heat recovery 

is possible which makes them efficient from other forms of MD. 
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2.5 Comparison of different membrane distillation processes 

 

Figure 3: Comparison of different distillation processes 

2.6 Other Advancements 

Also there are other various advancements done in Membrane configuration and system 

for the purpose of improving the efficiency [26]. First of them is Vacuum enhanced DCMD 

in which setting the distillate pump right after the DCMD module causes an increase in the 

flux. The second innovation is Multi effect MD (MEMD). It is derived from AGMD having 

porous fibers arranged in the parallel form and dense wall fibers having an internal heat 

exchanging in the countercurrent direction. The other one is Vacuum- multi effect 

Membrane desalination (V-MEMD). It consists of both Multi effect distillation and 

Vacuum membrane desalination. Also Multi stage MD which is responsible for lowering 

the energy consumption. Osmotic MD requires a special mention in which vapor pressure 

difference is created with the help of water activity difference between the feed solutions. 
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Many renewable sources have been proposed to solve the energy problems [27]. Like the 

Solar energy which is the most abundant form and has been integrated in many of the MD 

related projects. Primarily the use of solar collector and PV cells have gained a lot of 

reputation in the recent years due to their enhanced ability to overcome cost and improve 

economical factor in Membrane desalination. Also Banat et al. has used solar still for 

producing potable water [28]. Geothermal energy which can offer the continuous thermal 

energy. However its extraction is little bit costly. Wind energy can serve the desalination 

plants in the form of electricity. Wave energy can serve as an ideal platform for membrane 

desalination plants. Similarly there are other forms of energy which can prove to play a 

vital role for solving the energy crisis related to MD and bring a revolution in future. 

2.7 Solar driven Membrane systems 

The concern of integrating membrane distillation with solar energy has been acclaimed a 

lot in the recent years. The major part of this activity comes from coupling the salinity 

gradient solar pond to membrane distillation [29]. Its effectiveness comes from energy 

consumption which mainly and primarily depends upon the average radiation of solar 

energy coming from sun as well as feed temperature. It also affects the economics aspects 

of using solar pond as a source of thermal energy for this process. Also the efficiency of 

the process is decreased as a result of thermodynamic losses. So this has been a subject of 

concern for others. For this purpose, Banat et al. did exergy analysis for the purpose of 

knowing the locations as well as causes of heat losses [30]. He revealed that the most 

obtrusive heat loss occurs primarily at the membrane module. Banat et al. also tried to 

integrate solar driven membrane distillation with artificial sea water [28]. The close loop 

system was adapted. Hot water was circulated in the unit of membrane distillation and this 

hot water was returned to the still. This showed quite superlative results if compared against 

nominal operative conditions. 

Also two different categories of processes are devised by Qiblawey et al [31]. One of them 

was direct collection system and another one was indirect collection system. In direct 
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process, solar collector directly utilizes solar energy in order to generate distillate where in 

indirect process, there are two sub systems which are employed for producing distillate. 

One for desalination and the other one for solar energy collection. For limited water 

requirements, direct method is quite appropriate as it uses many versatile solar stills for 

producing clear and fresh water. The indirect method may use the electrical energy like 

photovoltaic cells for yielding sufficient electrical energy. It is further categorized into 

multi-stage flash distillation, atmospheric humidification and dehumidification etc. In 

addition to that, three different plants established in the span of two to three years were 

compared with each other with respect to membrane distillation configuration as well as 

energy supply [32]. Data was collected for all three plants and comparison was made with 

respect to distillate output, driving force temperature difference, Gain output ratio (GOR) 

and energy efficiency. From this, final outcome concerning the solar and waste heat driven 

plants for distillation was made for the purpose of optimum conditions. 

Solar driven membrane distillation unit has also been coupled with air gap membrane 

distillation by Chang et al [33]. He basically took help from the proportional integral 

control scheme which is normally employed for the industries. The dynamic mathematical 

model helped to achieve the objective. This mathematical model was verified with 

experimental outcomes. The entire system as made automatic with this PI control scheme 

strategy under the influence of versatile irradiation conditions. This really assisted in 

determining the optimum conditions for running the system. Also vacuum membrane 

distillation has been integrated with solar energy by Wang [34] from underground water 

for potable and fresh water production. Basically the system was composed of four main 

critical components which included fiber hollow membrane module, solar energy collector, 

mechanical pumps and permeation condenser. The results showed very appreciable results 

and recommended this system a feasible one for the clean water production. Also 

simulation by coupling these two factors has been done by Mericqa et al [35] by 

considering solar gradient energy ponds with solar collectors. Basic outcome of the 

simulation was that temperature polarization phenomenon is the basic factor that decreases 



 

13 

 

and lessens the permeate flux because the process is not able to create sufficient turbulence 

due to the decrease of membrane interfaces temperatures and increase heat and energy loss. 

Zhang then later compared the various sources of solar driven desalination and put the 

economic and physical benefits into the same platform [36]. He commented that indirect 

desalination technologies are becoming more and more reliable in future as there are 

technical improvements in water desalination technologies and simple technologies are 

preferable for rural areas. Also the total cost for producing potable water from solar 

collector is still relatively high as compared to the conventional and orthodox desalination 

methods. However, there is still a lot of space in cost reduction if used for large scale 

systems. Furthermore, low environmental disposal of residues and intermittence of solar 

energy with the continuous demand of water treatment are the major factors related to 

desalination of water. Similar type of analysis is done by Puoufaucon [37] in which he 

recommended continuous systems in place of discontinuous systems. Higher demands 

need a more sophisticated solar powered plant. However, there must be a balance between 

the solar electricity generation and electricity consumption. For this purpose, he endorsed 

that standalone systems are the most viable solution for producing potable water. Goswami 

[38] also revealed that solar hybrid desalination systems are much more economical than 

other systems but its yield depend upon weather, season and location. However there is a 

need of more research in this field especially related to operation of solar plant from waste 

heat and power cogeneration because both of them are very crucial areas if plants are 

operated on large scale. 

The study of the evaporative cooling effect on the performance of solar driven membrane 

distillation unit was presented by Kabeel et al [39]. The study was basically carried out on 

pilot system. He observed the increase in the system productivity when incorporated with 

evaporative cooling effect. This phenomenon also caused an enhancement in Gain output 

ratio as well as system efficiency when compared with normal system at nominal flow 

rates. However the pressure drop was increased when flow rates were increased. Similarly 

the experimental investigation of solar ponds with direct contact membrane desalination 
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was done by Suarez [40]. Basically, he extracted the information regarding the water flux 

production as well as the energy requirements for the operation of basic components of 

system. DCMD incorporated with solar ponds is at least six times effective relative to 

AGMD. Also around 70% of the total energy generated from solar energy is used to drive 

the membrane system whereas 30% of the energy is lost during this process. Also around 

50% of the useful heat is used to transport water across the membrane module and the rest 

is lost in the process of conduction in membrane. In addition to that, large membrane 

requires more capital cost to operate as compared to small membrane areas and better 

insulation could lead to better results as heat losses through the system will be reduced and 

water production will be much more effective. 

The study of solar driven sea water distillation has also been done with the assistance of 

computer simulations via different softwares by Duong [41]. They extracted the results 

from various simulations that co-current and counter current flow of water in the system 

results in different profiles, thermal efficiency and thermal polarization factor as well. 

Direct contact membrane distillation is the best type to integrate with solar energy. In this 

regard, they have listed the best and the most viable setup for small scale production of 

potable water from distillation process. Also if the system is operated at relatively high 

temperature, then counter current flow is the most suitable one. Also if these configurations 

are regulated at high velocities, then water flux continues to increase until a steady value 

is reached. By examining different cases, they reached to a point that around an average of 

19.7 kg of clean water per m2 of membrane could be obtained in a day if operated under 

constant optimum conditions but that majorly depends on the radiation intensity of sun as 

well as availability of solar radiation during the day. Similar type of analysis has been done 

by Chang [42] in which he made the dynamic simulation model on Aspen Custom Modeler 

(ACM) for the optimum performance. He analyzed the different objective conditions on 

spiral type air membrane distillation and thus gave the most suitable conditions to achieve 

the paramount performance. 
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A very unique and exclusive sort of hybrid solar powered desalination system was designed 

by Chafidz et al. [43] for the purpose of providing fresh and potable water for remote and 

arid areas. The concept of zero energy has been used which does not address any sort of 

external energy but only and solely requires solar energy for its functioning. The idea of 

the system has been extracted from Memsys V-MEMD unit which has been integrated with 

solar photovoltaic system as well as solar collector. The heat pump was used to make the 

water flow from one part to another. The results were carried out on the basis of one day 

operation and outcomes were quite impressive if compared against other similar based 

systems. The average distillate flux was in the range of 1.5-2.5 L/m2.hr. The solar 

efficiency of the system was around 33.6% which was comparatively less than other 

nominal systems. Similar form of analysis was carried out by Fath et al. [44] in which he 

performed closed direct contact air cycle. Basically he performed the experiments with the 

help of Humidifier and Dehumidifier. He drew the result from analysis that higher the solar 

intensity, higher will be the humidifier and dehumidifier effectiveness and thus larger will 

be the water production. 

An effective but complex way of non-membrane process to produce potable water was 

done by Ayhan et al. [45] by Natural vacuum desalination. The advantage of this 

configuration was that in addition to sea water, sewerage water can be used. The cost of 

the water production is quite low but its limitations are that it requires removal of non-

condensable gases which are formed during the water evaporation and handling of 

equipments is expensive. Guillen [46] studied the pilot scale MD solar distillation system 

by extensively analyzing three commercially prepared MD modules by coupling to an 

AGMD static solar collector field. The solution used was sodium chloride NaCl in a variety 

of ranges and the feed temperature up to 85oC. The maximum amount of flux that was 

recorded was 7 L/m2.hr at the optimum operating conditions. A perspective of employing 

solar energy effectively was utilized by Shukla et al. [47] where he used the concept of 

latent heat energy storage in solar still for the purpose of producing clean and fresh water 

in the absence of sunlight. He did a lot of experiments on different forms of designs where 
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he viewed versatile economic and physical aspects. He observed an increase in the 

performance of solar still in this case. Also solar still technology was PCM based. 

A short review of integrating solar energy with sustainable membrane desalination was 

done by Rahaoui [48] in which he has highlighted the trends of variation of different 

parameters on permeate flux. Temperature difference has an immense effect on heat 

transfer coefficients, mass lux, heat flux, evaporation efficiency and the most important 

one i.e. temperature polarization effect. All the factors increased with the enhancement of 

feed temperature but temperature polarization coefficient decreased with increase in feed 

temperature. Also coupling solar energy with any type of desalination is quite economical 

as compared to other normal systems and it is environmental friendly as well. 

2.8 Analysis of Membrane desalination in different software’s 

As membrane desalination involves heat and mass transfer and dependency of mass 

transfer on heat transfer has been extensively studied under various conditions by 

Phattaranawik [16]  that involve very complex PDE and ODE equations that have been 

solved using limited number of softwares only. Like DCMD equations have been first 

simplified by Qtaishat et al. [14] and thus solved using MATLAB. Also equations in the 

PDE form have been solved using COMSOL by Hasanizadeh et al [49] as it is a 

multiphysics software and thus can integrate heat and mass transfer at the same time in the 

same module as well.  

On the other hand, for simulations, ANSYS Fluent and CFD have been extensively used. 

Like fluid flow effect on the permeate flux has been studied by Soukane et al. [50] in Fluent 

with turbulence model. Similarly, CFD analysis of DCMD has been done by H.Yu et al. 

[51] and have achieved very promising results that can be compared with experimental 

results. VMD analysis in CFD has been done by Hayer et al. [52] on the basis of fluid 

mechanics as well as heat and mass transfer. 
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2.9 Fouling and Wetting complications 

Fouling of membranes is still one of the problems that torments the extensive stability of 

membranes and declines the flux. Its most common type is scale fouling. Its magnitude 

varies from one type of membrane desalination to another. Various methods were proposed 

to get rid to the maximum level by Tijing et al. [53] such as pretreatment, membrane 

flushing, gas bubbling etc. 

Various versatile projects have tried to integrate the solar energy with Membrane 

desalination technology and have strived to provide new sagacity for diverse possible 

applications [54]. First commercial plant for MD was installed in Maldives in year 2014. 

Since then, a lot of plants have been established in various parts of the world to produce 

clean water. So Membrane desalination is an effective technique that if employed, can 

produce the clean and pure water safe for drinking and thus can solve the drinking issues 

at present and in future as well. 
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CHAPTER 3: METHODOLOGY 

3.1 SCHEMATIC DIAGRAM 

 

Figure 4: Schematic diagram 

3.1.1 Working cycle 

 The main working component in the cycle of membrane desalination is porous 

hydrophobic membrane.  

 Fresh water (to be purified) is initially stored in fresh feed water tank having tubes 

hence it also acts as shell and tube heat exchanger. 
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 Hot feed water tank is connected with F.W.T to maintain water level in H.F.W.T.  

 Water is heated to 50-60 Degree Celsius through solar panel and pumped to the 

feed side of membrane which allows only vapors to pass through it.  

 Concentrated water (brine) is pumped back to H.F.W.T which also decreases 

pressure in it (helps in formation of vapors).  

 Condenser on the permeate side of membrane condenses the pure vapors using 

cold water from permeate water tank (purified) and exchanges heat. This heated 

water (because of condensation) is also used to pre heat the fresh water in F.W.T 

(Heat Recovery). 

 The process is a closed loop as well as standalone process. All the above steps are 

repeated as described above. 

3.2 CAD MODEL 

To use membranes practically, large membrane area is needed. The smallest section into 

which a membrane area is packed is called a module. A module typically consists of 

membrane, feed inlet, permeate outlet and a supporting structure which provides the 

necessary support to the whole unit. There are different configurations present in the 

literature for a membrane module. Some of these configurations include; hollow fiber 

module, spiral wound module, plat and frame module and tubular module.  

We will be using plat and frame (cross-flow) module configuration. A 3D model of the 

proposed model is shown in Figure 3. In this configuration, two rectangular plates are 

present on both sides to provide necessary support to the module during the operation. 

Spacers are also used on either sides and the membrane is enclosed in between the two 

spacers. In membrane distillation, thermal polarization is one of the important factors 

which limit the performance of the distillation process by reducing the thermal driving 

force.  Spacer helps to decrease the temperature polarization by increasing the heat transfer 



 

20 

 

which results in higher permeate flux.  The whole geometry will be assembled together 

tightly with the help of nuts and bolts to prevent any leakage and disturbing of membrane 

sheet during the operation.  

The parts labeled in the figure are as: 

1) Supporting plate 

2) Spacer 

3) Membrane Sheet 

 

Figure 5: CAD Model 
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3.3 MATHEMATICAL MODELLING 

3.3.1 Mathematical modeling of DCMD 

As Membrane desalination is a process that occurs due to the pressure difference created 

due to the temperature difference across feed and permeate side so analysis can be split 

into three different regions. (1) Feed side Heat transfer (includes heat transfer through 

convection 𝑄𝑓,𝑐𝑜𝑛𝑣. as well as it incorporates mass transfer which governs the second type 

of heat transfer𝑄𝑓,𝑀.𝑇.); (2) Heat transfer in membrane (includes heat transfer through 

conduction  𝑄𝑚,𝑐𝑜𝑛𝑑. and transfer of heat due to the passage of water vapors through pores 

of membrane 𝑄𝑚,𝑀.𝑇.); (3) Transfer of heat in permeate side (includes convectional heat 

transfer 𝑄𝑝,𝑐𝑜𝑛𝑣. as well as transfer of mass governs the second type of heat transfer across 

permeate boundary𝑄𝑝,𝑀.𝑇.) [14].  

They can be expressed in the form of mathematical equations as well as stated below; 

 feed side: 

 𝑄𝑓 = 𝑄𝑓,𝑐𝑜𝑛𝑣. + 𝑄𝑓,𝑀.𝑇. = ℎ𝑓(𝑇𝑏𝑓 − 𝑇𝑚𝑓) + 𝐽𝑤𝐻𝐿,𝑓 {
𝑇𝑏𝑓 + 𝑇𝑚𝑓

2
} Eq. 1 

 membrane: 

 𝑄𝑚 = 𝑄𝑚,𝑐𝑜𝑛𝑑. + 𝑄𝑚,𝑀.𝑇. = ℎ𝑚(𝑇𝑚𝑓 − 𝑇𝑚𝑝) + 𝐽𝑤𝐻𝑣 Eq. 2 

 permeate side: 

 

𝑄𝑝 = 𝑄𝑝,𝑐𝑜𝑛𝑣. + 𝑄𝑝,𝑀.𝑇.

= ℎ𝑝(𝑇𝑚𝑝 − 𝑇𝑏𝑝) + 𝐽𝑤𝐻𝐿,𝑝 {
𝑇𝑚𝑝 + 𝑇𝑏𝑝

2
} 

Eq. 3 

In literature, it has been determined that the type of heat transfer that dominates is the 

convection heat transfer on both sides of membrane [55]. Hence we can eradicate the terms 

of conduction for both sides.  
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Moreover, the enthalpy of vapor 𝐻𝑣 is regarded as approximately equal to latent heat of 

vaporization (∆𝐻𝑣). Based on this approximation, the Eq. [(1-3)] can be rewritten as 

follows: 

 𝑄𝑓 = ℎ𝑓(𝑇𝑏𝑓 − 𝑇𝑚𝑓) Eq. 4 

 𝑄𝑝 = ℎ𝑝(𝑇𝑚𝑝 − 𝑇𝑏𝑝) Eq. 5 

 𝑄𝑚 = ℎ𝑚(𝑇𝑚𝑓 − 𝑇𝑚𝑝) + 𝐽𝑤∆𝐻𝑣 Eq. 6 

In correspondence to the above equations, the average bulk feed temperature 𝑇𝑏𝑓 is the 

average of bulk inlet and bulk outlet flow temperatures: 

 𝑇𝑏𝑓 =
𝑇𝑏𝑓,𝑖𝑛 + 𝑇𝑏𝑓,𝑜𝑢𝑡

2
 Eq. 7 

Similarly, for average bulk permeate temperature 𝑇𝑏𝑝: 

 𝑇𝑏𝑝 =
𝑇𝑏𝑝,𝑖𝑛 + 𝑇𝑏𝑝,𝑜𝑢𝑡

2
 Eq. 8 

Coefficient of heat transfer plays a very pivot role in heat transfer across the membrane 

and controls the flux through the membrane. Its evaluation is done with the help of thermal 

conductivity of the material 𝑘𝑚 from which membrane is made as well as the air which is 

trapped inside the membrane 𝑘𝑔. Its equation is given as follows: 

 ℎ𝑚 =
𝑘𝑔𝜀 + 𝑘𝑚(1 − 𝜀)

𝛿
 Eq. 9 

For finding the shell and lumen side heat transfer coefficients(ℎ𝑓 𝑎𝑛𝑑 ℎ𝑝), we would take 

help of various dimensionless numbers [56] like Nusselt Number, Prandtl Number etc. 

Reynolds Number (i=feed, permeate): 

 𝑅𝑒𝑖 =
ρ𝑖𝑣𝑖𝑑𝑖

μ𝑖
 Eq. 10 
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Prandtl Number (i=feed, permeate): 

 𝑃𝑟𝑖 =
μ𝑖𝐶𝑝𝑖

𝑘𝑖
 Eq. 11 

Nusselt Number –laminar flow (i=feed, permeate): 

 𝑁𝑢𝑖 = 1.86 (
𝑅𝑒𝑖𝑃𝑟𝑖𝑑𝑖

𝑙𝑖
)

0.33

 Eq. 12 

Nusselt Number –turbulent flow (i=feed, permeate): 

 𝑁𝑢𝑖 = 0.023(𝑅𝑒𝑖)0.8(𝑃𝑟𝑖)0.33 (
μ𝑖

μs𝑖
)

0.14

 Eq. 13 

Heat transfer coefficients (i=feed, permeate): 

 ℎ𝑖 =
𝑁𝑢𝑖𝑘𝑖

𝑑𝑖
 Eq. 14 

Heat of vaporization of water ∆𝐻𝑣 is an experimental factor but certain relations exists 

which operate only in the certain temperature range. The following relation operates in the 

273K-373K temperature range. Its evaluation is done on the average temperature between 

feed and permeate side as follows [55, 57]: 

 ∆𝐻𝑣 = 1.7535𝑇 + 2024.3 Eq. 15 

Where mean temperature between bulk feed and permeate side is represented by T as: 

 𝑇 =
𝑇𝑏𝑓 + 𝑇𝑏𝑝

2
 Eq. 16 

At steady state: 

 𝑄𝑓 = 𝑄𝑚 = 𝑄𝑝 = 𝑄 Eq. 17 
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Combining equations [Eq. (4-6)] in Eq. 17 the heat becomes: 

 𝑄 = ℎ𝑓(𝑇𝑏𝑓 − 𝑇𝑚𝑓)  =  ℎ𝑝(𝑇𝑚𝑝 − 𝑇𝑏𝑝) = ℎ𝑚(𝑇𝑚𝑓 − 𝑇𝑚𝑝) + 𝐽𝑤∆𝐻𝑣 Eq. 18 

Solving for Q, we get the following equation: 

 𝑄 = (
1

ℎ𝑓
+

1

ℎ𝑚 +
𝐽𝑤∆𝐻𝑣

𝑇𝑚𝑓 − 𝑇𝑚𝑝

+
1

ℎ𝑝
)

−1

(𝑇𝑏𝑓 − 𝑇𝑏𝑝) Eq. 19 

Also one factor that is interconnected to heat flux is overall heat transfer coefficient 𝑈 

which is a very critical factor as indicated below: 

 𝑈 = (
1

ℎ𝑓
+

1

ℎ𝑚 +
𝐽𝑤∆𝐻𝑣

𝑇𝑚𝑓 − 𝑇𝑚𝑝

+
1

ℎ𝑝
)

−1

 Eq. 20 

The mass flux 𝐽𝑤 is dependent on two very important factors in this process i.e. first is mass 

transfer coefficient (Viscous model, Knudsen model, ordinary-diffusion model or their 

pair) and second is pressure difference across membrane. It is calculated by [55,58]: 

 𝐽𝑤 = 𝐵𝑚(𝑃𝑚𝑓 − 𝑃𝑚𝑝)                                                      Eq. 21 

Evaluation of partial pressure is governed by Antoine equation which converts the 

temperature of any side into partial pressure of that side as shown below: 

 𝑃𝑣 = exp (23.328 −
3841

𝑇 − 45
) Eq. 22 
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There exist many different types of governing mechanisms to represent mass transfer 

through a porous media: Viscous model, Knudsen model, ordinary-diffusion model and 

may be a combination as well. Knudsen number 𝐾𝑛 is responsible for calculating which 

type of mechanism governs the mass transfer. It is dependent on two things i.e. mean free 

path of molecules 𝜆 and membrane pore size diameter 𝑑 [14]: 

 𝐾𝑛 =
𝜆

𝑑
 Eq. 23 

In our model, we are using a combination of Knudsen model and ordinary diffusion model. 

So membrane permeability 𝐵𝑚 for combined Knudsen-ordinary diffusion is given by the 

following equation: 

 𝐵𝑚
𝐶 = [

3

2

𝜏𝛿

𝜀𝑟
(

𝜋𝑅𝑇

8𝑀
)

1
2

+
𝜏𝛿

𝜀

𝑃𝑎

𝑃𝐷

𝑅𝑇

𝑀
]

−1

 Eq. 24 

Where 𝑃𝑎 represents the air which is trapped inside the membrane pores and 𝐷 is the water 

diffusion coefficient. Water-air 𝑃𝐷 value is given as [16] which will then be substituted in 

the above equation: 

 𝑃𝐷 = (1.895 × 10−5)𝑇2.072 Eq. 25 

Membrane tortuosity 𝜏 is primarily dependent on porosity of membrane and it can be 

calculated by using the following correlation [55]: 

 𝜏 =
(2 − 𝜀)2

𝜀
 Eq. 26 

 

 

As coefficient of heat transfer is dependent on conductivity of the material from which 

membrane is composed 𝑘𝑚 as well as the air which is trapped inside the membrane 𝑘𝑔. 

Similarly, membrane’s ability to conduct heat 𝑘𝑚 is also dependent on these factors. Hence 
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 𝑘𝑚 = 𝜀𝑘𝑔 + (1 − 𝜀)𝑘𝑝 Eq. 27 

So by putting all the values of parameters in Knudsen- ordinary diffusion model and then 

replacing its values in mass flux equation along with the result of Antoine equation for feed 

and permeate side, we could obtain the mass flux 𝐽𝑤 at desired temperatures. Also, 

evaluation of other parameters is dependent primarily on membrane interfaces 

temperatures and the mass flux. 

One of the most critical and pivot element that influences the effectiveness and efficiency 

of this system is the Temperature Polarization Coefficient (TPC) which heavily affects and 

decreases the permeate flux passing across hydrophobic membrane [14]. Heat losses that 

occur during the process are responsible for the bulk temperatures to be not equal to the 

membrane interfaces temperatures. This phenomenon is actually known as TPC which is a 

factor responsible for the effectiveness of process. It is dependent on membrane interface 

temperatures and bulk temperatures on both sides. It is stated as follows: 

 𝑇𝑃𝐶 =
𝑇𝑚𝑓 − 𝑇𝑚𝑝

𝑇𝑏𝑓 − 𝑇𝑏𝑝
 Eq. 28 

The evaporation efficiency 𝐸𝐸 can be delineated as portion of heat that is migrated due to 

water vapors passing across the membrane out of total heat transferred [59]: 

 𝐸𝐸 =
𝑄𝑚,𝑀.𝑇

𝑄𝑚,𝑀.𝑇 + 𝑄𝑚,𝑐𝑜𝑛𝑑.
=

𝐽𝑤𝐻𝑣

𝐽𝑤𝐻𝑣 + ℎ𝑚(𝑇𝑚𝑓 − 𝑇𝑚𝑝)
 Eq. 29 

 

For finding the rate of total heat transferred through hydrophobic membrane, we will use 

the following equation: 

 𝑞𝑡 = 𝑈(𝑇𝑏𝑓 − 𝑇𝑏𝑝) Eq. 30 

Where U is the overall heat transferred coefficient which is determined with the help of 

Eq. (20). 
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To solve these equations in MATLAB it requires an iterative scheme of many equations 

and combination of many variables. To make it easy in solving in this software, following 

pivot equations are derived from the above equations. The extensive iterative process is 

used to evaluate these temperatures of both sides of the hydrophobic membrane.  

On feed side: 

 𝑇1 =
ℎ𝑚(𝑇𝑝 + (ℎ𝑓/ℎ𝑝)𝑇𝑓) + ℎ𝑓𝑇𝑓 − 𝐽𝐻𝑣

ℎ𝑚 + ℎ𝑓(1 + ℎ𝑚/ℎ𝑝)
 Eq. 31 

On permeate side: 

 𝑇2 =
ℎ𝑚(𝑇𝑓 + (ℎ𝑝/ℎ𝑓)𝑇𝑝) + ℎ𝑝𝑇𝑝 + 𝐽𝐻𝑣

ℎ𝑚 + ℎ𝑝(1 + ℎ𝑚/ℎ𝑓)
 Eq. 32 
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3.3.1.1 Overview of modeling of membrane distillation in MATLAB 

            

            

            

            

            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Start 

T1 = newT1 

T2 = newT2 

Input data (Water and flow 

properties) 

Determine Cm and J 

Apply equations 31, 

32 to find new T1 and 

T2 

 If T new ≠ T cal. 

 New T1 and T2 

Output 

Cm, J 

Determine TPC, EE, 

U and qt 

End 

Figure 6: Membrane Distillation Flow chart in MATLAB 
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An iterative scheme has been used to find the flux over a vast range of temperatures.  

 All the water properties and flow characteristics are inputted in the beginning. 

 As an initial guess, values of 𝑇𝑚𝑓, 𝑇𝑚𝑝 are inputted after this.  

 These Temperatures and water parameters contribute to determine Knudsen –

Ordinary diffusion coefficient as well as Mass flux. 

 Mass flux value will lead us to new membrane interfaces temperature. 

 Then it is checked whether the new temperatures calculated are equal or close to 

(within tolerance of 1e-04) to the previous membrane temperatures. 

 If the condition is not satisfied, then steps (2-5) are repeated again in such a manner 

that the new temperatures are set equal to the old temperatures. 

 The above steps will continue until and unless the difference between the old and 

new temperatures gets less than or equals to 1e-04 (tolerance).  

 If the condition is satisfied then these temperatures are the true or close to true 

membrane interfaces temperatures. These temperatures are proceeded further to 

calculate the actual amount of flux pass across the membrane. 

 These temperatures are then further engaged to find other valuable parameters like 

Evaporator Efficiency (EE), Thermal Polarization coefficient (TPC) etc. 

 3.3.2 Mathematical modeling of solar collector 

The energy requirements for the DCMD module are met by integrating the system with 

solar collector. All solar collectors have same working principle. The black surface 

(absorber plate) absorbs the radiations coming from Sun; performs the heating operation 

and transfer this heat to any fluid that is moving through the pipes. The pivot elements of 

a solar collector (flat plate) include: glass covering, absorber, piping and housing of the 

system. The absorber is protected with a thin sheet that consumes the solar radiations. The 

glass covering protects the collector form external conditions and also prevents heat loss 

from it. The glass cover should have high permeability for the solar radiations, so that 

maximum sun rays are transmitted through it on their way to the absorber plate. A system 
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of pipes containing the fluid collects heat from the absorber. The arrangement of pipes may 

be parallel or they may be arranged in a coiled system. The housing of the system protects 

and prevents any sort of losses during its operation of heating the fluid. It comprises of 

typical insulation around the solar collector which ensures low heat losses. 

Following assumptions were made to simplify the analysis of a solar collector [60]; 

 Collector tubes have unit mass flow rate. 

 Heat transfer throughout the system takes place in one dimension. 

 

Figure 7: Break down of Solar collector 

 

 The heat transfer as well as heat losses from the collector edges are neglected. 

 Temperature does not affect characteristics of glass and insulation. 

 General energy balance for one dimensional heat transfer can be written as: 

 𝑑𝑈

𝑑𝑥
= 𝑄̇𝑖𝑛 − 𝑄̇𝑜𝑢𝑡 + 𝑄̇𝑣 Eq. 33 

The heat transfer across the solar collector’s glass cover can be written as [61]: 

 𝑐𝑔𝑉𝑔𝜌𝑔

𝑑𝑇𝑔

𝑑𝑡
= [ℎ𝑔,𝑎𝑚(𝑇𝑎𝑚 − 𝑇𝑔) − ℎ𝑟1(𝑇𝑔 − 𝑇𝑎𝑏) − ℎ𝑐1(𝑇𝑔 − 𝑇𝑎)

+ 𝐺𝛼]𝑝∆𝑧 
Eq. 34 
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The air gap between the absorber plate and glass cover also yields some heat transfer as: 

 𝑐𝑎(𝑇𝑎)𝑉𝑎𝜌𝑎(𝑇𝑎)
𝑑𝑇𝑎

𝑑𝑡
= [ℎ𝑐1(𝑇𝑔 − 𝑇𝑎) − ℎ𝑔,𝑎𝑏(𝑇𝑎 − 𝑇𝑔)]𝑝∆𝑧 Eq. 35 

Now considering the plate (absorber), the heat absorbed by the plate is a result of radiation 

heat transfer between the absorber and glass cover, process of conduction between 

insulation and absorber and heat transfer by process of convection. Thus: 

 

𝑐𝑎𝑏(𝑇𝑎𝑏)𝑉𝑎𝑏𝜌𝑎𝑏(𝑇𝑎𝑏)
𝑑𝑇𝑎𝑏

𝑑𝑡

= [𝐺(𝛼𝜏) − ℎ𝑟1(𝑇𝑎𝑏 − 𝑇𝑔) − ℎ𝑐1(𝑇𝑎𝑏 − 𝑇𝑎)

−
𝑘𝑖

𝛿𝑖

(𝑇𝑎𝑏 − 𝑇𝑖)] 𝑝∆𝑧 − 𝜋𝑑𝑖𝑛ℎ𝑓∆𝑧(𝑇𝑎𝑏 − 𝑇𝑓) 

Eq. 36 

The heat transfer in the insulation zone consists of conduction heat transfer with the 

absorber plate and radiation heat transfer with the surrounding environment: 

 𝑐𝑖𝜌𝑖𝑉𝑖

𝑑𝑇𝑖

𝑑𝑡
=

𝑘𝑖

𝛿𝑖

(𝑇𝑎𝑏 − 𝑇𝑖) + ℎ𝑖,𝑎𝑚(𝑇𝑎𝑚 − 𝑇𝑖) Eq. 37 

The energy balance for the working fluid in the solar collector is given by: 

 𝑐𝑓(𝑇𝑓)𝜌𝑓(𝑇𝑓)𝐴
𝜕𝑇𝑓

𝜕𝑡
= 𝜋𝑑𝑖𝑛ℎ𝑓(𝑇𝑎𝑏 − 𝑇𝑓) − 𝑚̇𝑓𝑐𝑓(𝑇𝑓)

𝜕𝑇𝑓

𝜕𝑧
 Eq. 38 

Applying the First law of thermodynamics across the control volume of the storage tank: 

 
𝑑𝐸𝑐𝑣

𝑑𝑡
= 𝑚̇𝑖𝑛 (ℎ +

𝑉2

2
+ 𝑔𝑧) − 𝑚̇𝑜𝑢𝑡 (ℎ +

𝑉2

2
+ 𝑔𝑧) + 𝑄̇ − 𝑊̇ Eq. 39 

Any sort of changes in kinetic and potential energy are neglected. Also there is no work 

done in the system in storage tank case, so the above energy balance can be stated as: 

 𝑑(𝑚𝑢)𝑐𝑣

𝑑𝑡
= 𝑄̇𝑙𝑜𝑠𝑠 + 𝑚̇𝑖𝑛ℎ𝑖𝑛 − 𝑚̇𝑜𝑢𝑡ℎ𝑜𝑢𝑡 Eq. 40 

Finite difference method is used to solve the differential equations. The geometry and time 

derivatives are replaced by backward and forward difference formula, respectively: 
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 𝑑𝑇𝑚

𝑑𝑡
=

𝑇𝑚,𝑗
𝑡+∆𝑡 − 𝑇𝑚,𝑗

𝑡

∆𝑡
 Eq. 41 

 𝑑𝑇𝑓

𝑑𝑧
=

𝑇𝑓,𝑗
𝑡+∆𝑡 − 𝑇𝑓,𝑗

𝑡

∆𝑧
 Eq. 42 

The final form of the equations using finite difference method becomes [61]: 

 𝑇𝑔,𝑗
𝑡+∆𝑡 =

1

𝐹𝑗∆𝑡
𝑇𝑔,𝑗

𝑡 +
𝐵𝑗

𝐹𝑗
𝑇𝑎𝑚

𝑡+∆𝑡 +
𝐶𝑗

𝐹𝑗
𝑇𝑎𝑏,𝑗

𝑡+∆𝑡 +
𝐷𝑗

𝐹𝑗
𝑇𝑎,𝑗

𝑡+∆𝑡 +
𝐸

𝐹𝑗
𝐺𝑡+∆𝑡 Eq. 43 

 𝑇𝑎,𝑗
𝑡+∆𝑡 =

1

𝐻𝑗∆𝑡
𝑇𝑎,𝑗

𝑡 +
𝐺𝑗

𝐻𝑗
(𝑇𝑔,𝑗

𝑡+∆𝑡 + 𝑇𝑎𝑏,𝑗
𝑡+∆𝑡) Eq. 44 

 
𝑇𝑎𝑏,𝑗

𝑡+∆𝑡 =
1

𝑄𝑗∆𝑡
𝑇𝑎𝑏,𝑗

𝑡 +
𝐾𝑗

𝑄𝑗
𝐺𝑡+∆𝑡 +

𝐿𝑗

𝑄𝑗
𝑇𝑔,𝑗

𝑡+∆𝑡 +
𝑀𝑗

𝑄𝑗
𝑇𝑎,𝑗

𝑡+∆𝑡 +
𝑂𝑗

𝑄𝑗
𝑇𝑓,𝑗

𝑡+∆𝑡

+
𝑃𝑗

𝑄𝑗
𝑇𝑖,𝑗

𝑡+∆𝑡 

Eq. 45 

 𝑇𝑓,𝑗
𝑡+∆𝑡 =

1

𝑈𝑗∆𝑡
𝑇𝑓,𝑗

𝑡 +
𝑅𝑗

𝑈𝑗
𝑇𝑎𝑏

𝑡+∆𝑡 +
𝑆𝑗

𝑈𝑗∆𝑧
𝑇𝑓,𝑗−1

𝑡+∆𝑡  Eq. 46 

 𝑇𝑖,𝑗
𝑡+∆𝑡 =

1

𝑋𝑗∆𝑡
𝑇𝑖,𝑗

𝑡 +
𝑉𝑗

𝑋𝑗
𝑇𝑎𝑏

𝑡+∆𝑡 +
𝑊𝑗

𝑋𝑗
𝑇𝑎𝑚

𝑡+∆𝑡 Eq. 47 

Where  𝑗 = 1,2,3, … , 𝑁  

 

𝑇𝑡𝑎𝑛𝑘
𝑡+∆𝑡 =

𝑚̇𝑡𝑜𝑡𝑐𝑝(𝑡𝑓)

𝑚𝑡𝑎𝑛𝑘𝑐𝑣(𝑡𝑓)
∆𝜏(𝑇𝑓,𝑛

𝑡 − 𝑇𝑡𝑎𝑛𝑘
𝑡 )

− ℎ𝑡𝑎𝑛𝑘,𝑎𝑚𝑏

𝐴𝑡𝑎𝑛𝑘

𝑚𝑡𝑎𝑛𝑘𝑐𝑣(𝑡𝑓)
∆𝜏(𝑇𝑡𝑎𝑛𝑘

𝑡 + 𝑇𝑎𝑚
𝑡 ) + 𝑇𝑡𝑎𝑛𝑘

𝑡  

Eq. 48 

The coefficients used in the above equations are: 

 𝐵𝑗 =
ℎ𝑔,𝑎𝑚.𝑗

𝑐𝑔𝜌𝑔𝑉𝑔
 Eq. 49 𝑪𝒋 =

𝒉𝒓𝟏.𝒋

𝒄𝒈𝝆𝒈𝑽𝒈
 Eq. 50 

 𝐷𝑗 =
ℎ𝑐1.𝑗

𝑐𝑔𝜌𝑔𝑉𝑔
 Eq. 51 𝑬𝒋 =

𝜶

𝒄𝒈𝝆𝒈𝑽𝒈
 Eq. 52 
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 𝐹𝑗 =
1

∆𝑡
+ 𝐵𝑗 + 𝐶𝑗 + 𝐷𝑗 Eq. 53 𝑯𝒋 =

𝟏

∆𝒕
+ 𝟐𝑮𝒋 Eq. 54 

 𝐺𝑗 =
ℎ𝑐1.𝑗𝑝

𝑐𝑎(𝑇𝑎)𝑗𝜌𝑎(𝑇𝑎)𝑗(𝑝𝛿𝑎𝑏 + 𝜋𝑟𝑜𝑢𝑡
2 )

 Eq. 55 

 𝐽𝑗 = 𝑐𝑎𝑏(𝑇𝑎𝑏)𝑗𝜌𝑎𝑏(𝑇𝑎𝑏)𝑗[𝑝𝛿𝑎𝑏 + 𝜋(𝑟𝑜𝑢𝑡
2 − 𝑟𝑖𝑛

2 )] Eq. 56 

 𝐾𝑗 =
𝑝(𝜏𝛼)

𝐽𝑗
 Eq. 57 𝑳𝒋 =

𝒉𝒓𝟏.𝒋𝒑

𝑱𝒋
 Eq. 58 

 𝑀𝑗 =
ℎ𝑐1.𝑗𝑝

𝐽𝑗
 Eq. 59 𝑶𝒋 =

𝝅𝒅𝒊𝒏𝒉𝒇,𝒋

𝑱𝒋
 Eq. 60 

 𝑃𝑗 =
𝑝𝑘𝑖

𝐽𝑗𝛿𝑗
 Eq. 61 

𝑄𝑗 =
1

∆𝑡
+ 𝐿𝑗 + 𝑀𝑗 + 𝑂𝑗 + 𝑃𝑗 

 

Eq. 62 

 𝑅𝑗 =
𝜋𝑑𝑖𝑛ℎ𝑓,𝑗

𝑐𝑓(𝑇𝑓)
𝑗
𝜌𝑓(𝑇𝑓)

𝑗
𝐴

 
Eq. 63 

𝑆𝑗 =
𝑚̇𝑓

𝜌𝑓(𝑇𝑓)
𝑗
𝐴

 
Eq. 64 

 𝑈𝑗 =
1

∆𝑡
+ 𝑅𝑗 +

𝑆𝑗

∆𝑧
 Eq. 65 𝑉𝑗 =

2𝑘𝑖

𝑐𝑖𝜌𝑖𝛿𝑖
2 Eq. 66 

 𝑊𝑗 =
2ℎ𝑖,𝑎𝑚,𝑗

𝑐𝑖𝜌𝑖𝛿𝑖
 Eq. 67 𝑋𝑗 =

1

∆𝑡
+ 𝑉 + 𝑊𝑗 Eq. 68 

These equations are solved by an iterative process using MATLAB®. This forms the basis 

of MATLAB® code as well. The stopping criterion for this iterative process is: 

 |
𝑇𝑗,(𝑘+1)

𝑡+∆𝑡 − 𝑇𝑗,(𝑘)
𝑡+∆𝑡

𝑇𝑗,(𝑘+1)
𝑡+∆𝑡 | ≤ 𝜗 Eq. 69 

Also the entire process has to satisfy the Courant-Lewy-Friedriches condition as well: 

 |𝜓| < 1  𝑤ℎ𝑒𝑟𝑒 𝜓 =
𝜔𝑓∆𝑡

∆𝑧
 Eq. 70 
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3.3.2.1 Overview of modeling of solar collector in MATLAB 
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Figure 8: Solar collector Flow chart in MATLAB 
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3.3.3 FINITE ELEMENT MODELLING IN COMSOL  

All the derived equations as well as boundary and initial conditions are solved with the 

assistance of Finite Element Method (FEM) using COMSOL Multiphysics 5.0 package. 

COMSOL utilizes the Finite Element Method to solve the model equations on the basis of 

numerical methods. The incisiveness of this method in COMSOL software depends 

relatively upon how effectively one has put the initial and boundary conditions factual. 

As we all know that in Finite element modelling, the whole domain is divided into finite 

control element. Same case is applied here in which mesh is generated of standard level to 

segregate the system into many control elements on the basis of to what extent we want 

accuracy in results and reduce numerical lapse in results. After this, complex Partial 

differential equation, which are otherwise pretty difficult to solve manually are being 

converted into Algebraic equations within COMSOL and thus have generated the 

numerous results which are accumulated in the next section  

 

Figure 9: Steps in modelling in COMSOL 

Some assumptions are used to chasten the model for the purpose of analysis [62].  

 Flow type is Laminar as velocity is kept very low, typically less that 1m/s. Further 

calculations also yield that Reynolds number is less than 2100. 

 Steady state operation is assumed. 
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 Membrane is fully hydrophobic and salt rejection is 100%. 

 Losses of heat of any type to environment are ignored at all temperatures. 

 3.3.3.1 Step-1:-Geometric model 

 It consists of three regions. Left side region is feed channel, middle region is hydrophobic 

membrane and right side region is permeate one. 
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Figure 10: Geometric model in COMSOL 
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The value of constants are tabulated in the form of table which are given below 

Table 1: Geometric parameters 

Parameters Values Units 

A 0.001 m 

B 0.001145 m 

C 0.0021 m 

L 0.4 m 

3.3.3.2 Step-2:-Constants and Variables 

Here is a list of all Constants and Variables that are used in COMSOL 5.0 for the 

simulation purpose. 

Table 2: Constants and Variables used in COMSOL 5.0 

 

Property 

 

Symbol 

 

Value 

 

Units 

CONSTANTS 

Thermal conductivity  k_m 0.259 W/(m.K) 

Membrane Area A 0.0300 𝑚2 

Liquid Entry Pressure LEP 100 kPa 

Contact Angle CA 132 Degree (0) 

thickness tck 145e-06 M 

Pore diameter d 0.22e-06 M 

Molar mass M 18.02e-03 Moles 

Porosity e 0.85  

Feed velocity uf 0.5 m/s 

Permeate velocity up 0.5 m/s 

Dynamic viscosity of 

feed water 

mew_f 0.5470e-03 Pa/s 
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Dynamic viscosity of 

permeate water 

mew_p 0.8900e-03 Pa/s 

Specific heat capacity of 

feed water 

Cp_f 4182 J/(K.kg) 

Specific heat capacity of 

permeate water 

Cp_p 4182 J/(K.kg) 

Thermal conductivity of 

feed water 

k_f 0.64 W/(m.K) 

Thermal conductivity of 

permeate water 

k_p 0.59 W/(m.K) 

Density of feed water den_f 988 Kg/m3 

Density of permeate 

water 

den_p 997.1 Kg/m3 

Length of membrane L 0.4 M 

Gas constant R 461.5 J/(K.kg) 

VARIABLES 

Pressure at bulk feed P_bf exp(23.328-3841/(T_bf-45)) Pa 

Pressure at bulk 

permeate 

P_bp exp(23.328-3841/(T_bp-45)) Pa 

Tortuosity tur ((2-e)^2)/e  

Heat transfer 

coefficient  

h_m k_m/tck (W/m2.K) 

Heat of vaporization Hv (1.7535*(T)+2024.3)*1000 J/kg 

Average pressure P_a (P_bf+P_bp)/2 Pa 

Diffusion coefficient P_d (1.895e-05)*((T^(2.072))) Pa/m2.s 
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3.3.3.3 Step-3:-Physical models 

The equation that are used for this purpose are given in Appendix 8 are [62]: 

Table 3: Physical models chosen in COMSOL 5.0 

 

Domain 

 

Physical model 

Feed Heat transfer in fluids (ht) 

 Laminar flow (spf) 

Membrane Transport of Diluted species (tds) 

 Heat transfer in Porous media (ht3) 

Permeate Heat transfer in fluids (ht2) 

 Laminar flow (spf2) 

 

3.3.3.3.1 Heat transfer in fluids 

This type of model is used to accumulate and justify heat transfer in any type of region.. 

The heat that is transferred by conduction and convection are controlled using constants 

and variables that are indexed in the next section.  

3.3.3.3.2 Laminar flow 

It is used to represent mass or flow transfer in any region. This group of model is applied 

at the places where the mass transfer or flow transfer is in the laminar region i.e. its 

Reynolds number is less than 2100. It is applied in both feed and permeate. 

3.3.3.3.3 Transport of diluted species 

It is used in places where there is need for the computation of concentration field of a dilute 

solute in a solvent. The driving force for these type of models in diffusion. It is applied 

only in membrane section.  
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3.3.3.3.4 Heat transfer in porous media 

This type of model is used for modelling heat transfer by conduction, convection and 

radiation in porous media. The controlling parameter for this physical model is porosity.  

3.3.3.4 Step-4:-Boundary conditions 

The equation that are used for this purpose are given in Appendix 8 [63]. 

Table 4: Boundary conditions for feed, membrane and permeate domains in COMSOL 

5.0 

 

Location 

 

Property 

 

Type of condition 

 

Equation 

FEED 

x=0 Temperature Thermal insulation ∂𝑇ℎ

∂x
 = 0 

 Velocity No slip condition 𝑉𝑋(0) = 0 

x=A Temperature Equality 𝑇ℎ =  𝑇𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 

 Velocity No slip condition 𝑉𝑋(𝐴) = 0 

y=0 Temperature Equality 𝑇ℎ =   𝑇ℎ0 

 Velocity Equality 𝑉𝑌(ℎ) = 𝑉0ℎ 

y=L Flux Convection coefficient h=ℎ𝑓𝑒𝑒𝑑 

 Pressure Equality 𝑝 = 𝑝𝑎𝑡𝑚 

MEMBRANE 

x=A Temperature Equality 𝑇𝑚 =   𝑇ℎ 

 Concentration Equality 𝐶 = 𝐶ℎ 

x=B Temperature Equality 𝑇𝑚 =   𝑇𝑐 

 Concentration Equality 𝐶 = 𝐶𝑐  

y=0 Temperature Thermal Insulation ∂𝑇ℎ

∂x
 = 0 

 Concentration Insulation ∂𝐶𝑚

∂r
 = 0 
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y=L Temperature Thermal Insulation ∂𝑇ℎ

∂x
 = 0 

 Concentration Insulation ∂𝐶𝑚

∂r
 = 0 

PERMEATE 

x=B Temperature Equality 𝑇𝑐 =   𝑇𝑚 

 Velocity No slip condition 𝑉𝑋(𝐵) = 0 

x=C Temperature Thermal Insulation ∂𝑇𝑐

∂x
 = 0 

 Velocity No slip condition 𝑉𝑋(𝐶) = 0 

y=0 Flux Convection coefficient h=ℎ𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 

 Pressure Equality 𝑝 = 𝑝𝑎𝑡𝑚 

y=L Temperature Equality 𝑇𝑐 =   𝑇𝑐0 

 Velocity Equality 𝑉𝑌(𝑐) = 𝑉0𝑐 

3.3.3.5 Step-5:-Mesh the Geometry 

 

Figure 11: Mesh (Fine type) 
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3.3.3.6 Step-6:-Solve the model 

Compute the model by clicking on “compute”. The basic gist of the things happening is 

the PDEs converted into set of algebraic differential equations which are solved 

simultaneously using boundary conditions. 

3.3.3.7 Step-7:-Analyze the results (Case studies)  

The last step is to analyze and study the result extensively. This is done in the form of 

parametric analysis in which results are studied with the help of variation of parameters. 

It is shown in the following flow chart 

 

Figure 13: Process flow diagram for Analyze the Results 
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Figure 12: Case study 1- Temperature Variation 
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Figure 14: Case study 2- Velocity Variation 

 

 

 

 

 

 

Figure 15: Case study 3- Mesh Refinement 
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3.4 EXPERIMENTAL DESIGN 

The experimental design has been shown below. The basis of the experimental design is 

same as it has been described already. Hot water from the solar water heater, having steam 

yielded at the appropriate temperature in it comes into the feed tank and is circulated in 

one loop. Cold water is circulated in the other loop. This steam, when migrates from the 

hot side to the cold side, mixes with the cold water thus producing the clean potable water 

free from any salt. This system also utilizes the heat exchange particularly to employ and 

make use of latent heat of condensation. 

 

Figure 16: Experimental model 
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Here, the red and the blue color depict the hot and the cold water in the system. 

3.4.1 Major items and equipments in system 

 Membrane module 

 

Figure 17:Membrane module 

 

 Tanks 

Tanks are made up of steel. We have used 2 tanks. One as a feed tank in which hot 

water from solar collector comes in and one as a permeate tank in which cold water 

is circulated. 
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 Heat exchanger 

The heat exchanger has been employed in this system particularly to make use of 

the latent heat of condensation. The heat exchanger type is the box and tube heat 

exchanger. The total number of tubes that are employed are 12, the calculations of 

which are given in the calculations section. 

 

Figure 18: Heat exchanger 

 Solar water heater 

We didn’t purchase the solar water heater. We did our experimentation with the 

one placed on the top of the roof at DME. It was an evacuated solar water heater. 

 

Figure 19: Solar water heater 
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 Plastic pipes 

Plastic pipes of variety of sizes were used to fulfill the requirement of flow of water 

from one part to another.  

 

 

Figure 20: Pipes 

 

 Fittings 

Different types of fittings like tee joint, nuts, connectors were also used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Connectors 

 

 

Figure 22: Tee joint 
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 Thermocouple 

The thermocouple used was of MAX 6675. It was a K type thermocouple. It was a 

5 pin temperature sensor which can measure the temperature in the range of -20oC 

to 120oC with a resolution of 0.25oC. The voltage required for this type of 

thermocouple was 5V. 

 

Figure 23: Thermocouple 

 

 Pressure gauge 

The pressure gauge that was employed can measure in the range of 0 to 10 psi. 

 

Figure 24: Thermocouple 
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 Water flow sensor 

The 3 pin water flow sensor was of Hall Effect type sensor. It was operated on 5V 

and had a capacity in the range of 1L/min to 12L/min. 

 

 

Figure 25: Flow sensor 

 

 Electrical components 

Many electrical components were used that made our system more advanced. 

1. Arduino UNO 

2. Wires (Male to Male, Male to female, Female to Female) 

3. Breadboard 

4. LCD (16*4) 

 

 

 

 

 

 

 

 

Figure 27: Arduino 

 

 

Figure 26: LCD 
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3.5 EXPERIMENTAL CALCULATIONS 

According to the insights of our experiments, we designed the heat exchanger and found 

out the number of tubes that are used in making of box and tube heat exchanger. The 

calculations are based on LMTD method as follows: 

Hot Fluid 

𝑇1 = 60 ℃ = 333 𝐾 

𝑇2 = 45 ℃ = 318 𝐾  

Cold Fluid 

𝑡1 = 30 ℃ = 303 𝐾 

𝑡2 = 40 ℃ = 313 𝐾 

 

 

Figure 28: Heat transfer across HX 

 

Overall heat transfer coefficient = 𝑈 = 455 𝑊𝑚−2𝐾−1 

Mass flow rate of water = 𝑚̇ = 10 𝐿𝑚−1 = 0.167 𝑘𝑔𝑠−1 

 

The required heat transfer rate is = 𝑄̇ = 𝑚̇𝐶𝑝∆𝑇 = 0.167 × 4.18 × 103 × (333 − 318) 

= 7470.9 𝑊 = 7.471 𝑘𝑊 

Log Mean Temperature Difference (LMTD) is given by: 
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∆𝑇𝑚 =
(𝑇1 − 𝑡2) − (𝑇2 − 𝑡1)

𝑙𝑛
(𝑇1 − 𝑡2)
(𝑇2 − 𝑡1)

 

∆𝑇𝑚 =
(333 − 313) − (318 − 303)

𝑙𝑛
(333 − 313)
(318 − 303)

 

∆𝑇𝑚 = 24.38 𝐾 

The area of heat exchanger can now be calculated as: 

𝐴 =
𝑄̇

𝑈 × ∆𝑇𝑚
 

𝐴 =
7470.9

455 × 24.38
 

𝐴 = 0.573 𝑚2 

 

The required mass flow rate can be determined from: 

𝑚̇ =
𝑄̇

𝐶𝑝∆𝑇𝑚
 

𝑚̇ =
7470.9

4.18 × 103 × 24.38
 

𝑚̇ = 0.144 𝑘𝑔𝑠−1 

Now Tube length = 𝐿 = 1.5 𝑓𝑡 

Tube diameter = 𝐷 = 1 𝑖𝑛 

So surface area per tube will be: 

𝑆𝑎 = 𝜋𝐷𝐿 

𝑆𝑎 = 𝜋 (
1

12
) (1.5) 
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𝑆𝑎 = 0.393 𝑓𝑡2 

Thus the number of tubes required is: 

𝑛 =
𝐴

𝑆𝑎
 

𝑛 =
0.573 𝑚2

0.393 𝑓𝑡2
 

𝑛 =
6.168 𝑓𝑡2 

0.393 𝑓𝑡2
 

𝒏 = 𝟏𝟓. 𝟔𝟗 𝒕𝒖𝒃𝒆𝒔 (𝟏𝟔 𝒕𝒖𝒃𝒆𝒔) 
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CHAPTER 4: RESULTS AND DISCUSSIONS 

4.1 RESULTS OF MATLAB FOR MEMBRANE DISTILLATION 

The results in the Matlab are generated with reference of the code from the MATLAB. The 

codes are based on the system of iterative scheme and calculate the flux on the basis of 

temperatures such that different between temperatures is less than tolerance.  

Various characteristics of module are analyzed to ensure the optimum properties that can 

be used in our practical model. The properties like porosity, feed bulk temperature etc. are 

varied to see their effect on the water flux which depend on the difference of temperature 

on both sides of membrane. These results are shown below: 

4.1.1 Effect of Porosity of membrane on Mass flux 

 

 

 

 

Results of Matlab irrefutably show that increase in the porosity of membrane from 0.7 to 

0.94 directly enhances the value of Permeate flux from 0.87𝑘𝑔/𝑚2ℎ𝑟 to 2.27𝑘𝑔/𝑚2ℎ𝑟. 

Basically porosity is the fraction of voids present in the material. So if the porosity is 

75%, it means that 3 quarters of the material has spaces inside it out of 4 quarters and 

only 1 quarter has solid material.    

As the porosity is increased, percentage of voids in membranes gets amplified which 

results in additional amount of vapors passing through it. This enhanced vapors then 

condenses on the permeate side to yield more mass flux in terms of clean potable water. 

It is specifically important to mention that pore diameter also affects the porosity but it 

cannot be greater than the size of water molecule as then it will not be able to block the  

 

Figure 29: Effect of Porosity of membrane on Mass flux 
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Results of Matlab irrefutably show that increase in the porosity of membrane from 0.7 to 

0.94 directly enhances the value of Permeate flux from 0.87𝑘𝑔/𝑚2ℎ𝑟 to 2.27𝑘𝑔/𝑚2ℎ𝑟. 

Basically porosity is the fraction of voids present in the material. So if the porosity is 75%, 

it means that 3 quarters of the material has spaces inside it out of 4 quarters and only 1 

quarter has solid material.  

As the porosity is increased, percentage of voids in membranes gets amplified which results 

in additional amount of vapors passing through it [10] . This enhanced vapors then 

condenses on the permeate side to yield more mass flux in terms of clean potable water. It 

is specifically important to mention that pore diameter also affects the porosity but it cannot 

be greater than the size of water molecule as then it will not be able to block the water 

molecule and surface tension forces will fall short of it. 

4.1.2 Effect of feed Temperature on Mass flux 

            

            

            

            

         

 

 

Feed temperature is the temperature of the water on the bulk feed side and is controlled by 

solar collector in our case. The temperature control in solar collector is primarily dependent 

on the extent of radiation falling on it as well as its efficiency. As inferred from the graph 

above, increase in the feed temperature intensified the amount of flux on the permeate side. 

This is due to the fact that escalation of Bulk feed temperature raises the temperature \ 

Feed temperature is the temperature of the water on the bulk feed side and is controlled by 

solar collector in our case. The temperature control in solar collector is primarily dependent  

 

Figure 30: Effect of feed Temperature on Mass flux 
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Bulk feed temperature is the temperature of the water on the feed side and is controlled by 

solar collector in our case. The temperature control in solar collector is primarily dependent 

on the extent of radiation falling on it as well as its efficiency. As inferred from the graph 

above, enhancement in feed temperature intensified the permeate flux. The reason is that 

escalation of Bulk feed temperature raises the temperature difference across the membrane 

due to which pressure difference is increased across both sides according to Antione 

equation,  

𝐽𝑤 = 𝐵𝑚(𝑃𝑚𝑓 − 𝑃𝑚𝑝) 

Also when the feed temperature is increased, the temperature of the vapors moving across 

permeate side is also high which gives it more proportion to get condensed in a proper way 

as compared to low temperature. The results are very close to [28] with error quite less than 

10%. 

4.1.3 Effect of feed velocity on Mass flux 

 

 

            

            

            

            

         

4.1.4 Effect of thickness on Mass flux 

 

 

 

  

Figure 31: Effect of feed velocity on Mass flux 
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The results are quite close to [28] for feed velocity with error less than 10%.. It is the 

average velocity of the water entering the feed side and exiting it. Raising the velocity of 

feed water from 0.1m/s to 1m/s amplifies the flux from 1.09𝑘𝑔/𝑚2ℎ𝑟 to 1.78𝑘𝑔/𝑚2ℎ𝑟. 

The factor that is responsible for this is increase in Reynolds number. This makes it close 

to turbulent nature of water which results in high rate of mixing and effective heat transfer.  

𝑅𝑒 = 𝑝𝑣𝑑/ μ 

Another reason that accounts for this is that turbulent flow has heat transfer in azimuthal 

and radial directions which is termed as “Eddy transport” [64].This does not happen in 

laminar flow where conduction is the dominating phenomenon only. 

4.1.4 Effect of thickness on Mass flux 

 

 

 

 

Effect of thickness on flux has been shown in the above graph. It is clearly exhibited that 

flux is quite sensitive to thickness and increase in the thickness of membrane decreases the 

Water flux. When the membrane is thin, heat that will be transferred by conduction will be 

excessive that’s leads to low heat efficiency of this process [65]. But it is very important to 

mention here that optimum conditions are very important to have greater mass flux and 

compromise should be made between heat and mass transfer by adjusting its thickness. It 

is also governed by [10]: 

𝑁 ∝  
𝜀𝑟𝑎

𝜏δ
 

. 

 

 

Figure 32: Effect of thickness on Mass flux 
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Effect of thickness on flux has been shown in the above graph.. It is clearly exhibited that 

flux is quite sensitive to thickness and increase in the thickness of membrane decreases the 

Water flux. When the membrane is thin, heat that will be transferred by conduction will be 

excessive that’s leads to low heat efficiency of this process [65]. But it is very important to 

mention here that optimum conditions are very important to have greater mass flux and 

compromise should be made between heat and mass transfer by adjusting its thickness. It 

is also governed by [10]:  

𝑁∝ 𝜀𝑟𝑎/𝜏δ 

Where N is the molar flux passing through membrane and δ is thickness of hydrophobic 

membrane.  

Above relation clearly shows that membrane thickness is inversely proportional to the 

Permeate flux and it increases as thickness is decreased. 

4.2 RESULTS OF MATLAB FOR SOLAR COLLECTOR 

The results in the Matlab for the solar collector are generated with reference of the code 

which is given in the Appendix 7. This code is typically based on the system of iterative 

scheme until the solution converges based on the criteria we set in the code. The results are 

generated according to the conditions mentioned in the document with some variations 

where necessary [61]. 

Initial temperature of water in the tank = 20oC 

Number of nodes along the tube of solar collector =8 

Volume of the tank in liters = 3m3 

Flow rate entering into the system in GPM (Galloon per minute) = 1.7 GPM 

Average Solar flux = 295 W/m2 [66] 
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Figure 33: Time vs Temperature of Solar collector 

4.2.1 Discussion 

By looking at the graph, we can see that the temperature of the fluid in the tank has reached 

up to 47.20C. This is quite close to the results of [61] where on the basis of above mentioned 

conditions, temperature has been reached up to 50oC. Also due to the losses occurring to 

the environment during the transfer of heat from absorber to the fluid circulating in the 

pipes, fluid has not been able to reach the temperature of absorber.  

These results are generated on the basis of nominal conditions. However, in practical, the 

temperature of the circulating fluid could get higher with reference to the increment in the 

properties like average solar flux, flow rate of the fluid entering into the system etc. 
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4.3 RESULTS OF SIMULATIONS IN COMSOL 

The results are scrutinized and compared with various research paper results. Three 

different group of results are inspected extensively for different values. 

 Bulk feed Temperature 

 Bulk feed velocity 

 Mesh refinement 

4.3.1 TEMPERATURE Variation 

We have used the following properties and compared with [28, 57] 

Feed velocity=uf=0.5m/s   Permeate velocity=up=0.5m/s 

4.3.1.1 Temperature = 50K 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 35: Temperature contour (50K) 

 

 

 

 

Figure 34: Flux vs. Temperature (50K) 
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Table 5: Flux comparison in COMSOL and MATLAB for Tbf=323K 

Software Feed 

temperatur

e (Tbf) 

 

(K) 

Permeate 

Temperatur

e 

(Tbp) 

 

(K) 

Membrane 

Feed 

temperatur

e 

(Tmf) 

(K) 

Membrane 

permeate 

temperatur

e 

(Tmp) 

(K) 

Permeabilit

y constant 

(B) 

Flux 

(J) 

[28, 57] 

kg/m2.h

r 

COMSOL 323 293 313.97 304.65 1.06e-07 1.19 

MATLAB 323 293 313.33 303.24 1.06e-07 1.24 

The difference in flux is particularly due to difference in Temperature as Temperature 

difference dictates Pressure difference which affects the flux by Antoine equation [14]. 

𝐽 = 𝐵(𝑃𝑚𝑓− 𝑃𝑚𝑝) 

Where      𝑃 = exp (23.328 −
3841

𝑇−45
) 

4.3.1.2 Temperature = 60K 

 

 

 

 

 

 

 

 

 

Figure 36:Temperature contour (60K) 

 

Figure 6: Graph of Flux vs. Temperature (60K) 

 

 

 

Figure 37: Flux vs. Temperature (60K) 
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Table 6: Flux comparison in COMSOL and MATLAB for Tbf=333K 

Software Feed 

temperatur

e (Tbf) 

(K) 

Permeate 

Temperatur

e 

(Tbp) 

(K) 

Membrane 

Feed 

temperatur

e 

(Tmf) 

(K) 

Membrane 

permeate 

temperatur

e 

(Tmp) 

(K) 

Permeabilit

y constant 

(B) 

Flux 

(J) 

[28, 57] 

kg/m2.h

r 

COMSO

L 

333 293 319.62 306.42 8.03e-08 1.53 

MATLA

B 

333 293 320.11 306.53 8.03e-08 1.59 

Difference in flux is due to difference in Temperature as Temperature difference refers to 

Pressure difference which affects the flux by the following equation [14]: 

𝐽 = 𝐵(𝑃𝑚𝑓− 𝑃𝑚𝑝) 

Where      𝑃 = exp (23.328 −
3841

𝑇−45
) 

4.3.1.3 Temperature = 70K: 

 

 

 

 

 

 

 

 

 

Figure 39:Temperature contour (70K) 

 

                                  Figure 6: Graph of Flux vs. Temperature (70K) 

 

 

Figure 38: Flux vs. Temperature (70K) 
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Table 7: Flux comparison in COMSOL and MATLAB for Tbf=343K 

Software Feed 

temperatur

e (Tbf) 

(K) 

Permeate 

Temperatur

e 

(Tbp) 

(K) 

Membrane 

Feed 

temperatur

e 

(Tmf) 

(K) 

Membrane 

permeate 

temperatur

e 

(Tmp) 

(K) 

Permeabilit

y constant 

(B) 

Flux 

(J) 

[28, 57] 

kg/m2.h

r 

COMSO

L 

343 293 325.693 308.52 5.91e-08 1.77 

MATLAB 343 293 326.90 309.94 5.91e-08 1.85 

The difference in flux is due to difference in Temperature as Temperature difference 

dictates Pressure difference which affects the flux by the equation as follows [14]: 

𝐽 = 𝐵(𝑃𝑚𝑓− 𝑃𝑚𝑝) 

Where      𝑃 = exp (23.328 −
3841

𝑇−45
) 

4.3.1.4 Temperature = 80K: 

 

 

 

 

 

 

 

 

 

 

 

Figure 41:Temperature contour (80K) 

 

 

 

 

Figure 40: Flux vs. Temperature (80K) 
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Table 8: Flux comparison in COMSOL and MATLAB for Tbf=353K 

Software Feed 

temperatur

e (Tbf) 

(K) 

Permeate 

Temperatur

e 

(Tbp) 

(K) 

Membrane 

Feed 

temperatur

e 

(Tmf) 

(K) 

Membrane 

permeate 

temperatur

e 

(Tmp) 

(K) 

Permeabilit

y constant 

(B) 

Flux 

(J) 

[28, 57] 

kg/m2.hr 

COMSOL 353 293 331.78 308.52 4.31e-08 1.94 

MATLAB 353 293 333.90 311.94 4.31e-08 2.03 

The difference in flux is due to difference in Temperature as Temperature difference 

dictates Pressure difference which affects the flux by the equation as follows [14]: 

𝐽 = 𝐵(𝑃𝑚𝑓− 𝑃𝑚𝑝) 

Where      𝑃 = exp (23.328 −
3841

𝑇−45
) 

4.3.1.5 Mutual graph of Membrane interfaces temperature 

 

Figure 42: Comparison of Membrane Interface Temperatures at different Feed 

Temperatures from COMSOL 
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The above graph clearly show that as the feed temperature is increased, Membrane 

interface temperature difference also increases which causes an increase in the flux due to 

the increased pressure according to Antoine equation [14]. That is why, the higher the 

temperature, higher is the flux. 

4.3.1.6 Flux Comparison 

 

Figure 43: Flux comparison between two softwares by changing temperatures 

 

4.3.1.6.1 Comment 

From the graph (going from left to right), we can have an overview of the results from 

MATLAB and COMSOL both. The difference between the results for all temperature is 

quite less and error is less than 10%.It also infers that as the feed temperature is increased, 

flux continuous to increase till it reaches the steady value. This has been proved in both 

software’s. The result of COMSOL are compared with [28, 57] with the help of techniques 

referred in the papers.  
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4.3.2 VELOCITY Variation 

For variation in velocity [1], we have used the following properties [28, 57]: 

Feed Bulk Temperature=Tbf=333K 

Permeate Bulk Temperature=Tbp=293K 

4.3.2.1 Velocity = 0.25ms-1 

                                       

 

 

 

 

 

 

 

 

 

 

 

                                  

 

 

  

 

Figure 44: Velocity contour (0.25m/s) 

 

 

 

 

 

 

Figure 45: Flux vs. Temperature 

(Vel=0.25m/s) 
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Table 9: Flux comparison in COMSOL and MATLAB for uf=0.25m/s 

Software Feed 

velocity  

(uf) 

(ms-1) 

Permeate 

velocity 

(up) 

(ms-1) 

Membrane 

Feed 

temperature 

(Tmf) 

(K) 

Membrane 

permeate 

temperatur

e 

(Tmp) 

(K) 

Permeabilit

y constant 

(B) 

Flux 

(J) 

[28, 57] 

kg/m2.hr 

COMSOL 0.25 0.5 317.98 305.97 8.03e-08 1.32 

MATLAB 0.25 0.5 313.33 303.24 1.06e-07 1.36 

The velocity of 0.25m/s yield a very low Reynolds no as a result of which it exists at the 

low level of laminar region. Heat transfer in laminar region is not as effective as in turbulent 

region due to which heat losses incur [10, 64]. That’s why the flux value is moderate. 

4.3.2.2 Velocity = 0.50ms-1 

 

 

 

 

 

 

 

 

 

 

 

Figure 46: Velocity contour (0.5m/s) 

 

 

 

Figure 6: Velocity contour (0.5m/s)                                      Figure 7: Flux vs. Temperature (Velocity 

 

Figure 47: Flux vs. Temperature 

(Vel=0.5m/s) 
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Table 10: Flux comparison in COMSOL and MATLAB for uf=0.5m/s 

Software Feed 

velocity 

(uf) 

(ms-1) 

Permeat

e velocity 

(up) 

(ms-1) 

Membrane 

Feed 

temperature 

(Tmf) 

(K) 

Membrane 

permeate 

temperatur

e 

(Tmp) 

(K) 

Permeabilit

y constant 

(B) 

Flux 

(J) 

[28, 57] 

kg/m2.h

r 

COMSOL 0.5 0.5 319.62 306.42 8.03e-08 1.53 

MATLAB 0.5 0.5 320.11 306.53 8.03e-08 1.59 

The velocity of 0.5m/s yield a low Reynolds no due to which it exists at the low level of 

laminar region. Heat transfer in laminar region is not as effective as in turbulent region due 

to which heat losses incur. That’s why the flux value is nominal at this velocity [10, 64]. 

4.3.2.3 Velocity = 0.75ms-1 

 

            

            

            

            

            

            

            

            

            

            

            

            

            

             

 

290

295

300

305

310

315

320

325

330

335

0 0.0005 0.001 0.0015 0.002

Te
m

p
er

at
u

re
 (

K
)

Distance (m)

Variation of Temperature in 
Membrane module

 

Figure 48: Velocity contour (0.75m/s) 

 

 

 

 

 

Figure 49: Flux vs. Temperature 

(Vel=0.75m/s) 
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Table 11: Flux comparison in COMSOL and MATLAB for uf=0.75m/s 

Software Feed 

velocity 

(uf) 

(ms-1) 

Permeat

e velocity 

(up) 

(ms-1) 

Membrane 

Feed 

temperature 

(Tmf) 

(K) 

Membrane 

permeate 

temperatur

e 

(Tmp) 

(K) 

Permeabilit

y constant 

(B) 

Flux 

(J) 

[28, 57] 

kg/m2.h

r 

COMSOL 0.75 0.5 321.26 307.002 8.03e-08 1.74 

MATLAB 0.75 0.5 321.24 307.14 8.03e-08 1.72 

    

The velocity of 0.75m/s generates a low Reynolds no relatively as a result of which it 

exists at the low level of laminar region. Heat transfer in laminar region is not as efficient 

as in turbulent region. That’s why the flux value is comparatively high [10, 64]. 

4.3.2.4 Velocity = 1.0ms-1 

 

 

 

 

 

 

 

 

 

 

 

Figure 52: Velocity contour (1.0m/s) 

 

 

 

 

 

Figure 50: Flux vs. Temperature 

(Vel=1m/s) 
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Table 12: Flux comparison in COMSOL and MATLAB for uf=1.00m/s 

Software Feed 

velocity 

(uf) 

(ms-1) 

Permeat

e velocity 

(up) 

(ms-1) 

Membrane 

Feed 

temperature 

(Tmf) 

(K) 

Membrane 

permeate 

temperatur

e 

(Tmp) 

(K) 

Permeabilit

y constant 

(B) 

Flux 

(J) 

[28, 57] 

kg/m2.h

r 

COMSOL 1.0 0.5 322.19 307.41 8.03e-08 1.85 

MATLAB 1.0 0.5 322.01 307.53 8.03e-08 1.82 

The velocity of 1.0m/s generates a relatively high Reynolds no. due to which it exists at 

the high level of laminar region. Heat transfer in laminar region becomes effective and 

efficient as it is approaching the turbulent behavior and thus results in high flux [10, 64]. 

4.3.2.5 Mutual graph of Membrane interfaces temperature 

 

Figure 53: Comparison of Membrane Interface Temperatures at different Feed 

velocities from COMSOL 

 

 

290

295

300

305

310

315

320

325

330

335

0 0.0003 0.0006 0.0009 0.0012 0.0015 0.0018 0.0021

Te
m

p
er

at
u

re
 (

K
)

Distance (m)

Membrane Interface Temperature comparison  

v=0.25m/s v=0.5m/s v=0.75m/s v=1m/s

MEMBRANE



 

70 

 

The above graph clearly shows that as the feed velocity is increased, flux increases from 

1.32 kg/m2.hr to 1.85 kg/m2.hr. This is because as the velocity is enhanced from 0.25 m/s 

to 1.0 m/s, the nature of flow is shifting from laminar to turbulent until it becomes steady 

which refers to the increase in Reynolds number [10]. This makes it close to tumultuous 

nature of water which results in high rate of mixing. When there is rapid mixing, there is 

better and efficient heat transfer without prominent losses.  

𝑅𝑒 =
𝑝𝑣𝑑

μ
 

Another reason that accounts for this is that turbulent flow has heat transfer in azimuthal 

and radial directions which is termed as “Eddy transport” [64].This does not happen in 

laminar flow where conduction is the dominating phenomenon only. 

4.3.2.6 Flux Comparison 

 

Figure 54: Flux comparison between two softwares by changing velocities 
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4.3.2.6.1 Comment 

Variation in flux is accounted to the variation in bulk feed velocities as shown above in the 

figure. The difference between the results of two software’s is very much less which 

verifies and validates the correctness of above results [28, 57]. The enhancement in flux is 

actually due to the increase in the feed velocities and it will continue to increase till it 

finally reaches the steady value. 

4.3.3 MESH REFINEMENT 

The third study is related to mesh refinement which means that the results are carried out 

with different mesh levels. Mesh refinement basically means dividing the domain or system 

in elements according to the quality of mesh.  Results will be checked for three cases one 

by one: 

 Coarse 

 Fine 

 Extra Fine 

The criteria for checking the results will be that as the mesh quality is increased, results 

will be much closer to authentic values. Also increasing the mesh quality causes the 

processor of system to work more, resulting in delayed and efficient results. Also as the 

number of elements are enhanced, software will contain more and more equation and more 

work will have to be done by processor of system so mesh quality depends a lot on the 

processing power of system. So more quality of mesh, more will be burden on system to 

yield the results.  

For example, a coarse mesh will have require very less computational power to generate 

the results but on the other hand, if we talk about fine mesh, it will need more processing 

power because the mesh will be much more refined and number of elements will be much 

greater as compared to the coarse mesh case. 
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Figure 57: Coarse Mesh 

 

4.3.3.1 Table 

The values used in the table are as under: 

Bulk feed temperature=333K 

 Bulk permeate temperature= 293K,  

Bulk feed velocity = 0.5m/s 

Bulk permeate velocity = 0.5m/s 

 

 

 

Figure 55: Fine Mesh 

 

 

               Figure 13: Fine 

 

 

Figure 56:Extra Fine Mesh 
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Table 13: Flux comparison in COMSOL and MATLAB for different mesh qualities 

 

4.3.3.2 Graph 

 

Figure 58: Comparison of Membrane Interface Temperatures at different Mesh 

qualities from COMSOL 
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boundar

y 

elements 

Membrane 

Feed 

temperature 
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(K) 

Membrane 

permeate 

temperatur

e 

(Tmp) 

(K) 

Flux 

(COMSOL) 

(J) 

kg/m2.hr 

Flux 

(MATLAB) 

(J) 

kg/m2.hr 

Coarse 69394 8202 318.87 306.1 1.44  

 

 

1.59 

 

 

Fine 150834 13162 319.53 306.07 1.54 

Extra 

Fine 

565615 28396 319.66 306.07 1.56 



 

74 

 

4.3.3.2.1 Comment 

We can see from the table and graph that as the mesh quality is increased, the system is 

divided into more elements and results come closer to actual value from research paper on 

the basis of which the matlab code has been designed.  This verifies our results. We could 

have increased the quality of mesh refinement more but the processing power of our CPU 

limits this further grid advancement [62]. 

4.4 EXPERIMENTAL RESULTS 

We carried out the different experimental results at different feed temperature for one 

hour. 

Feed velocity = 0.5m/s 

Permeate temperature = 293K 

Table 14: Experimental results 

 

 

Sr.No 

 

Feed 

temperature 

(K) 

 

Exp. Flux 

recorded 

(kg/m2.hr) 

 

Theo. Results 

from 

calculations  

(kg/m2.hr) 

 

TDS 

exp. 

(ppt) 

 

TDS 

theo. 

(ppt) 

 

Difference 

in flux 

1 323 0.91 1.24 225 182 0.33 

2 333 1.08 1.59 226 182 0.51 

3 343 1.26 1.85 225 182 0.59 

 

The difference between the values is due to the fact that theoretical analysis is being done 

on the basis of 100% removal of salts but in actual, our hydrophobic membrane is able to 

remove around 85-89% salts only, thus showing deviation in results. 
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4.4.1 Comparison of Experimental vs. Theorotical results 

The following bar chart shows the comparison between experimental vest theoretical 

results 

 

Figure 59: Experimental vs Theorotical results 
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CHAPTER 5: CONCLUSION AND RECOMMENDATION 

5.1 Conclusions 

A theoretical study of a solar powered DCMD module was presented. The parameters 

influencing the behavior of the system were studied theoretically and the results were 

compared with the literature. The analytical study was done by developing a mathematical 

model for the system based on mass and heat transfer inside the DCMD system. The 

mathematical model was solved using an iterative scheme with the help of MATLAB® 

software. These results were verified with a finite element analysis of the membrane 

module using COMSOL®. The performance trends obtained were compared with the 

literature. Based on the results, we drew the following conclusions: 

 Membrane distillation is dependent on the temperature of water as increase of 

water vapor pressure occurs as temperature is enhanced. So increasing the feed 

water temperature caused exponential rise in permeate flux. 

 Since permeate water is used for condensation in our system, therefore higher 

temperature of permeate water results in lesser membrane flux due to low 

temperature difference between the hot and cold fluids during condensation.  

This causes low condenser efficiency which lessens the water productivity. 

 Increasing the porosity of the membrane results in a higher membrane flux. 

 Conduction losses in the membrane module can be lowered down by using a 

thicker membrane, but this results in lower mass transfer. Therefore a tradeoff 

is required between the two parameters. 

 The accuracy of the simulation results achieved by COMSOL® increases by 

increasing the quality of mesh used to discretize the membrane module. 

However this will require higher processing power and time. So a compromise 

must be made between accuracy and processing time. 
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5.2 Recommendations 

Solar powered membrane distillation is suitable source to provide pure water in isolated 

areas where there is an abundance of solar irradiation. Since membrane distillation 

requires low operating temperature as compared to some other distillation technologies, 

it can easily be integrated with solar energy which has abundant resources. For future 

work, following points are recommended: 

 To increase feed water temperature, higher absorber plate temperature in solar 

collector must be achieved. This can be done by using a parabolic trough. 

 Although fouling and wetting of membranes are less problematic in membrane 

distillation as compared to reverse osmosis, more research is required to find 

out the exact causes and solutions to these parameters because they limit the 

performance and increase the associated cost of a MD process. 

 To make solar powered membrane distillation more feasible, further research is 

required to improve the thermal efficiency and the performance of the system. 

This can be done by making better membranes and improving the design of the 

overall modules. 

 Currently membrane distillation is being used primarily for the treatment of 

brackish or sea water. It can be used for waste water treatment with some 

modifications for which further study is required. 

Our world is currently suffering from energy crisis and shortage of water. In the face 

of these circumstances, water distillation technologies driven by renewable energy 

resources like solar power are sustainable alternatives to these energy and water crisis. 

Solar energy resources are present in abundance and it will also decrease the harmful 

effects of traditional energy consumption on the environment. With further research 

and proper development of membrane and solar technologies, solar powered membrane 

distillation could become a valid course of action for future distillation plants. 
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