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ABSTRACT  

 
In order to decrease reliance on fossil fuels, renewable energy has become an important topic of 

research in recent years. The development in the renewable energy source will help in meeting 

the requirements of limiting greenhouse-gas effects, and conserve the environment from 

pollution, global warming, ozone layer depletion, etc. There are various naturally available 

renewable energy sources. One of these sources is solar energy. Solar energy is available in 

abundance throughout the world and is the cleanest of all known energy sources. There are 

various devices that can be used to harness solar energy. One of such devices is a thermo-

syphon. Thermo-syphon converts the solar energy obtained from the Sun into thermal energy of 

a working fluid. This thermal energy in the working fluid can be used for various industrial and 

household activities. In a closed loop thermo-syphon system, the working fluid circulates within 

the thermo-syphon loop via natural convection phenomenon and does not need any external 

devices, such as a pump. Therefore, it is considered to be one of the most efficient devices for 

the heat transfer. Moreover, the absence of a pumping device reduces the manufacturing and 

maintenance costs of a thermo-syphon system.  

The heat exchange process in the thermo-syphon is a complicated process, which considers the 

heat convection phenomenon. Therefore, to understand the natural convection process in the 

thermo-syphon and their effect on the thermal performance of the system a Computational Fluid 

Dynamics (CFD) based techniques have been used. Numerical results obtained have been 

verified against the experimental results, and they match closely with each other. The 

comparison between the CFD and experimental result, suggest that CFD can be used as an 

effective tool to analyse the performance of a thermo-syphon with reasonable accuracy. In order 

to investigate the flow structure within the thermo-syphon system, detailed qualitative and 

quantitative analyses have been carried out in the present study. The qualitative analysis of the 

flow field includes descriptions of the velocity magnitude and the static temperature distributions 

contours within the closed loop thermo-syphon system. Furthermore, the variation in the 

temperature of water within the storage tank, temperature of the working fluid, heat transfer 

coefficient, wall shear stress, and local velocity and temperature distribution of the working fluid 

within thermo-syphon loop have been quantified as a function of time. In addition, numerical 

studies have been conducted to identify the effects of various geometrical parameters, which 

include the number of the riser pipes, length-to-diameter ratio of the riser pipe on the thermal 

performance of a closed loop thermo-syphon system. Moreover, a further investigation has been 

carried out to analyse the effect of various heat flux conditions and different transient thermal 

loadings on the thermal performance of a closed loop thermo-syphon system. Based on these 
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analyses some novel semi-empirical relations have been developed to predict the thermal 

performance of the thermo-syphon, which is one of the focal points of this research. 

Another goal of the current study is to improve the thermal performance characteristic of thermo-

syphon solar water heating system using an enhancement device to improve the heat transfer. 

This aspect of the work focuses on the increasing energy conversion from the riser pipes to the 

working fluid within the thermo-syphon loop. This is accomplished by increasing the surface 

area of riser pipes by employing several design modifications, such as straight, wavy and helical 

pipes, within the riser pipes, while maintaining the amount of the working fluid constant within 

the closed loop thermo-syphon system. In this study, a comparative analysis has been carried out 

for these new design modifications to identify the best in terms of heat transfer coefficient, heat 

gain in collector etc., as an indication of thermal performance. According to the findings of this 

analysis, the model comprising of pipe inside the riser pipe depict better thermal performance as 

compared to other models. After defining the best design modification, a further detailed 

investigation has been carried out between the traditional and modified design (straight pipe 

inside the riser pipe) using experimental and numerical method. 

Established methods regarding the design process of thermo-syphons are very limited, and they 

are severely limited in estimating important design parameters, such as useful heat gain and heat 

transfer coefficient, which have a significant impact on the thermal performance of thermo-

syphon system/loop. A design methodology has been developed to enrich the design process of a 

closed loop thermo-syphon solar water heating system. The developed methodology is more 

efficient and reliable since it is capable of estimating various geometrical and thermal 

parameters, such as collector area, diameter and length of the riser pipes, distance between the 

centers of the riser pipes, heat transfer coefficient, temperature of the working fluid and the mass 

flow rate. This design methodology is user friendly and robust. 
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NOMENCLATURE 
 

A Area m
2
 

C1 Cost of piping material £/ton 

C2 Cost of absorber plate £/60L 

C3 Cost of insulation material £/m
3
 

C4 Cost of aluminium £/m
3
 

C5 Cost of the tank  £/60L 

COperation Operational cost £ 

Cp Specific heat J/kg.ºC 

CPersonal Personal cost £ 

CT Capacity of the tank  L 

CManufacture Manufacturing cost £ 

CTotal Total cost £ 

CMaintenance Maintenance cost £ 

D Diameter of the riser pipe m 

Eu Estimated standard uncertainty   

F' Collector efficiency factor   

FR Heat removal factor of the fluid heater   

h Heat transfer coefficient W/m
2
.ºC 

H.Gtank Heat gain in the storage tank W 

hw Convective heat transfer coefficient of environment W/m
2
.ºC 

IBN Normal beam radiation W/m
2
 

IT Solar radiation intensity W/m
2
  

K Thermal conductivity W/m.ºC 

k Glass extinction coefficient   

kb Thermal conductivity of the plate W/m.ºC 

kf Thermal conductivity of the working fluid W/m. ºC 

kins Thermal conductivity of the insulator  W/m.ºC 

kt Thermal conductivity of the pipe W/m.ºC 

L Length of the riser pipes m 

L/d Length-to-diameter ratio of the riser pipes   

LH Heat load W 

lins Thickness of the insulator  m 

Lioc Meridian of location º 

Lst Standard meridian for time zone º 



  

 

DESIGN, DEVELOPMENT AND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEM FOR DOMESTIC APPLICATIONS           
BY BASIM FREEGAH, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016) 

xxii 

 

mw Mass of water within the tank kg 
 

Mass flow rate  kg/s 

n Number of samples   

N Day number of the year  

Ng Number of glass covers   

np Number of riser pipes   

Np Number of people   

Nu Nusselt number   

Pr Prandtl number   

q Heat flux W/m
2
 

qback Energy loss from rear of the flat plate collector W/m
2
 

qconv Energy loss from the flat plate collector by convection W/m
2
 

qloss Energy loss from the flat plate collector W/m
2
 

qmax Maximum heat flux W/m
2
 

qr Energy loss from the flat plate collector by radiation W/m
2
 

Qsides Energy loss from sides of the flat plate collector W/m
2
 

qtop Energy loss from top of the flat plate collector W/m
2
 

qu Useful heat flux W/m
2
 

Qu The useful heat W 

Ra Rayleigh number   

Re Reynolds number   

s Surface area m
2
 

sx Sample standard deviation   

t Time s 

T
+
 Dimensionless temperature   

T1 Temperature of hot side ºC 

T2 Temperature of cold side ºC 

Tfi   Initial temperature of working fluid  ºC 

THg Glass cover thickness m 

Ti Temperature of the working fluid at the inlet of collector ºC 

Tin Initial temperature of the working fluid ºC 

Tit Temperature of water at inlet of the tank ºC 

Tiw Initial temperature of water within the tank ºC 

To Temperature of working fluid at the outlet of collector ºC 

Tot Temperature of water at outlet of the tank ºC 

Tow Final temperature of water within outlet of the tank ºC 

Tp Plate temperature ºC 

Tpm Mean plate temperature ºC 



  

 

DESIGN, DEVELOPMENT AND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEM FOR DOMESTIC APPLICATIONS           
BY BASIM FREEGAH, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016) 

xxiii 

 

ηw Wall shear stress Pa  

U Overall heat loss W/m
2
.ºC 

u Velocity of working fluid m/s 

u* Frictional velocity   

Ub Heat loss through the bottom W/m
2
.ºC 

Ue Heat loss through the edges W/m
2
.ºC 

Ut Overall heat loss through the top W/m
2
.ºC 

V Wind velocity  m/s 

Vp Volume of hot water used by each person L 

w Distance between the centre of two riser pipes m 

 ̅ Mean value   

xi Sample value   
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GREEK SYMBOLS  
 

α Thermal diffusivity m
2
/s  

αp   Absorber plate absorptance    

β Tilt angle of collector º 

β   Thermal expansion coefficient ºC
-1

 

δ Pipe thickness m 

ʆ Declination angle º 

ε Correction factor of the earth‘s orbit   

εg Emissivity of the glass cover   

εp Absorber plate emissivity   

εp  Emissivity of absorbing plate   

ηc   Efficiency of the collector   

 1 Incidence angle º 

θ2 Refraction angle º 

ρ Surrounding‘s reflectivity   

ρ1 Reflectivity of the perpendicular components   

ρ2 Reflectivity of the parallel components   

ζ Stefan-Boltzmann constant  W/m
2
.K

4
 

η1 Transmittance of the perpendicular component   

η2 Transmittance of the parallel component   

ηg   Transmittance absorptance   

Φ Latitude angle of the geographic location º 

ω Hour angle º 

µ Dynamic viscosity kg/m.s 
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SUBSCRIPTS 
 

a Air  

b Bottom 

BN Normal beam 

c Collector 

e Edge 
conv Convection 

f Fluid 

fi Inlet fluid 
g Glass 

H Hydraulic 

i Inner  
it Inlet tank 

in Initial  

ins Insulation 
iw Initial water 

max maximum 
o Outer 

ow Outlet water 

ot Outlet tank 
p Pressure 

pm Mean plate 

P Person 
r Radiation 

R Removal 

t Tank 
u Useful 

x Sample 

wf Working fluid 
w          Wall 
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CHAPTER 1  

1.   INTRODUCTION 
 

Solar energy is one of the most important sources of renewable energy that is available in 

abundance throughout the world. One of the systems that utilises the solar energy to heat 

water is solar water heating system. The present chapter briefly introduces the solar water 

heating systems, specifically passive solar water heating systems. In addition, this chapter 

provides an introductory discussion regarding the thermal analysis of a closed loop thermo-

syphon system (passive). Enhancement techniques of heat transfer as well have been 

presented in the present chapter. Furthermore, this chapter includes the main researcher 

aims of this study. 
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1.1. Solar Energy 

The depletion of fossil fuels is escalating the global fuel prices. Furthermore, the drive to 

preserve the environment, by reducing the amount of greenhouse gases and other pollutants from 

the fossil fuels, is demanding the development and research on the alternative energy sources. 

One of the alternative sources of energy is solar energy. This type of energy is available in 

abundance throughout the world and is the cleanest of all known energy sources. Figure 1-1 

depicts the mean day-to-day global solar energy (irradiation) in the winter (January) and the 

summer (July) seasons respectively, in U.K. It can be clearly seen that the solar radiation varies 

significantly over the seasons. The maximum solar radiations observed in July and January are 

21MJ/m
2
 and 3.5MJ/m

2
, whereas the observed minimum solar radiations are 12MJ/m

2
 and 

1MJ/m
2
 respectively. Furthermore, it can also be  noted that the south region has more solar 

radiation compared to the north regime. In recent decades, the world has witnessed substantial 

developments in the field of solar energy as it has been proven to be more efficient in terms of 

energy extraction. Solar energy plays a vital role in various aspects of life. In just one second, the 

sun provides about 13 million times more energy than that is generated by all the electricity 

consumed in one year [1]. It has more advantages in comparison with fossil fuels in terms of 

environmental effect. It is more environment-friendly. Furthermore, one of the greatest benefits 

of solar energy is its conversion capability, which means that it can be transformed into any other 

types of energy, such as heat, electric etc., with relatively simple installation [2]. Whereas other 

forms of renewable energy sources, like wind turbine, require more complex initial installation.  

 

Figure 1-1 Solar radiation across the UK [3] 

 

The energy within the solar rays is capable of starting natural convection within closed 

mechanical systems containing a suitable working fluid. One such system is commonly known as 
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solar water heater system, which converts solar energy into internal energy of a fluid, commonly 

water. 

 

1.2. Solar Based Water Heating Systems 

Over the past few decades, a prolific increase has been witnessed in research and development in 
the field of solar water heating systems and the associated technologies. The demand of hot 

water, due to population explosion, for day-to-day usage and other industrial applications is 

urging for effective development and harness of solar energy.  

Based on the operational principles, a solar water heater can be divided into two types [4]:  

 Active solar water heating systems 

 Passive solar water heating systems 

In an active system, the working fluid is circulated using an external device (power source), such 

as a pump, whereas a passive system is based on natural convection within the working fluid. 

Figure 1-2 shows a passive solar water heating system. This study focuses on passive system as 

it does not require any external device such as pump and hence making the system less 

complicated and less expensive to maintain.  

 
Figure 1-2 Passive  solar water heater [5] 

 

The amount of hot water generated by a solar water through system relies on a number of 

parameters, for example size and type of the system, availability of solar energy at the site, 

insulation and orientation of the collector etc. [6] 
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1.3. History of Solar Water Heating Systems 

In the past, people had been using different fossil fuels, such as wood, coal etc. to heat water for 

their daily usage. The development of technology encouraged people to use natural gas for the 

same purpose. Although application of gasses as heat source has been shown to be more 

efficient, but it is expensive [7]. The coal and natural gas have to go through various refinements 

to make them useable, and hence it makes them expensive. Alternatively, the demand for other 

available energy sources has increased, which are comparatively less expensive and safer to use. 

One of the most important alternative sources is solar energy, which is used to heat water by 

solar water heating system. The preliminary design of solar water heating system consisted of a 

metal tank, which has been painted black. The tank was placed in a location to absorb most 

intensity of the solar energy. After a certain period of time, the hot water inside the tank can be 

used for domestic applications. The primary drawback of this system is the amount of time 

required to heat the water, often a whole day. Moreover, there were no proper insulations in the 

system to maintain the temperature of water for a long time. Due to the lack of insulation, the 

absorbed heat dissipated rapidly [7]. 

Over the years, the design of these hot water metal tanks has improved. In 1981, Clarence Kemp 

patented a tank design, in which  metal panel was added on the tank to increase the heat transfer 

surface area and hence increase the amount of heat transfer to the working fluid, as shown in 

Figure 1-3 [7]. At the beginning of the 20
th
 century, various designs were proposed and 

constructed, having similar heating and storage units, which were exposed to external weather 

conditions. 

In 1909, William Bailey proposed a solar water heater design, which could work through day 

and night. The design had a solar collector unit and water storage tank placed separately. Since 

the water storage tank was separate, it could be placed indoor, reducing the impact of external 

environmental conditions. It helped to maintain the fluid temperature in the tank for a longer 

time, whereas, the solar collector was kept outside facing south. The solar collector consisted of 

a coiled pipe inside a glass-covered box. The collector was mounted below the storage tank to 

allow natural convection taking place in the system [8]. Other designs emerged in the following 

years, for instance in Japan, a solar water heater with a basin, which was covered by a glass. By 

the 1960‘s, more than 100,000 collectors of this type had been in use.  
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Figure 1-3 Prototype solar water collector [7] 

 

Prior to 1990s, in Australia, sales of the solar water heating systems increased due to the rising 

oil prices. However, in the late 1990s, the Australian solar water heater market shrank because of 

the discovery of Natural Gas in previously fuel-short regions, such as the Northern Territory and 

Western Australia. Despite this, exports level of Sol-Hart, which was one of the Australian 

leading manufacturers of solar water heaters, remained 50% of the sales [9]. At the same time 

Large scale promotion of this equipment has begun. The implication of solar energy to heat 

water was widely used in Greece, and small units of 2m
2
 were installed in majority of the 

households. In 2001, Greece was the first place in Europe, and 2
nd

 in the World, for keeping the 

highest rate of m
2
 per capita of solar collectors installed, as shown in Figure 1-4 [9]. 

 
Figure 1-4 Solar collectors in m

2
 installed per capita [9] 
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1.4. Thermo-syphon 

A closed loop thermo-syphon system is complicated system with complicated fluid flow 

characteristics. To understand the fluid flow behaviour in the thermo-syphon, it is necessary to 

understand the geometrical feature of the system, which has significant impact on the system 

performance. Thermo-syphon can be denoted as a system that is used to heat water by using 

solar energy and transfer this heat by working fluid from the solar collector (hot side) to the 

condenser (cooler side) based on the thermo-syphon principle. The working principle of thermo-

syphon states that the working fluid is driven by natural convection due to the temperature 

difference in the collector. After the collector, the fluid passes through a condenser, where the 

temperature of the fluid decreases. Subsequently, the fluid flows downwards by the gravity 

through the return loop.  

The temperature of the working fluid increases in the collector, which is exposed to the solar 

rays. The rise in the temperature of working fluid affects the flow within the thermo-syphon 

loop. Temperature differences within working fluid cause a density variation, which lead to 

natural circulation of the working fluid within the closed loop thermo-syphon system.  

 

1.4.1. Thermo-syphon Loop 

Thermo-syphon loop solar water heating system commonly consists of three sections, namely 

solar collector, condenser and connecting pipes (upriser and downcomer), which forms the 

thermo-syphon loop. The solar collector is one of the main components of thermo-syphon solar 

hot water systems that is exposed to the solar radiation. It can be considered as a heat exchanger 

that absorbs thermal energy from the Sun and transfers it to the working fluid within the thermo-

syphon. There are several types of solar collectors, like flat-plate, unglazed, flat plate air heating, 

evacuated and reverse flat-plate collectors [2]. This study will be focused on the first type i.e. 

flat-plate solar collectors due to its various advantages over other types, such as the capability to 

collect both beam and diffused radiation [10], ability to work on a wide range of climates [11], 

low manufacturing cost, and ease of installation. Furthermore, according to Figure 1-5 that 

depicts the efficiency of different types of solar panels with respect to the temperature difference 

between the collector and ambient, indicates that the flat-plate solar panel provides better 

efficiency over a wider temperature difference.  
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Figure 1-5 Solar collector Efficiency aginst temperature difference between the collector and 

ambient [12] 

 

Flat-plate solar collectors mainly consist of riser pipes, absorber plate, glazing cover and 

insulation. These components are assembled in a proper frame as shown in Figure 1-6. The 

condenser can be considered as a heat exchanger, that is positioned inside the water storage tank 

and it collects energy from the collector. Finally, the connecting pipes are the pipes through 

which the working fluid propagates. It is normally assumed that there is no heat transfer taking 

place through the connecting pipes, and hence they are considered adiabatic.  

 
Figure 1-6 A flat plate solar collector [13]  
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1.4.2. Working Fluid 

The working fluid is an essential element of the thermo-syphon system. The main purpose of the 

fluid is to collect heat energy from the collector and transfer it to the water within the storage 

tank. It is crucial to select a suitable working fluid for an efficient solar water heating system. 

The working fluid should be chosen such that it has high specific heat capacity, high thermal 

conductivity, low viscosity, low thermal expansion coefficient, anti-corrosive properties and low 

cost [14]. Furthermore, the selection of the working fluid depends on the application as well. For 

example, fluid with a low boiling point should be chosen for a heating system, whereas, for a 

cooling system, the boiling point of the fluid should be high.  

 

1.4.3. Storage Tank 

This part of thermo-syphon solar water heating system can be defined as a component for storing 

hot water, which is then used for domestic purposes. Since the solar energy can only be captured 

during the daytime, and the amount of energy collected depends on the climate as well, it is 

important to store the hot water in an well-insulted and isolated place (like storage tank) to meet 

the demand of hot water. Furthermore, the place of storage tank should be above the collector 

and it should include the exchanger coil to transfer the heat from working fluid to the water 

within it. 

 

1.5. Types of Thermo-syphons 

Based on the working fluid, the thermo-syphon solar water heating systems can be categorised 

into two groups i.e. single phase and two phase solar water heating systems, as shown in Figure 

1-7 and Figure 1-8 respectively. Single phase systems can be further divided into two types, 

namely open loop and closed loop thermo-syphon solar water heating systems. Almost all of the 

single phase solar water heater systems use water as the working fluid. The drawback of single 

phase solar water heating system with water as the working fluid are i) reversed cycle during the 

night ii) frost formation in extremely cold weathers and iii) low heat capacity and corrosion.  
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Figure 1-7 Components of a single phase thermo-syphon solar hot water system  

1) Solar collector 2) Condenser 3) Storage tank 4) Cold water inlet 5) Expansion tank [15] 

 

A few decades ago, to solve the drawbacks of the single phase solar water heater system, and 

improve the efficiency of the system, a new system was proposed, which is known as two phase 

solar water heating system [16]. The two phase solar water heating system consists of working 

fluid that can change its phases with incorporated environment conditions (temperature, 

pressure), within thermo-syphon loop. This working fluid undergoes a phase change or 

evaporation upon exposure to solar radiation. One of the most important consideration in thermo-

syphon systems is the heat transfer performance, which is a function of several factors, such as 

working fluid‘s properties, geometry and orientation of the thermo-syphon, gravitational effects 

and operating temperature [17].     

 
Figure 1-8 Components of a twophase thermo-syphon solar hot water system  

1) Solar collector 2) Condenser 3) Storage tank 4) Working fluid inlet valve [15] 
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1.6. Advantages of Thermo-syphon 

The important advantages of thermo-syphon are as follows: [15]:  

 

1. Due to natural circulation of the working fluid within the thermo-syphon loop, it avoids 

using a conventional pump, which keeps the complexity and costs of a thermo-syphon 

system low  

2. It has higher efficiency as compared to the conventional heat pipe systems  

3. It is quite reliable and hence it is often used in parts of nuclear power plants  

4. It has high compactness and high heat recovery effectiveness  

 

Due to various advantages, the thermo-syphon solar water heating system is popular throughout 

the world. There are two primary engineering applications of thermo-syphon systems, i.e. 

heating and cooling of water. Thermo-syphon can be used for heating water for domestic and 

industrial use as shown in Figure 1-9 and in geothermal systems. The primary reason for using 

passive solar water heating systems is that, this system is simple and does not need pump or 

controller. However, in this type of system, the storage water tank should be situated above or 

beside the collector [18].  

 
Figure 1-9 Thermo-syphon for domestic applications [19] 

 

A closed loop thermo-syphon system can also be implemented in cooling applications as well, 

such as emergency cooling systems for electric machines or equipment of a nuclear reactor [20], 

as shown in Figure 1-10. Thermo-syphon systems are widely used to cool electronic devices 

because it does not need any external device to recirculate working fluid and has a simple design. 

Thermo-syphon systems used to cool electronic devices consist of three sections namely 

evaporator, adiabatic section and condenser. When heat is applied to the evaporator, working 

fluid will evaporate. Thereafter, the fluid moves towards the condenser. In the condenser, the 

fluid is cooled. The working fluid returns to the evaporator by gravity [21]. 

http://www.google.co.uk/imgres?q=thermosyphon&start=238&sa=X&biw=1920&bih=888&tbm=isch&tbnid=Ht9vooUNDfb4hM:&imgrefurl=http://heatingopa.com/thermosiphon-solar-water-heating-systems/&docid=kNcn-80sjGP3YM&imgurl=http://www.sunandclimate.com/images/solar-water-heater.jpg&w=1280&h=960&ei=Gv4dUuKZGMGh0QXXhYD4Bg&zoom=1&iact=hc&vpx=976&vpy=35&dur=2854&hovh=194&hovw=259&tx=141&ty=139&page=5&tbnh=145&tbnw=184&ndsp=62&ved=1t:429,r:44,s:200,i:136
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Figure 1-10 Thermo-syphon for cooling electronic devices applications [22] 

 

1.7. Heat Transfer Modes 

Heat is a form of energy that reflects the motion of atoms within an object, which is invisible but 

can be felt. Heat transfer occurs when there is a difference in temperature between two bodies. 

The heat transfer will navigate from the higher temperature to lower temperature until the system 

achieves a thermal equilibrium. In the mechanical science, the heat transfer process can be 

classified into three main sectors namely conduction, convection and radiation. However, it is 

not mandatory to have a system with all these three processes. Depending on the application, it is 

possible to have only one or two type of heat transfer processes.  

 

1.7.1. Heat Conduction 

It is one of few ways of thermal energy transmission. It is due to heat transfer through which the 

exchange of thermal energy takes place between atoms of the same material without these atoms 

being transmitted. Figure 1-11 illustrates the process of thermal conduction. Fourier‘s Law could 

be used to calculate conduction rate, which states that the thermal flow rate with respect to time 

across the surface of a substance is proportional to the thermal gradient and the surface area. Eq. 

(1.1) below shows this relationship [23]. 

        
(     )

  
                                                          (1.1) 

where   denotes the thermal conductivity,   surface area of wall,    temperature of hot side,    

temperature of cold side and    the thickness of wall. 
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Figure 1-11 Thermal conduction process [24] 

 

1.7.2. Heat Convection  

This is also one of few ways of thermal energy transmission in the medium, especially in fluids 

(liquids and gases). Because of the high temperatures in the fluid, a decrease in its density is 

noticed, causing a rise up or spread in the fluid particles, which would then be replaced by 

another more dense fluid. Liquid from this bottom-up movement works in such a way that brings 

about thermal transmission. This process is called as convection. This type of heat transfer 

consists of two mechanisms: diffusion and energy transferred by mass or macroscopic motion of 

the fluid. Figure 1-12 depicts the convection processes that occur on a plate. The rate of heat 

transfer by convection is calculated by using Eq. (1.2) [23]. 

        (     )                                                       (1.2) 

where   denotes surface area of wall,   the heat transfer coefficient,    plate temperature and    

air temperature. 

 
Figure 1-12 Thermal convection process [24] 
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There are two forms of thermal convection namely: 

 Natural convection or free: the fluid movement caused by temperature difference and 

the difference in density under natural conditions, where there are no external 

influences to force the fluid movement, such as thermo-syphon 

 Forced convection:  the fluid movement, as a result of the force or catalyst molecules 

such as pumps 

 

1.7.3. Radiation 

Radiation is one of the ways of transmission of thermal energy in the material, occurring in all 

kinds of material. This process describes emissions from the material in a vacuum or any other 

heat transfer media (solid or fluid) in the form of photons and electromagnetic waves. There are 

many practical applications of heat transfer by radiation, and one of these applications is the 

solar energy. Figure 1-13 depicts the distribution of radiation energy on a translucent cover. The 

heat flux from the radiation can be calculated from the Stefan-Boltzmann law, which states that 

the heat radiated from a black body per unit time is proportional to the product of the fourth 

power of the absolute temperature and the surface area. The mathematical representation of the 

Stefan-Boltzmann law is presented in Eq. (1.3) [23]. 

       (  
    

 )                                                 (1.3) 

where   denotes the Stefan-Boltzmann constant,   surface area,    plate temperature and    is 

the air temperature. 

 

Figure 1-13 Thermal radiation process [23] 
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1.8. Thermal Analysis of a Closed Loop Thermo-syphon   

In order to analyse the performance output of a thermo-syphon loop, several parameters should 

be considered. These parameters are the solar radiation intensity, transmittance of the glass 

cover, the overall heat loss coefficient, heat transfer coefficient, heat-removal factor, collector 

efficiency factor, useful gain, total gain and the loss of energy. The details of these parameters is 

discussed in the following sub-sections. 

 

1.8.1. Solar Radiation Intensity  

The solar radiation intensity (  ) comprises of three components, namely beam radiation (  ), 

diffused radiation (  ) and reflected radiation (  ), which can be represented as [25]: 

                                                                  (1.4) 

where, 

          (  )                                                                                  (1.5) 

         *
      

 
+                                                 (1.6) 

and, 

        [      ] *
      

 
+                                      (1.7) 

Here, IBN is the normal beam radiation, θ1 is the incident angle between the solar beam and the 

normal to the inclined surface, β is the angle of the collector and ρ is the surroundings‘ 

reflectivity. IBN and ρ can be further represented as: 

  
     

 
                                                                  (1.8) 

and, 

    
 

 
 

    ⁄
                                                              (1.9) 

 The cosθ1 term in equation 1.5 can be extended to: 

   (  )      (   )         (   )                                 (1.10) 

where    is the latitude angle of the geographic location and α is the solar altitude angle. Sinα 

term in equation 1.7 can be extended to[26]: 

                                                     (1.11) 



INTRODUCTION 

 

DESIGN, DEVELOPMENT AND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEM FOR DOMEISTIC APPLICATIONS           
BY BASIM FREEGAH, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016) 

                                               15 

where ʆ is the declination angle and ω is the hour angle, given as follows [27]:       

   (             )     

and, 

            [
   

   
 (     )]                                          (1.12) 

where   is the day number of the year. 

The solar time can be calculated as [26]: 

                          (        )                     (1.13) 

where, 

         (  )         ( )         ( )                       (1.14) 

and, 

  
   

   
 (    )                                                        (1.15) 

     and Lioc in equation 1.13 are standard meridian for time zone (in º) and  meridian of 
location (in º) respectively.         

The coefficients A, B and C represent the values of the apparent solar radiation intensity, the 

atmospheric air extinction and diffused radiation respectively. These three coefficients are 

calculated using the following relations for any day of the year: 

      [          ((       )   )]                                                            (1.16) 

       [        (      )]        [     (      )]                          (1.17) 

        [        ((       )   )]        [     (      )]           (1.18) 

The three coefficients above are function of the day number of the year. 

 

1.8.2. Transmittance-Absorptance Product 

The transmittance-absorptance is a product of the glass cover transmittance and the absorber 

plate absorptance. The absorber plate absorption depends on the absorber plate coating and it can 

be considered constant. Hence, the variation in the transmittance-absorption is caused by the 

variation in the glass cover transmittance only. Moreover, the glass cover transmittance is a 

function of several other variables, such as the inclination angle of the solar radiation on the 

glass cover, glass type, glass thickness and the purity of iron oxides.  
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The transmittance of the glass cover is the average of two components resulting from a process 

called Polarization [26]: 

   
      

 
                                                                (1.19) 

In the above equation, the term    represents the transmittance of the perpendicular component, 

whereas, the term     defines the transmittance of the parallel component. Each term can be 

represented by the Stokes equations, which are as follows[6]: 

   
   (     )           

  (   )  (  )   
                                                  (1.20) 

   
   (     )           

  (   )  (  )   
                                                 (1.21) 

where   is the glass transmittance for one interface, which can be calculated by Bouguer`s Law 

as: 

                                                                       (1.22) 

where    is the glass extinction coefficient, and   is the distance travelled by the light through the 

glass, calculated as:       

  
   

   (   )
                                                            (1.23) 

    is the glass cover thickness and    is the refraction angle, which is the angle between the 

refracted light inside the glass material and the line perpendicular to the glass surface. It is 

computed as [13]: 

        [
   (   )

 
]                                            (1.24) 

where   is the refractive index of the transparent material (   1.526 for glass) and    is the 

reflectivity of the perpendicular components, which is given as: 

   
    (     )

    (     )
                                                   (1.25) 

while    is the reflectivity of the parallel components, which is given as:  

   
    (     )

    (     )
                                                   (1.26) 
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1.8.3. Overall Collector Heat Loss Coefficient 

The overall heat loss from the collector takes place from the top and bottom surfaces of the 

collector, along with the edges. The heat loss through the edges is relatively small, and can be 

neglected. The overall heat loss coefficient through the top surface has a significant effect on the 

performance of the collector, which is evaluated by considering both convection and radiation 

from the absorber plate to atmosphere through the glass cover. The overall heat loss is a function 

of several parameters, such as the absorber plate temperature (Tp), atmospheric temperature 

(Ta), number of glass covers (Ng), emissivity of glass covers (  ), absorber plate emissivity (  ), 

tilt angle of the collector (  ) and the convective heat transfer coefficient (   ). Typical values of 

the overall heat loss coefficient range from 2 to 10W/m
2
.ºC [28]. The value of the overall heat 

losses from the collector can be estimated as [6]: 

                                                          (1.27) 

where    is the heat loss through the edges,    is the heat loss through the bottom surface and    

is the overall heat loss through the top surface of the collector. 

 As the heat loss through the edges is negligibly small, Eq. (1.27) can be rewritten as:  

                                                                (1.28) 

The heat loss through the bottom surface of the collector can be calculated as:  

   
  

   
                                                                   (1.29) 

The heat loss through the top surface can be estimated by: 

   [
  

  

   
(

       

    
)

  
 

  
]

  

 [
 (       )(    

    
 )

[              ]
  

 [
                    

  
]
]              (1.30) 

where    is the thermal conductivity of the insulator,    is the thickness of the insulator,   is the 

wind velocity,      is the emissivity of the absorbing plate,     is the emissivity of the glass cover, 

     is the mean plate temperature and                                     (     

     

    
).  

      (           
 )                                    (1.31) 

  (                       ) (           )                      (1.32) 
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      [  (
   

   
 )]                                           (1.33) 

   is the convective heat transfer coefficient of environment, which is given as: 

                                                                 (1.34) 

From Eq. (1.34), it can be noticed that the heat transfer coefficient of environment depends on 

the velocity of air. 

 

1.8.4. Mean Temperatures 

The mean temperatures of the absorber plate (  ) and the working fluid (  ) are computed as 

[29]: 

      (
        

 
) (    )                             (1.35) 

       (
  

     
) (  

  

    
)                           (1.36) 

where    is the heat removal factor for the fluid, and can calculated as: 

   
 ̇     

   
 [     (

     

 ̇    
)]                          (1.37) 

where  ̇ is the mass flow rate and    is the collector area, which can be calculated as: 

                                                     (1.38) 

where    is the number of riser pipes,   is the distance between the centres of two-riser pipes 

and   is the length of the riser pipes individually. 

Collector efficiency factor (  ) can be computed as: 

   [
 

 

 [
 

 [    (     ) ]
 

 

      
 

  

     
]
]                 (1.39) 

where, 

  
    *

 (     )

 
+

 (     )

 

                                                 (1.40) 

where    is the outlet diameter and    is thermal conductivity of the plate. 
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  √
 

   
                                                                (1.41) 

where   is pipe thickness and    is thermal conductivity of the pipe. 

For laminar flow, the Nusselt number (Nu)can be computed as [28]: 

   
      

  
                                                   (1.42) 

where      is the heat transfer coefficient of the working fluid,    is the inner diameter and    is 

the thermal conductivity of the working fluid. 

 

1.8.5. The Useful Energy 

The useful energy gained by the working fluid, can be calculated as [25]:  

                                                            (1.43) 

where     represents the total gain of energy, which can be calculated as: 

                                                           (1.44) 

While,      represent the loss of energy, which can be calculated as: 

        (      )                                     (1.45) 

Using Eq. (1.44) and (1.45), the useful energy gained can be represented as:   

       [         (      )]                  (1.46) 

where    is the transmittance absorptance,    is the absorber plate‘s absorptance,     is the initial 

temperature of the working fluid and    is air temperature. 

 

1.9. Heat Transfer Enhancement Techniques 

To utilise the solar energy captured by the collector more efficiently, it is crucial to improve the 

heat transfer in the system. Improvement of heat transfer and hence improvement of the thermal 

performance of thermo-syphon solar water heating system depends on several key parameters. 

The amount of heat transfer through any material depends on several parameters, such as 

temperature variations, overall heat transfer coefficient and surface area, as shown in Eq. (1.47). 

                                                                         (1.47) 
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where   is represent the overall heat transfer coefficient that depends on the type of working 

fluid, thickness of the material and thermal properties. ‗A‘ signifies the geometrical features of 

the system and the term    depicts the temperature difference. According to Eq. (1.47) 

geometrical features and the temperature has significant impact on the amount of heat transfer. 

Further explanations of these parameters have been included in the following section named as 

Geometrical Parameter and temperature of the working Fluid in section (1.9.1) and (1.9.2) 

respectively. 

 

1.9.1. Geometrical Parameters 

Geometrical parameters play a vital role in the heat transfer process. Increase in surface area 

enhances the performance of a thermo-syphon. The surface area of the collector can be increased 

by increasing the number of riser pipes and/or increasing the length-to-diameter ratio (L/d) of the 

riser pipes. However, increasing the number of riser pipes and/or their L/d ratio increases the 

amount of working fluid within the thermo-syphon loop. Increasing the amount of working fluid 

will require more heat flux to raise the temperature of the working fluid by the same amount, 

which in-turn will require longer time period to achieve a desired temperature of the working 

fluid.  

 

1.9.2. Temperature of the Working Fluid  

According to the Eq. (1.47), the useful heat flux is a function of the change in the temperature of 

the working fluid, which is represented as   . This temperature difference can be represented as: 

                                                             (1.48) 

where Twall is the collective average static temperature of the riser pipes and Tref is the reference 

temperature of the working fluid, which can be computed as: 

      
        

 
                                                     (1.49)  

where     and      are the temperatures of the working fluid at the inlet and outlet section of the 

thermo-syphon respectively. 

 

By studying the flow characteristics of the working fluid, the thermal performance of closed loop 

thermo-syphon can be derived.  Once this benchmark performance is established, a further heat 

transfer enhancement is carried out. For example, increasing the temperature decreases the 

viscosity of fluid and hence decreases wall shear stress as shown in Eq. (1.50). Therefore, it is 

important to know temperature distribution and velocity profile to understand the behaviour of 

fluid. 
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                                                              (1.50) 

where    is the wall shear stress,   is the dynamic viscosity of the fluid,    is the velocity of 

fluid and    is the height above the boundary. 

 

1.9.3. Enhancement Devices  

In case of a thermo-syphon, the fluid flow within the pipes is laminar, hence, the effective heat 

transfer is quite low. Several techniques have been used to enhance the heat transfer rate [30-34]. 

In general, there are three techniques for this i.e. passive, active and compound technique. In 

passive technique, as no external power is consumed, the enhancement in the heat transfer rate 

depends on the geometrical parameters, such as extended surfaces (fins, louvered strips and 

winglets), rough surfaces (corrugated tubes) and swirl flow devices (twisted tapes and helical 

twisted tapes) [35]. Active technique depends on an external power to enhance the heat transfer 

rate, whereas, compound technique is a combination of both passive and active techniques [35]. 

As the current study is regarding closed loop thermo-syphons, passive techniques have been 

looked at in detail for improving the heat transfer rate.  

 

1.10. Motivation 

Solar energy is considered as a vital source of energy, which can be harnessed to meet ever-

increasing energy requirements in the modern world. Extensive research is being carried out to 

make solar energy affordable so that present reliance on fossil fuels can be minimised. This 

would also help in meeting the requirements of limiting greenhouse gas effects, conserving the 

environment from pollution. The energy contained within the solar rays is capable of starting 

natural convection within closed loop mechanical systems containing a suitable working fluid. A 

solar energy extraction system consists of various components. One of such components is the 

thermo-syphon, which captures the solar energy and converts it to the thermal energy of a fluid. 

Various attempts have been made to analyse the functional characteristics of such systems. 

However, full flow field analysis and optimisation of such systems has not been attempted.  A 

better understanding of the interdependence of the geometrical features on the flow structure 

within the thermo-syphon is essential to develop an efficient closed loop thermo-syphon solar 

water heating system. Therefore, an extensive study is required illustrating the effects of various 

geometric parameters, such as number of riser pipes and the length-to-diameter ratio of the riser 

pipes, on the thermal performance of the system under various operating conditions (heat flux 

and thermal loading). 

The requirements for improving the thermal performance of a thermo-syphon solar water heating 

system are increasing rapidly with the increasing energy needs. The thermal performance of 

thermo-syphon solar water heating systems can be improved by increasing the surface area of the 

riser pipes, which will increase the heat transfer rate in the collector. There are various 
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configurations of themo-syphons in the published literature that have improved thermal 

performance of the system. However, these systems have not been systematically investigated 

and hence need further investigations. 

The traditional methodology to design of the thermo-syphon relies on many of the assumptions. 

In this process, the values of mass flow rate, collector plate temperature and most of the 

geometrical parameters, such as diameter, length of pipes etc., are assumed. The design 

specification depends on the experience of the designer and the current methodology appears too 

restrictive. Therefore, a new methodology is required to enhance the design process by 

controlling various parameters. 

 

1.11. Research Aims 

The primary goal of this study is to improve the performance of a closed loop thermo-syphon 

solar water heating system. Based on this, the research aims have been broken down into the 

following:  

 

1. Parametric investigation on the effect of various geometrical and flow related variables of a 

thermo-syphon on thermal performance 

2. Investigate the effect of the riser pipes‘ configurations (design modifications) on the thermal 

performance of a closed loop thermo-syphon system 

3. Developing a methodology to design a closed loop thermo-syphon solar water heating system  

 

1.12. Organisation of Thesis 

This thesis is presented in eight main chapters to illustrate the findings of the research conducted 

on the aforementioned topic. In addition to that, appendices are included to present the detailed 

explanation of the underlying processes. 

Chapter 1 provides a concise introduction to the subject matter, as it provides an overview of the 

solar energy, which is one of the most important sources of renewable energy. Furthermore, this 

chapter focuses on providing details of a solar water heating system, which is commonly known 

as closed loop thermo-syphon. From this overview, the motivation for carrying out this research 

has been defined, which identifies key areas to be reviewed in Chapter 2. 

Chapter 2 presents a critical review of the research that has been conducted in the field of solar 

heater thermo-syphon. It includes the review of published literature regarding two-phase flow 

and single-phase flow systems. Furthermore, a review of available literature for the enhancement 

of heat transfer in thermo-syphon has also been included. It also comprises of the literature 

review being carried out on the optimisation techniques for a closed loop thermo-syphon. Details 

of the scope of research have been provided in the form of specific research aims and objectives. 
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Chapter 3 provides the fundamentals of Computational Fluid Dynamics. It includes the CFD 

modelling for the traditional model of thermo-syphon. Then implemented meshing technique for 

the flow domain has been discussed in detail. Subsequently, suitable boundary conditions and 

solver settings have been specified.  

Chapter 4 describes the experimental facility that has been developed to verify numerical 

thermo-syphon model by comparing the results obtained from experimental tests with the CFD 

results and evaluate the effect of enhanced heat transfer for the optimum new model on the 

thermal performance of thermo-syphon. This chapter provides a detailed description of each 

component that has been used in the experimental setup to build thermo-syphon solar water 

heating system. Moreover, uncertainty for experimental results has been estimated. 

Chapter 5 shows detailed description of the flow structure and temperature distribution of 

working fluid within the thermo-syphon solar water heating system. In this chapter, an extensive 

study has been carried out on the effects of various geometric parameters under various heat 

fluxes and thermal loadings on the performance of a closed loop thermo-syphon solar water 

heating system with a view to develop parametric relationship. 

Chapter 6 shows detailed description of the flow structure and temperature distribution of the 

working fluid within the closed loop thermo-syphon solar water heating system for various 

design modifications. In this chapter, an extensive study has been conducted for all new models 

of thermo-syphon numerically. Furthermore, the comparison between the traditional and new 

model (straight pipe) has been carried out numerically and experimentally. 

Chapter 7 illustrates the development of a thermo-syphon design methodology. The inputs to this 

model are number of persons to be served, the initial temperature of working fluid within the 

thermo-syphon loop and the water temperature within the storage tank, the final temperature 

generated by the thermo-syphon and location of thermo-syphon (altitude). Whereas, the outputs 

of the model are thermal and flow parameters of working fluid within thermo-syphon loop and 

geometrical parameters of thermo-syphon loop, such as the diameter of the riser pipe, number of 

riser pipes etc. Furthermore, a cost analysis has been included for the thermo-syphon system 

including the comparison of the traditional and modified models to evaluate the effectiveness of 

the modifications.  

Chapter 8 contains the conclusions and recommendations for future study, mentioning the design 

evaluation, manufacturing, and test procedures. The results obtained from chapters 5, 6, and 7 

have shown that the new model can be utilised to enhance the thermal performance of the 

system. Furthermore, several recommendations have been included regarding future work. 
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CHAPTER 2  

2. LITERATURE REVIEW 
 

The previous chapter identifies parameters that have significant influence on the thermal 

performance of a thermo-syphon. Based on the findings, a detailed literature review is 

conducted in this chapter in order to define the knowledge gaps. The literature review has 

been divided into three main research areas i.e. the effects of geometrical parameters on the 

thermal performance of a closed loop thermo-syphon system, design modification to 

enhance the thermo-syphon performance and finally the design of thermo-syphons. Based 

on the reviewed literature, the knowledge gaps have been identified, based on which, the 

research objectives have been formulated.  
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2.1. Geometrical Parameters  

Over the past couple of decades, many researchers have tried to have a better understanding of 

the hydrodynamics of thermo-syphons in order to improve their performance output. Majority of 

these works focus on examining the effects of geometrical parameters on the performance of 

thermo-syphons. 

 

2.1.1. Geometrical Parameters Corresponding to the system  

Varol et al. [36] have conducted a comparative numerical investigation between two types of 

collectors. In the first type, the collector had a wavy absorber, whereas in the second type, it had 

a flat absorber. The authors have studied the effects of a number of parameters with different 

ranges, such as tilt angle, wavelength and aspect ratio having a range of 20º to 60º, 1.33 to 4 and 

0 to 4 respectively on the thermal performance of solar water heating system. The results have 

shown that both the shape and the tilt angle of the collector have a significant effect on natural 

convection heat transfer inside the solar collectors. Figure 2-1 depicts the variations in the mean 

Nusselt number for various aspect ratios of the collector. ‗L‘ in Figure 2-1 denotes the length-to-

height ratio of the wavy pipe, which is non-dimensional. It can be seen that mean Nu is higher 

for wavy collector at all the aspect ratios. The study has been conducted under no loading 

condition and with steady state heat input. 

 
Figure 2-1 Variations of  average Nusselt number with respect to aspect ratios (A) of the 

collector for wavy and flat collectors at ΔΤ=20ºC and θ=40º [36] 

 

Sivakumar et al. [37] experimentally studied the impact of changing the geometrical parameters, 

which include the number of riser pipes and their arrangement in a zig-zag pattern. Experiments 
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have been conducted using copper tubes for header and riser, with different dimensions. The 

results have shown that increasing the number of riser pipes from 9 to 12 gives efficiency of 

59.09%. Moreover, zig-zag configuration of the riser pipes gives an efficiency of 62.90%. Figure 

2-2 illustrates the variation in the collector efficiency with respect to time at different dates. In 

figure, 2-2, case 1 and case 2 denotes 9 and 12 riser pipe respectively, while case 3 denotes zig-

zag arrangement. The authors have found that the maximum collector efficiency during the 

experiments was obtained using zig-zag arrangement of riser pipes at all times, as shown in 

Figure 2-2. Furthermore, it can be seen clearly from the figure that the maximum collector 

efficiency was recorded at 13.00 hour for all the experiments. The minimum collector efficiency, 

at a particular time, has been recorded when 9 riser pipes were used. This study lacks detailed 

analysis the behaviour of the fluid flow within the riser pipes, such as velocity and temperature 

distributions. 

  
(a) (b) 

Figure 2-2 Collector efficiency variations on (a) 11
th
 March, 2011 and (b) 18

th
 March, 2011 [37] 

 

Subramanian et al. [38] conducted  both numerical and experimental investigation on the solar 

water heating system in identical conditions for both uniform header and variable header 

systems. The solar water heater is being designed with different header diameters. The results 

have indicated that the overall thermal performance decreases for variable header due to non-

uniform flow in riser tubes. Furthermore, the results reveal that the overall thermal performance 

and efficiency are comparatively higher in the uniform header system because of uniform 

velocity. The study has been conducted under no loading condition and steady state heat input. 

Furthermore, this study has not considered various important parameters such as heat transfer 

coefficient, shear stress and pressure drop of the working fluid within the thermo-syphon. 

 
 

Amori et al. [39] conducted a comparative study between traditional absorber design and new 

design of solar collectors, which is known as accelerated design, as shown in Figure 2-3, in order 

to analyse the performance of these two systems. The performance tests have been carried out in 

identical conditions for both the systems, while maintaining a tilt angle of 33º southern. 

Furthermore, the authors have also conducted tests on two different types of storage tanks. The 

results have shown a significant increase in thermal performance for the accelerated design 
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compared to the traditional design, due to the higher circulation rate of the working fluid with the 

accelerated absorber. The temperature of the storage tank for both the new and conventional 

designs has been recorded to be 50ºC and 37ºC respectively. As the collector‘s cross sectional 

areas are different for both the designs, the amount of working fluid within the system would be 

different, the effect of which has not been analysed in detail. Flow field analysis within the 

closed loop thermo-syphon system would be beneficical to understand the hydrodynamics within 

it. 

 
Figure 2-3 Configuration of flat plate collector [39] 

 

El-Din et al. [40] conducted experimental investigations to evaluate the heat transfer properties 

of a single phase flow within a toroidal type thermo-syphon. The investigation parameters are 

heated-cooled length ratio, heated length tube diameter ratio, the diameter ratio of the torus-tube 

and the angle of inclination. The results showed that an increase in heated-cooled length ratio and 

heated length tube diameter ratio leads to a decrease in the heat transfer rate, whereas, an increase 

in the torus-tube diameter ratio increases the heat transfer rate by 11%. The reason behind this is 

the increased exposed surface area to heat flux. Furthermore, it has been observed that the 

maximum heat transfer rate has been achieved for the tilt angles range of 30º to 45º. This study 

did not consider the variations in the amount of working fluid in the system, and hence, a further 

investigation is required in this area.  

 

Balaram [41] has carried out a comparative numerical study on the performance of closed loop 

thermo-syphon system. An optimization study has also been conducted for several absorber plate 

shapes. These absorber plates had RPSLT (rectangular profiles with a step change in local 

thickness), trapezoidal and rectangular as shown in Figure 2-4. The results have shown that the 

RPSLT profile of the absorber plate is superior to other profiles in terms of performance and 

difficulties in fabrication. This study has not analysed several parameters that indicate the 

performance of these systems, like heat gain and heat transfer coefficient in the collector. 
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Furthermore, a comparative study of performance with respect to traditional model has not been 

conducted.     

 
Figure 2-4 Symmetric heat transfer element schematic (a) Rectangular profile (b) RPSLT and (c) 

Trapezoidal profile [41] 

 

Vishal and Patil [42] conducted a numerical study to investigate the performance of a thermo-

syphon system using an elliptical tube instead of a circular pipe. In this study, nine cases have 

been analysed and compared with the traditional case (circular pipe) depending on the 

relationship between values of A and B. The values of A and B represent dimensions of the 

elliptical tube, where A denotes the major axis and B denotes the minor axis of the ellipsoid. The 

results have shown that B=0.5A gives the maximum outlet and inlet temperatures of water for the 

same heat flux, in comparison with circular and other elliptical geometries. This is shown in 

Figure 2-5 where, the variation in temperature at outlet of the collector for different riser pipe 

configurations. The maximum temperature difference at the outlet of the collector is 4.17ºC 

between the configurations (elliptical and circular pipes in the riser pipes). However, this study 

severely lacks in-depth analysis of several important parameters that indicate the performance of 

solar water heater system, such as heat transfer coefficient and heat gain in the collector. 

 

Figure 2-5 Variations of water temperature at the inlet and outlet for elliptical and circular tubes 

at B=0.5A  [42] 
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A numerical examination of the transient thermal energy behaviour of a wickless heat pipe solar 

collector was carried out by Hussein et al. [43]. The authors have studied the effects of various 

parameters, which include the global solar radiation intensity, inlet cooling water temperature, 

absorber plate material and thickness, the ratio of pitch distance to wickless heat pipe diameter, 

and the ratio of condenser section length to total wickless heat pipe length on the thermal 

performance of solar collector. The results have shown that all these parameters have a 

significant effect on the efficiency of the solar collectors. According to the findings, the 

efficiency is inversely proportional to the inlet temperature. The efficiency of the system increase 

from 45% to 70% when the inlet temperature decreases from 363K to 290K. Both these 

measurements were taken at midday (approximately 12 O‘clock). On the other hand, the 

efficiency of the system increases from 45% to 50% with an increase in solar radiation intensity 

from 1023W/m
2
 to 1123W/m

2
. This study did not investigate several important parameters which 

are indicators of system performance, like heat gain and heat transfer coefficient in collector. 

Furthermore, this study did not analyse the flow field of the working fluid such as velocity and 

temperature distribution.  

 

The effect of water storage tank volume and configuration on the performance of a thermo-

syphon solar water heating system was investigated numerically by Hasan [44]. According to the 

Figure 2-6, which illustrate the effect of storage tank configuration on the efficiency of a thermo-

syphon solar water heating system, indicates that there is no difference between the performances 

of vertical and horizontal storage tank systems. The results obtained have demonstrated that 

using a larger hot water storage tank or smaller collector‘s area can drastically increase the 

efficiency of a solar water heating system. The study has been conducted under no loading 

condition which severely limits its practicability.  

 
 

Figure 2-6 Variation of efficiency of thermo-syphon solar water heating system for varying 

storage tank configurations  [44] 
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Sato et al. [45] have conducted numerical investigations on a modified solar collector by 

changing the configuration of the riser pipes. This study implemented Computational Fluid 

Dynamics tools in order to analyse the effects of riser pipe tilt angles, and the location of the 

downcomer pipe (conventional, lateral and inferior), on the working fluid temperature within the 

condenser. The study observed that tilt angle of 45º is optimal for the thermo-syphon 

performance. The study has been conducted under no loading condition and steady heat input. 

 

Alshamaileh [46] conducted a comparative study experimentally between two models one 

painted with a nickel–aluminium (NiAl) alloy coating and the other with traditional black paint, 

in order to investigate the performance of these two systems. The performance tests have been 

conducted in identical conditions for both the models. The tests were carried out in May, July 

and September of 2008, and March of 2009 as well. The results show that the thermal energy for 

the new coating (NiAl) was higher as compared to the traditional black painted collector. 

Furthermore, the average temperature within the collector for new coating (NiAl) increased by 

5ºC as compared to the collector with traditional black paint. This is shown in figure 2-7, which 

indicates the temperature variation in the collector at different time. The study has been 

conducted under no loading condition and steady heat input. Moreover, details regarding the 

behaviour of fluid flow within the riser pipes have not been provided, such as velocity and 

temperature distributions. 

 
Figure 2-7 Temperature measured in both systems the commercial paint and the NiAl-modified 

in selected days in (A) July, 2008 and (B) March, 2009 

 [46] 

 

Zerrouki et al. [47] conducted an analytical study on natural circulation in thermo-syphon 

domestic flat plate solar water heating system. The actual weather conditions for Algeria have 

been used in this study. An equation to calculate the mass flow rate of the working fluid within 
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the closed loop thermo-syphon system has been developed. The effect of height between the 

water storage tank and the collector has been investigated. Based on the results obtained, it has 

been shown that the mass flow rate increases with an increase in height between the storage tank 

and the collector. However, the height between the storage tank and the collector was found to 

have no considerable effects on the efficiency of the system. Analysis of flow field within 

thermo-syphon loop, such as velocity and temperature distribution of the working fluid, has not 

been discussed. 

 

A new design of the solar water heating system has been developed by Abdel Rehim [48]. The 

new design has a pyramid shaped frustum in order to integrate the collector and the water storage 

tank into one unit, as shown in Figure 2-8. In this study, a 150L storage tank and a collector with 

surface area of 1.68m
2
 have been used. The results have shown that the new design gives an 

increased level of performance as compared to the conventional solar water heater. Furthermore, 

it has been noticed that the water temperature within the storage tank varies with weather 

conditions; having a range of 40ºC to 60ºC. This performance improvement is due to the 

increased surface area exposed to Sun rays. Comparisons have been carried out using various 

levels of working fluid within the system.  

 
Figure 2-8 A new design of solar water heater with a pyramid shaped frustum [48] 

 

Koff et al. [49] conducted both analytical and experimental studies on thermo-syphon flat-plate 

solar water heating with a mantle heat exchanger. The effect of using a heat exchanger between 

the collector and the tank, on the performance of the collector, has been critically analysed. The 

results depict that the mean daily efficiency of the thermo-syphon, with a mantle heat exchanger, 

can be up to 50%. This improvement in the performance of the thermo-syphon is due to 

increased heat energy received by the working fluid, which improves the heat transfer rate 

between the working fluid and the water within the storage tank. This study did not analyse the 

working fluid flow behaviour, such as velocity and temperature distribution. Furthermore, the 
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study did not consider the loading conditions and hence, analysis from this investigation does not 

represent real world scenarios.      

 

Hussein et al. [50] conducted an analytical study on natural circulation in a closed loop thermo-

syphon flat plate solar water heating system. Actual weather conditions for Cairo city have been 

used with an aim to determine the impact of (i) ratio of storage tank volume to the collector area 

and (ii) height between the heater storage tank and the collector, on the thermal performance. The 

results have shown that the ratio of collector area to storage tank volume and the storage tank 

dimension (height to diameter ratio) ratio have important effects on the thermal performance. 

The height between the heater tank and the collector has been shown to have limited effects on 

the heater performance. Nevertheless, the optimum height between the collector and the tank was 

found to be 0.2m, and the optimum tank dimension (height to diameter ratio) ratio was found to 

be 1.8. Analyses of the flow field within the closed loop thermo-syphon system, such as velocity 

and temperature distributions of the working fluid, have not been carried out. 

 

Mathioulakis and Belessiotis [51] numerically and experimentally studied the heat transfer  

behaviour of a new type of solar water heating system, which consists of a wickless heat-pipe 

and a tank behind the collector. Ethanol was used as the working fluid, and the study was 

conducted under the actual operating conditions. The results have shown that the heat transfer 

behaviour of a new solar water heating system was characterized by high instantaneous 

efficiencies, with a value of approximately 60%. Furthermore, the results demonstrate that there 

is no significant difference between the experimental and the numerical results. 

 

2.1.2. Summary of the literature on improving the Thermal Performance of Thermo-

syphons based on their geometrical parameters 

Literature review regarding the effects of the geometrical parameters on the performance of the 

thermo-syphon has clearly highlighted some gaps in the knowledge. Based on the discussions, it 

can be summarised that the published literature has severely limited range of investigation 

parameters. Furthermore, the previous works lack certain aspects, such as: 

 

1. Most of these studies were conducted at constant heat flux and/or under no loading 

conditions, and hence these studies do not simulate the real world scenarios 

2. Most of these studies lack local flow field analysis, such as temperature and velocity 

distribution of the working fluid 

3. Interdependence of global performance indicators with the local flow field under a variety 

of flow conditions has not been reported in detail 
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2.2. Heat Transfer Enhancement 

Recently, many researchers have been trying to improve the performance of the thermo-syphon 

solar collectors. Majority of them have tried to insert devices within the riser pipes or using a 

refrigerant fluid instead of water to improvement the performance of a closed loop thermo-

syphon system. 

 

2.2.1.  Using External Devices in order to enhance the Heat Transfer 

Iordanou et al. [52] have conducted a numerical study by using the analysis of the CFD model 

for investigating the effects of placing a metallic mesh inside a riser pipe of a passive solar 

collector, and the results obtained have been compared with a traditional solar collector. The 

results have revealed that the use of a metal grid inside the heat pipe leads to increased solar 

collector temperature. The authors have developed equations to calculate Nusselt number for a 

certain heat flux, which is a function of Rayleigh number only, as depicted in Eqs. (2.1) and 

(2.2). However, these derived equations have limited applications, since they are true only for a 

certain heat flux value. Moreover, these equations do not consider the geometrical parameters 

and loading conditions on the system.   

        (  )                when q=1070W/m
2 
                            (2.1) 

        (  )                when q=610W/m
2 
                              (2.2) 

Sandhu et al. [53] conducted experimental studies to investigate the effects of inclination angle 

and insert devices, which include twisted-tape inserts, wire coil inserts and wire mesh inserts on 

the thermal performance of a flat plate solar collector. The experimental studies were carried out 

to compare the performance of conventional and novel insert configurations. Water has been 

used as the working fluid in this study. The results show that the Nusselt number is higher for all 

the novel insert devices as compared to the conventional system. Hence, the thermal performance 

for novel insert configurations is found to be better than the conventional system. The reason 

behind improvement of the thermal performance for insert configurations is the increased Nusselt 

number (because of higher heat transfer coefficient). The insert devices within the pipe may 

transform the flow from laminar to turbulent by increasing the Reynolds number, and hence 

increasing the Nusselt number. Moreover, it has been observed that the tilt angle does not have a 

significant impact on the Nusselt number, as shown in Figure 2-9, which shows Nusselt number 

variations against Reynolds number for various collector configurations. However, the amount of 

working fluid was different in every case and hence, comparison with traditional model is non-

conclusive. Furthermore, the effect of insert devices on the temperature of water within the 

storage tank has not been investigated.  
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Figure 2-9 Nusselt number variations against Reynolds number for various collector inclinations 

(o) horizontal  (∆) 30º and (□) 45º [53] 

 

An experimental study on the rate of heat transfer in polypropylene tubes in solar water heaters 

was conducted by Razavi et al. [54]. The performance was studied under ambient temperatures, 

within the range of 34ºC to 37ºC. Polypropylene tube was used in solar water heaters in a 

Reynolds number range of 800-5600. The results show that Eq. (2.3) could be used to predict 

heat transfer rates in a polypropylene solar heater, in Tehran, where the experiments were 

performed. However, this equation includes only a limited number of important parameters, and 

the parameters, which have an effect on the heat transfer coefficient, and hence on the values of 

Nusselt number, such as thermal loading, number of riser pipes, length of the riser pipes etc., 

were omitted 

          (  )     (  )
                                               (2.3) 

 

Ramasamy and Balashanmugam [55] studied the effect of different shapes of fins on the 

performance of the solar water heating system. Rectangular and circular fins have been used 

within the pipe, as shown in Figure 2-10. The results have indicated that the temperature 

difference at the outlet of the models with and without fins is 7-8ºC. However, the effect of 

change in the volume of the working fluid within the system has not been considered. 

Furthermore, the effect of the fins‘ shape, on the temperature of water within the storage tank, 

has not been taken into account. 
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Figure 2-10 Two dimensional sketch of the rectangular and circular fins [55] 

 

Kumar and Prasad [56] have carried out experimental investigations on solar water heating 

system, having twisted tapes inserted in the tubes. The results have shown that twisted tapes 

induce swirling flow, which acts as turbulence promoter, leading to increase in the heat transfer. 

The percentage increase in heat transfer has been recorded to be 18-70%. Pressure drop has also 

increased between 87-132%, as compared to conventional collectors. Thermal loading 

conditions, which have significant effects on the performance of a thermo-syphon, have not been 

investigated in this study. 

 

Hobbi and Siddiqui [57] conducted experimental studies to determine the effects of inserting 

twisted tape, coil spring wire and conical ridges inside the collector tubes, on the heat transfer 

enhancement of flat plate solar collectors, as shown in Figure 2-11. The results have shown that 

the heat transfer rate has not been affected by using the enhancement devices, which have been 

used in this study. However, the effects of varying amounts of working fluid within the system 

have not been considered, which is one of the crucial parameters of the thermal performance of a 

thermo-syphon.  
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Figure 2-11 Solar collector models (a) base model, (b) coil-spring wir, (c) twised strip and (d) 

conical ridges [57] 
 

Herrero et al. [58] carried out theoretical investigations on improving the heat transfer of flat 

plate solar collectors by using wire-coil inserts within the pipe of the collector. This study has 

been conducted under identical conditions for all the different models. Water and propylene 

glycol/water mixtures have been used as working fluids. The results have shown that the 

enhanced collector (with wire-coil inserts within the pipe of the collector) increases the thermal 

efficiency by 4.5%, as shown in Figure 2-12, which indicates comparison of thermal efficiency 

between the standard and the enhanced collectors. The comparison between the traditional and 

the enhanced collector has been conducted under different amounts of working fluid, and hence, 

this comparison is non-conclusive. Furthermore, this study has been carried out under no load 

conditions, severely restricting its practicability. 
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Figure 2-12 Comparison of efficiency between the standard and the enhanced collectors [58] 

 
 

Jaisankar et al. [59] have conducted experimental study to analyse the performance of a thermo-

syphon with respect to heat transfer and friction factor of the solar water heating system using 

helical and twisted risers, as shown in Figure 2-13. It has been found out that the heat transfer 

and pressure drop increase as the model changes from Left–Right riser to the helical riser. The 

experimental data were compared with the data obtained using an empirical equation. Both 

results match with each other closely . The results have shown that the heat transfer coefficient 

for traditional model is 2.71 and 3.75 times less as compared with helical and left right twisted 

pipes respectively. The study, however, has been conducted under no loading, and the effect of 

varying amounts of the working fluid within the system has not been considered.  

 

 

Figure 2-13 Twisted tape geometry with twist ratio 3 (a) Left Right and (b) helical [59] 
 

Viyaykumar et al. [60] conducted experimental studies to investigate the effects of insert coiled 

wire in juxtaposition with twisted tapes within the riser pipe, on the rate of heat transfer, as 

shown in Figure 2-14. The wire coil is 5mm in thickness and is made of circular steel, while the 

steel strip width and thickness are 35mm and 2mm respectively. The effects of spring pitch ratios 

of 4, 6 and 8 on heat transfer rate have been studied. According to the results found in this 
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investigation indicates  that the heat transfer rate in the collector has increased from 18% to 70%, 

and hence the thermal performance has increased about 30% as compared to the traditional 

model, for the same operating conditions. However, the amount of working fluid was different in 

both the cases, hence; comparison with the traditional model is non-conclusive. Furthermore, the 

effects of insert devices on the temperature of water within the storage tank, has not been 

investigated in this study.    
 

 
Figure 2-14 Riser tube with wire coil and twisted tape [60] 

 

2.2.2. Enhancement of Heat Transfer by changing the Working Fluid  

Esen et al. [61] conducted experimental investigations on a two phase closed loop thermo-syphon 

solar collector with heat pipes. The authors used three refrigerants, namely R-134a, R-407c and 

R-410A, in similar small-scale two phase thermo-syphon solar heaters. The three systems were 

tested under the same working conditions in an attempt to find out the most effective refrigerant 

amongst them, as shown in Figure 2-15 and Figure 2-16 illustrating the daily variations of 

ambient temperature, average water temperature, solar radiation and collector efficiency for 

different loadoing conditions. The results show that R-410A as a working fluid is more efficient 

than other refrigerants for both non-loading and loading operations. However, this study does not 

present the effects of geometrical parameters on the performance of the thermo-syphon. 
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Figure 2-15 Variations of solar radiation, mean tempertaure of water, ambient temperature and 

efficiency of the collector for every one hour, with different refrigerants under a clear-sky no 
loading conditions on 10

th
 May, 2003 [63] 

 
Figure 2-16 Variations of, mean tempertaure of water, temperature of ambient and solar radiation 

for every one hour, with different refrigerants under a clear-sky no loading conditions on 11
th
 

May, 2003  [63] 

 

Lin et al. [62] have studied the thermal performance of a two phase thermo-syphon energy 

storage system, which can be integrated with building structures. The authors have considered 

three models, namely heat charge, heat discharge and simultaneous charge and discharge. The 

performance was studied for all the three models by applying indoor tests with constant intensity 

of light for several hours, for different fill ratios and loading conditions. Water and alcohol have 

been used as working fluids. The results have shown that the storage system containing alcohol 

as the working fluid performs better than water. Furthermore, the system gives optimum heat 

charge and discharge performance for 35–40% fill ratio, regardless of the working fluid being 

water or alcohol. The study, however, did not consider the effects of transient heat input (heat 

file:///D:/Taimoor's%20feedback/Bb%20(2).docx%23_ENREF_63
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flux), hence, this work does not simulate real world scenarios. As the heat flux depends on 

intensity of solar energy, it is variable during the day time. 

 

Fanney et al. [63] have conducted experimental studies on the solar domestic water heating 

systems to find out the impact of irradiance levels on thermal performance of a refrigerant charge 

(working fluid) inside the pipes of a solar collector. The results indicate that the effects of the 

irradiance level on thermal performance of refrigerant were limited, and can be considered 

negligible. However, no information regarding the effect of geometrical parameters on the 

performance of thermo-syphon system has been provided. Moreover, this work severely lacks the 

analysis of several important parameters that affect the performance of thermo-syphon, such as 

heat transfer coefficient, heat gain in collector and heat gain in the storage tank. 

 

Ahmet et al. [15] fabricated and performed comparative tests on single phase and two phase  

closed loop thermo-syphon solar water heating systems. R-134a has been used as the working 

fluid in two phase thermo-syphon, while water has been used as the working fluid in single phase 

thermo-syphon. Tests have been performed under identical working conditions. The results have 

shown that the final temperature of water within the storage tank, for two phase systems, is 

higher (about 9ºC) as compared to the single phase thermo-syphon system. This can be clearly 

seen in Figure 2-17. The authors have not mentioned the value of tilt angle for the solar collector 

that has been used for this study. Furthermore, the loading patterns have not been studied, along 

with their impact on the performance of the system.   

 
Figure 2-17 Temperature variation within the storage tank and the outlet of the collector for 

single phase and two phase systems [15] 

 

Abreu and Colle [64] conducted an experimental study to examine the effects of different  

evaporation lengths, fill ratios of the working fluid, cooling temperature and tilt angle of 
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collector, on the thermal performance of a two phase closed thermo-syphon system. All the tests 

were carried out indoors, and an electrical skin heater was used to provide heat flux in place of 

solar radiation. The results have shown a decrease in thermal resistance of TPCTs (two phase 

closed thermo-syphon system) with increasing cooling temperatures. This trend has been 

observed for the lowest fill ratio of the working fluid. Furthermore, the authors have shown that 

the lowest thermal resistances of TPCTs were achieved for the shortest evaporators. This study, 

however, has been conducted under no loading conditions, which severely limits its 

practicability.  

  

Riahi and Taherian [65] carried out experimental investigations on natural circulation of the 

working fluid, on the performance of a thermo-syphon solar water heating system. Data were 

collected for several sunny and cloudy days. Dynamic response of the system to variations in 

solar insulation was studied and analysed. The results have shown that the collector temperature 

reached 90ºC, and the time at which this temperature was achieved was about one hour after the 

time for maximum solar irradiation flux. The temperature of the top layer of water was 72ºC on a 

sunny day. It has been shown that these systems work well both in sunny and cloudy weather 

conditions. However, in this study, the heat gain in the storage tank and collector has not been 

investigated. 

 

2.2.3. Summary of the literature on improving the Thermo-syphons’ performance based 

on Heat Transfer enhancement methods 

This section of the thesis comprise of a summary of the conducted literature review regarding the 

effects of the geometrical parameters on the performance of the thermo-syphon. It can be 

summarised that the published literatures have a limited range of investigations on various 

parameters such as heat flux and thermal loading conditions. Furthermore, the previous works 

lack certain aspects, such as: 

 

1- Majority of these studies have not considered the volume change of the working fluid for 

a modified design of a closed loop thermo-syphon, when comparing with a baseline 

model. Therefore, the comparison is inconclusive, 

2- Most of these studies lack in investigation of parameters such as heat gain in storage tank, 

heat transfer coefficient and heat gain in the collector. These parameters have ability to 

provide prediction regarding thermal performance of a closed loop thermo-syphon,  

3- Majority of equations, which were developed have limited applications and have not 

included important parameters such as thermal loading, number of riser pipes and length 

of the riser pipes, which have an effect on thermal performance of a closed loop thermo-

syphon.  
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2.3. Design of Thermo-syphon Solar Water Heating System  

Belessiotis and Mathioulakis [66] developed simple and efficient methodology for the  design of 

thermo-syphon solar hot-water systems. Table 2-1shows specifications of the system that has 

been presented in this work. This methodology can be used to estimate energy optimization of 

the system. However, this methodology relies on several hypotheses and constant geometrical 

parameters of thermo-syphon. Furthermore, in this study the costs of thermo-syphon system 

design have not been included. 

Table 2-1 Specifications of the system [66] 

 
 

Rikoto et al. [67] conducted the design of the solar water heater system for heating 250L of water 

from 25°C to 70°C. In this study, daily global solar radiation of approximately 750W/m
2
 has 

been assumed in April. Furthermore, all assumptions and design conditions, which have been 

used in this study, are shown in Table 2-2. The results have reported that to produce 250L of hot 

water for 7 hours, the system will require a collector with an area of 6m
2
. However, in this study 

the costs of thermo-syphon system design have not been considered. Furthermore, other 

important specifications regarding geometrical parameter such as diameter, length, and number 

of riser pipes have not been reported. 

Table 2-2 Assumptions and design conditions of the system [67] 
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Agbo et al. [68]  carried out numerical and experimental study to design a thermo-syphon solar 

water heating system, which will be utilized to heat 150L of water, up to 80°C. In this study, 

value of average daily global solar radiation 15MJ/m
2
 per day has been assumed, and the 

efficiency of collector is 60%. The results have shown that to produce this amount of hot water 

per day, collector will need an area of 3.4m
2
. However, this study did not mention other 

important specifications regarding geometrical parameter such as diameter, length, and number 

of riser pipes. Furthermore, in this study the costs of thermo-syphon system design have not been 

investigated. 

 

2.3.1. Summary of Literature regarding Design of the Thermo-syphon Solar Water Heating 

System 

Literature review is presented above about the design of the thermo-syphon solar water heating 

system. It can be summarised that the methodologies included in the published literature are 

severely limited in scope and application. Furthermore, the previous works that have been carried 

out in order to design the thermo-syphon lack certain aspects such as: 

 

1- Majority of these studies depend on several hypotheses and constant geometrical 

parameter of thermo-syphon such as diameter, length, and number of riser pipes, 

2- Most of these analyses conducted on the aforementioned literature assumed a constant or 

no loading on the system. However, the loading of the system will vary based on the 

number of users of the system and their availability to use the facility. Henceforth, to 

design an efficient solar water heating system, various parameters need to be considered, 

that capture the real life situation, 

3- Majority of these studies regarding thermo-syphon solar water heating system design lack 

the costs optimisation. 

 

2.4. Scope of Research 

It has been noticed from the review of the published literature that the current knowledge base 

regarding the flow diagnostic within a thermo-syphon is fairly limited and major gaps exist in 

linking local flow features with global performance indicators. This information is of utmost 

importance to the thermo-syphon designers. Furthermore, the practical use of thermo-syphon 

involves a broad range of operating conditions in which the heat flux input and the thermal 

loading conditions constantly vary. Based on the research and studies that have been reviewed in 

this chapter, the scope of the research regarding a closed loop thermo-syphon has been decided. 

The first research area in this study is to identify the effect of geometrical parameters on the 

thermal performance of the thermo-syphon under different heat flux and variety of thermal 

loading conditions. The practical use of thermo-syphon involves a broad range of operating 

conditions with varying heat fluxes. In the present study, detailed numerical investigations are 
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proposed to be conducted on the velocity magnitude and static temperature profiles of the 

working fluid within the riser pipes of a thermo-syphon.  

The second research area presented, in this study, is an investigation on heat transfer 

enhancement. To achieve that, different models are proposed to be systematically tested in this 

study. The aim of this research area is to increase the surface area of riser pipes to improve the 

heat transfer and hence improve the thermal performance of the thermo-syphon solar water 

heating system. A comparative analysis has been carried out to identify the model that provides 

better thermal performance. Subsequently, the thermal performance of the best model has been 

further analysed to investigate the effect of amount of working fluid. Furthermore, the 

comparison between baseline model and the best new model has been carried out. It is proposed 

to develop a modified system with better heat transfer characteristics. It is also proposed to test 

the best model experimentally. 

The third research area of this study is to develop design methodology of a closed loop thermo-

syphon solar water heating system. Relation between various parameters has been established by 

analysing the numerical result of the thermo-syphon models. These parameters (number of riser 

pipe, length to diameter ratio of the riser pipe, heat flux, thermal loading, and time) have 

significant impact on the performance characteristics of the thermo-syphon. The derived relations 

between the parameters have been embedded in the thermo-syphon designing process. This 

methodology will also help to develop a more efficient system, since it considers most of the real 

life situations. In addition, an optimisation model has been proposed to model an efficient 

thermo-syphon. 

 

2.5. Specific Research Objectives 

In this work, an attempt will be made to achieve a better understanding of the flow structure 

within a thermo-syphon by analysing the natural convection phenomenon and its impact on the 

thermal performance of thermo-syphon. After a careful review of the aforementioned literature, 

following objectives are defined to achieve the aims of this project: 

 

1. To determine the effect of the number of riser pipes on the performance of thermo-

syphon 

2. To establish the effect of length to diameter ratio (L/d) of the riser pipes on the 

performance of thermo-syphon 

3. To determine the effect of a closed wavy tube inside the riser pipe on the performance of 

thermo-syphon 

4. To determine the effect of a closed helical tube inside the riser pipe on the performance of 

thermo-syphon 

5. To determine the effect of a closed straight tube inside the riser pipe on the performance 

of thermo-syphon with same amount of working fluid  
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6. To formulate the effect of a closed straight tube inside the riser pipe on the         

performance of thermo-syphon with larger amount of working fluid  

7. To formulate the effect of a closed straight tube inside the riser pipe on the         

performance of thermo-syphon with smaller amount of working fluid  

8. To analyse the effect of transient heat fluxes on the performance of thermo-syphon 

9. To establish the effect of transient thermal loading conditions on the performance of 

thermo-syphon 

10. Development of semi-empirical relations for the Nusselt number, Reynolds number, plate 

temperature and  temperature of working fluid at inlet and outlet of the collector  

11. Development of a design methodology for a thermo-syphon system based on optimum 

thermal performance and cost consideration  

 

For successful completion of the project and achieving all the above-mentioned aims and 

objectives, a combination of experimental and numerical investigations have been carried out. 

The following chapter will provide a detailed explanation of the numerical method that has been 

adopted in this study.  
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CHAPTER 3  

3. NUMERICAL MODELLING 
 

According to research objectives that have been identified in the previous chapter and to 

have a better understanding of the flow structure within a thermo-syphon, this study uses 

Computation Fluid Dynamics (CFD) based technique. By using CFD, a virtual domain of 

working fluid has been developed to investigate the natural convection phenomenon within 

the thermo-syphon. This technique has been used to predict the temperature and velocity 

distribution of working fluid within the thermo-syphon. This chapter illustrates a brief 

introduction to the numerical modelling and the justification for the solver selection and 

the boundary conditions.  
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3.1. Introduction to CFD 

Computational fluid dynamics (CFD) is a technique, which can be used to analyse fluid flow 

behaviour of systems for different applications. In this study, the CFD has been used to 

understand the flow characteristics in a solar water heating system. A 3D CFD analysis of the 

system considers the complexity of the system and provides close to real life results based on the 

inputs. However, for a complex system, the computational time increases significantly. Never the 

less, for understanding the flow behaviour, CFD is more beneficial as compared to the 

experimental work since through the CFD a detailed investigation can be conducted on the flow 

structure and other phenomenon in the system in a cost effective manner. There are several 

software packages available for this type of analysis, which have a wide range of applications for 

both academic and industrial research problems. For example, since more than five decades, the 

CFD has been utilised to analyse the flow phenomenon in the aircraft and jet engines industries. 

Recently, CFD has been applied in the design of IC engines. Moreover, in recent years, there 

have been applications of this method in various other sectors, which include internal 

combustion engines, gas turbines, and furnaces combustion chambers. Furthermore, automotive 

manufacturers regularly using CFD, to enhance the design of their product by predicting the drag 

forces caused by the airflow over the vehicle. CFD is rapidly becoming a dynamic tool in 

industrial processes and products designing.  

The CFD helps to analyse a system with various parameters and configurations, whereas for, 

experimental investigation the level of cost increase with the number of configurations and the 

number of measurands becomes prohibitive. In addition, there are additional costs in the 

experimental investigations, such as labour cost, manufacturing cost, energy consumption and 

experimentation time. On the other hand, CFD codes can be used to produce exceedingly large 

volumes of result almost at no extra expense. In addition, CFD makes the parametric studies 

more economical to optimise the equipment performance. However, as it is mentioned before, a 

complex system will increase the computation time of the analysis. Comparing with the other 

costs and variables, the CFD technique is more effective to analyse system with various 

configurations. 

In the present study, ANSYS fluent package has been used because it is the most-efficient 

computational fluid dynamics software among the other tools that exist. Fluent can give more 

capability in terms of analysing and time consumption for those who are interested in the 

optimisation of systems performance. Furthermore, this package is equipped with different 

physical models, which are well validated. That means fluent can provide accurate results in 

reasonable time for a very wide range of CFD applications.  
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3.2. Working of CFD Code 

The CFD codes are developed based on implementing the numerical algorithms, which can solve 

the fluid flow problem numerically. All the CFD commercial packages provide a simple use of 

their interface to do the analysis. Most of the packages follow similar steps such as the inputting 

of parameters, obtaining, and analysing the results. Most of the CFD packages can be divided 

into three main components, through which the fluid flow problem is analysed.  

1. Pre – Processor 

2. Solver 

3. Post – Processor 

In the first stage (i.e pre – processing), a user can prepare the object for solution. This can be 

done by defining the geometry of the model. Then, the geometry is divided into a number of 

non-overlapping smaller suitable regions of a suitable size. This process is called meshing. 

Selecting either the chemical or physical phenomena modelling, defining the properties of the 

fluid and also specifying the appropriate boundary cell conditions which coincide with or touch 

the boundary of the domain, are included in the pre – processing stage [69]. 

There are three distinctive numerical solution techniques. They include finite element, finite 

difference, and finally, the spectral methods. There is also the finite volume method, which is a 

special finite difference formulation, is very much essential to the most well recognized CFD 

codes.  

Due to the fact that there is quite an increase in the engineering workstations popularity, with 

many having outstanding graphic capabilities, recent packages of CFD are now well equipped 

with versatile data tools of visualisation. Such visualization tools include grid display, domain 

geometry, shaded and line contour plots, vector plots, 3D and 2D surface plots, tracking of 

particle, view manipulations, etc. In recent version, some of these facilities have included also 

dynamic result display through animations. In addition to introducing graphics, all the codes 

produce alphanumeric output that are reliable and have facilities for data export to manipulate 

further externally to the CFD codes. As with most other CAE branches, CFD codes graphics 

output capabilities have sort of transformed how its ideas are being communicated to the non – 

specialists. 

 

3.3.  Governing Equations of Fluid Flow 

The mathematical equations governing the transport are based on the three fundamental physics 

principles. They include: 
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1- The fluid mass is conserved 

2- The time rate of momentum change is equal to the sum of the fluid particle forces. 

(Newton‘s second law) 

3- The rate of energy change inside the fluid particle equal to sum of the net flux of heat and 

rate of work done on the fluid particle (Thermodynamics first law) 
 

The flow fluid is assumed to be continuum. In analysing the flow of fluid at macroscopic length 

scales, the molecular motion and molecular structure may be ignored. The fluid behaviour is 

described in terms of the pressure, temperature, velocity, density, etc., which are the macroscopic 

properties of the fluid. The smallest possible fluid elements are the points in a fluid or fluid 

particles whose individual molecules do not influence its macroscopic properties. 

 

3.3.1. Law of Conservation of Mass 

The mass conservation for a fluid element can be denoted as follows [70] 

 
                                                                                        (3.1) 

 

For liquids, as the density remains constant, the equation of mass conservation can be expressed 
as: 

Div u = 0                                                 (3.2) 

 

Eq. (3-2) describes the net mass flow, across the boundaries, out of the system. The equation 

above can also be expanded fully as can be seen in Eq. (3.3). 

  

  
 

  

  
 

  

  
                                                (3.3)  

Eq. (3.3) represents the mass conservation law for an incompressible, unsteady, and Three-

dimensional fluid flow. 

 

3.3.2.  Law of Conservation of Momentum  

The second law of Newton‘s states that the time rate of a fluid particle momentum change is 

equal the total forces on the particle [71]: 

                                                                                        (3.4) 

Forces exerted on a fluid particle are of two types, the body forces and the surface forces. 

Viscous force and pressure are amongst the surface forces while that of the body forces include 

electromagnetic, centrifugal, gravity and coriolis forces. It is quite a common practice in fluid 

dynamics to highlight the contributions of each type of forces. 
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According to the momentum conservation law, the rate of momentum change of a particle in the 

x-direction is equal to the sum of the rate of shear stress change and the component of other body 

forces acting in the x-direction. The momentum conservation law for x direction can be 

presented as follows. 
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The momentum equation components for y and z directions can be written as: 
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The sign that is associated with the normal viscous stresses is opposite to the sign associated with 

that of pressure. This is because the normal sign convention allows the tensile stress to be a 

positive normal stress, thereby allowing the pressure, by normal definition a normal force that is 

compressive, having a minus sign alongside it.  

 

3.3.3.  Law of Conservation of Energy  

The first law of thermodynamics can be used to derive the equation of energy. It states that the 

rate of energy change in fluid particle is equal to sum of the rate of heat addition to the fluid 

particle and the rate of work done on the particle: 

                                                                     (3.8) 

The energy in the fluid particle is conserved, by calculating the total heat gain by the fluid 

element and the work done on the element or by the element. The mathematical representation of 

the energy conservation law is as follows [72]: 
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where    represent total energy 

 

 

(3.9) 

3.3.4. Equations of State 

Three-dimensional fluid motions can be described by a five partial differential equation system. 

This five partial differential equation include momentum equation in x, y and z direction, energy 

equation and mass conservation equation. Density, Temperature, internal energy, and pressure 

are four thermodynamic variables that are also unknown. Before we can obtain any relationships 

among any of the thermodynamic variables, thermodynamic equilibrium assumption has to be 

made. 

Fluid particle properties rapidly change from one place to another within a flow field and the 

fluid can adjust itself thermodynamically to the new conditions so fast that these alterations are 

taking place instantly. Hence, making the fluid always to be in a state of thermodynamic 

equilibrium. However, there is only one exception. They are some specific flow, having resilient 

shockwaves, and can be often approximated well enough by making equilibrium assumptions. A 

thermodynamic equilibrium system can be described by using only two state variables. 

Equations of state can be used to relate two state variables, which are temperature and density, 

the other state variables. Eq. (3.10) and (3.11) are given as the equations of state [73]: 

p = p (ρ,T)                                                           (3.10) 

and 

i = i (ρ,T)                                                             (3.11) 

 

At low-speed flow, gases and liquids act as fluids that are incompressible. Without variations in 

density, mass conservation equation, energy equation, and momentum equations have no linkage 

between them. Therefore, momentum and mass conservation equations are often used to solve 

the fluid flow field along with the ideal gas law. However, the energy equation is implemented 

only for a situation where the heat transfer is considered.  
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3.3.5. Navier – Stokes Equations 

In a typical Newtonian fluid, the viscous stresses are proportional to the fluid deformation rate. 

Since we know that liquids in general are incompressible, the viscous stresses, therefore, are 

twice the size of the linear deformation local rate, and then multiplied by the dynamic viscosity. 

These equations are given below [74]: 
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3.4.  Pre-Processing 

The CFD analysis contains two main stages and they are pre-processing and post processing. 

Pre-processing is divided in to two further stages as creating the geometrical model and  meshing 

the geometric model [75-79]. The thermo-syphon geometry can therefore be created and then 

meshed suitably in order to proceed with analysing the model further. 

 

3.4.1.  Thermo-syphon Geometry   

In order to analyse the thermal performance of a closed loop thermo-syphon system, geometrical 

features of thermo-syphon system has been modelled as shown in Figure 3-1. The model consists 

of several inclined riser pipes connected at the top to the upriser and at the bottom to the 

downcomer. An internal diameter of 13.6mm has been used for riser pipes, with a thickness of 

0.7mm. These dimensions are considered based on standard dimensions of the UK copper pipe. 

In this work, the upriser and downcomer diameters and thickness were kept as same as the riser 

pipe. The reason behind that is to avoid losses, due to increase in the upriser and downcomer 

diameters with respect to the diameter of the riser pipe that leads to increase in the amount of 

losses in the flow such as increase in heat loss and friction loss (between inner surface and 

working fluid). The contribution of these losses will reduce the thermal performance of a closed 

loop thermo-syphon system. The inner diameter of the condenser is kept at 20.2mm, with 

thickness of 0.9mm. The model has been investigated under various lengths to diameter ratios of 

riser pipes L/d = 50, 75 and 100 for different heat flux values being applied to the riser pipes, 

simulating the effect of the solar rays on these pipes. The whole model is made with a 53º 

inclination, which is the latitude of the site of the Huddersfield city. Recently, several researchers 
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have studied the effect of number of riser pipes on the thermal performance of a closed loop 

thermo-syphon system. However these studies were very limited [37]. In order to analyse the 

effect of the number of riser pipes on the thermal performance output of a closed loop thermo-

syphon extensively, five, seven, and nine riser pipes have been modelled separately in the 

thermo-syphon model.   

 

Figure 3-1 The geometry of the thermo-syphon 

 

3.4.2.   Meshing of the Flow Domain 

The next step after completing the geometric modelling is creating mesh of the flow domain. 

Meshing is important [80] for generating the flow field solution at mesh point. The hybrid 

meshing is used for 3D simulations for the flow  domain, which consists of two different meshes, 

namely hexagonal and tetrahedral as shown in Figure 3-2 [81]. Hexagonal mesh elements give 

more accurate results due to lower diffusion [82]. In order to capture the fluid flow phenomena 

accurately in the boundary layer region, mesh elements should be concentrated in this region. For 

this purpose, inflation layers have been implemented on the walls. For the mesh independence 

test, three and ten layers of inflation have been implemented with first layer thickens of 0.7mm 

and growth rate of 1.2 [83]. The mesh independence test indicates that three layers of inflation 

are sufficient for this study.  
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Figure 3-2 Mesh of thermo-syphon numerical model 

 

3.4.3. Details of Calculation Method for y+ 

y+ can be defined as a non-dimensional distance from the wall. It indicates the size of the first 

cell height from the wall. A lower y+ value helps to predict the flow characteristics close to the 

wall more accurately and hence provide better results in comparison with higher y+ value. Since, 

the current study deals with the heat transfer, first the dimensionless temperature should be 

calculated using following equation [84]: 

 

4.    
    

                                                            (3.15) 

5.  

where    the wall temperature at a certain point and T is the fluid temperature.  

6.  
T* can be determined as follow:  

7.    
( ) ( )

( ) (  )
                                                        ( 3.16) 

where q,  , k and    denotes the wall heat flux, thermal diffusivity, thermal conductivity and 

dimensionless velocity respectively. The dimensionless velocity can be estimated as follow  

8.    √
  

 
                                                       ( 3.17) 
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where   denotes the density, while    denotes the wall shear stress. The wall shear stress can be 

calculated using the following: 

9.    
   

 
                                                                  (3.18) 

where   denotes the dynamic viscosity,   denotes the velocity of fluid and   denotes the distance 

from the wall.  

To calculate y+ following equation can be used [85]: 

 

10.    
  

  
                                                                 (3.19) 

where    denotes the Prandtl number 
 

 Sample Calculation of y+  
 

The y+ value of the model can be calculated by following the steps mentioned below.  

 

1- Calculate reference temperature (    ) 

 

     
    

 
 

             

 
       ºC 

 

2- Values of the properties of fluid are given by [86] at a reference temperature. These 

values are(  0.00102      ,                           1.48E-07    , 

       ) 

Calculated wall shear stress, based upon the velocity (u) retrieved from a solution of the flow 

field, which is             . In this simulation, the first layer thickness(y) was defined as 

0.0007m. Hence,  

   
   

 
 

                

      
              

 

3- Calculate    

   √
  

 
 √

        

   
 0.00067 

4- Calculate    
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( ) ( )

( ) (  )
 

(        ) (       )

(     ) (       )
 0.072854 

 

5- Calculate    

   
    

   
             

        
 10.94933 

Calculate     

      

  
         

    
 1.578 

It is commonly accepted in CFD that the laminar sub layer to be in the region, where y+ < 10 

[84]. By using the similar steps as shown in example above, the value of y+ for other cases was 

estimated. Table 3-1 summarises the value of y+ for all cases, which is considered in this study. 

Table 3-1 The value of  y+ 

Number of riser pipe L/d Heat flux Thermal loading y+ 

5 75 15
th
 of March Weekday 1.578 

7 75 15
th
 of March Weekday 1.419 

9 75 15
th
 of March Weekday 1.293 

5 50 15
th
 of March Weekday 1.368 

5 100 15
th
 of March Weekday 2.058 

5 100 15
th
 of June Weekday 2.2 

5 100 15
th
 of September Weekday 1.81 

5 100 15
th
 March weekend 1.967 

 

3.5. Solver Execution 

The solver used in the present study is called Fluent, which is an integral part of CFD package 

Ansys 14. The details of the solver settings used in the present study have been presented in the 

following section. 

 

3.6.  Selection of the Physical Models 

The working of a closed loop thermo-syphon system was modelled as follows:   

1. Three dimensional Navier-Stokes equations, along with the energy and the continuity 

equations, have been solved numerically. In the CFD, an iterative approach has been 

adopted to simulate the transient flow of water in the thermo-syphon 
2. Radiation: In fluent there are five models regarding radiation namely [87]  

 P1 Model 
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 Discrete Ordinate Model 

 Surface to surface model 

 Discrete transfer Radiation Model 

 Rosseland Model 

All models mentioned above have certain advantages and limitations. The Discrete Ordinate 

Model has technical CPU limitation [88]. However, it considers Scattering Coefficient of the 

species. The Scattering Coefficient for radiation captures a cloudy day environment 

condition. Therefore, for this study the Discrete Ordinate Model has been used.  

3. Boussinesq approximation has been used to model the generated buoyant forces being 

more accurately. This approximation ignores the density differences, except where they 

appear in terms multiplied by g i.e. the acceleration due to gravity, since it is sufficiently 

small to be neglected. The essence of the Boussinesq approximation is that the difference in 

inertia is negligible, but gravity is sufficiently strong to make the specific weight appreciably 

different. In the Present study, the Boussinesq approximation approach has been used for 

several reasons as follow: 

 

 The Boussinesq approximation is valid when the density variation is very small 

[89] 

  The Boussinesq approximation leads to reduce complexity of variations in 

density of fluids [90-96] 

4. Thermal expansion coefficient of water can be calculated by using Eq.(3.20) [97]  
 

 ́  (                  )                                  (3.20) 

where                                    (  ) 

5. The wall of the pipe can be considered smooth when the thickness of the laminar sub-

layer is higher than the roughness [98-101]. In this study, the effect of the roughness has 

been ignored due to the flow within the pipe being laminar. 

 

3.6.1. Material Properties and Operating Conditions 

In the present study, the investigations have been carried out in a closed loop thermo-syphon 

system. The fluid medium within the thermo-syphon has been defined as liquid-water with an 

initial density of 998.2kg/m
3
, dynamic viscosity of 1.003*10

-3
kg/m.s, thermal conductivity of 

0.6W/m.ºC and specific heat of 4.182kJ/kg.ºC. The material for the thermo-syphon pipe that has 

been used in the current study is copper.  
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The operating conditions being specified in to the solver are the operating pressure of 101.3kPa 

(i.e. atmospheric pressure) and turning the gravitational acceleration of 9.81m/s
2
 on for the 

investigations carried out in a closed loop thermo-syphon system. 

 

3.6.2.  Boundary Conditions 

In this study, the performance of a closed loop thermo-syphon solar water heating system has 

been analysed under various thermal loading conditions for three weather conditions (March, 

June, and September) in Huddersfield. The results presented here correspond to seven hours of 

continuous operation of the thermo-syphon. Because a closed loop thermo-syphon solar water 

heating system relies on the solar energy. Therefore, it is necessary to calculate the solar heat 

flux received by the system. The solar radiation intensity, on an inclined surface of the solar 

collector can be defined as function of solar angle, tilt angle of system and location (local 

latitude). In this current study, the transient effects of the heat flux and thermal loading on the 

system have been investigated by altering the boundary condition of the system through a User 

Defined Function (UDF). APPENDIX A illustrates the used UDF implemented in this transient 

study. Heat flux exposed to the riser pipes has been calculated using Eq. (3.21). The uprisers and 

downcomers are assumed to be well insulated and the thermal losses from these components are 

ignored [102-104] for all the cases under the present study. The reasons behind this assumption 

are, firstly the o thermal losses are small as  the surface area of these parts are small, secondly, it 

is expected that this loss will be same for all the configurations tested and hence will not affect 

final optimized outcome. Thermal loading data has been obtained from Aung et al. [105].  

       [       (   )         (   )     ]                        (3.21) 

where    is solar radiation intensity,   is the inclination angle,   is tilt angle of thermo-syphon, 

  is local latitude and   is the hour angle of the sun and   denotes the correction factor of the 

earth‘s orbit and can be calculated by equation (3.22) [106]. 

  *           (
     

   
)+                                                     (3.22) 

   denotes the day number, and   denotes the atmospheric transmittance.    value varies with 

location and elevation and is typically between 0 and 1, according to Sen [107] . At very high 

elevations with clear air, the value of   can be considered as high as 0.8, whereas for a clear sky 

with high turbidity, it can be as low as 0.4. 

Figure 3-3 depicts the variations in heat flux inputs on different days of the year in Huddersfield, 

from 9am to 4pm. The three days shown cover a wide variety of seasons encountered in a solar 

year. It can be seen that during the morning period, the heat flux increases until midday, then 

decreases throughout the afternoon. This trend is the same for all the three days. 
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Figure 3-4 depicts the findings of a research conducted by Aung et al. [105], which demonstrate 

the variations in thermal loadings, from 9am to 4pm, over weekdays (WD) and weekends (WE). 

It can be clearly seen that the thermal loading is higher during the morning period as compared 

to the afternoon. 

 
Figure 3-3 Heat fluxes, as a function of time, for various days of the year 

 

 

Figure 3-4 Thermal loading during a weekday and weekend [105] 

 

Furthermore, a program has been created by using MATLAB code as shown in APPENDIX B. 

This program can be used to calculate the solar radiation intensity for any day of the year and at 

any hour on the day and any location of the world with reasonable accuracy. 
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Using multiple regression analysis on the data generated from the Eq. (3.21) for heat flux, three 

equations have been developed for measuring heat flux (corresponding to 15
th
 March 15

th
 June 

and 15
th
 September). Thermal loading data have been obtained from [97] and two equations to 

measure the transient thermal loading (representing weekday and weekend loading conditions) 

have been developed. All these equations above are listed in Table 3-2. Those expressions have 

been used to define the transient boundary condition of heat flux and thermal loading via a user-

defined function (UDF) as included in appendix A.  

Table 3-2 Set of equations for heat flux and thermal loading 

Type Equations Data 

Heat 
Flux 

(W/m
2
) 

         [     ( 
    

⁄ )
 

      ( 
    

⁄ )
 

      ( 
    

⁄ )
 

      ( 
    

⁄ )        ] 15
th
 March 

         [     ( 
    

⁄ )
 

      ( 
    

⁄ )
 

      ( 
    

⁄ )
 

      ( 
    

⁄ )        ] 15
th
 Jun 

         [     ( 
    

⁄ )
 

      ( 
    

⁄ )
 

      ( 
    

⁄ )
 

      ( 
    

⁄ )        ] 
15

th
 

September 

Thermal 

Loading 

(W) 

         [      ( 
    

⁄ )
 

     ( 
    

⁄ )
 

     ( 
    

⁄ )
 

      ( 
    

⁄ )       ] Working Day 

         [     ( 
    

⁄ )
 

     ( 
    

⁄ )
 

     ( 
    

⁄ )
 

      ( 
    

⁄ )       ] Week End  

 

where, t is instantaneous time and tmax is maximum time of operation 
 

In the present work, a number of statistical analysis tests have been used to ensure the validity of 

the regression models. These statistical analysis tests are namely F-value, Durbin-Watson 

statistic, standard error, t-Test value, Lilliefors test, Chi-square and p-value. A brief description 

is provided for each test. Appendix C shows the important features of the considered tests and 

their significance. 

 

Several statistical tests have been undertaken to justify the usefulness of the developed equations 

using multiple regression analysis. Table 3-3shows that the derived equations have achieved the 

acceptable criteria in all the tests. That means the equations can be used with confidence for 

further applications. 
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Table 3-3 The proposed statistical tests and thier acceptance criteria 

Type of 
test 

Acceptance criteria H.F 
(15

th
 

March) 

H.F 
(15

th
 

March) 

H.F 
(15

th
 

March) 

TL (WD) TL (WE) 

F-value If (F < F 

critical) is 

accepted 
[108] 

F 1.0020 1.0017 1.0025 1.0364 1.1186 

F critical 4.2838 4.5108 4.3641 4.2838 4.2031 

Durbin-
Watson 

statistic 

Less than 2 is accepted 
[109] 

1.8085 
 

1.3457 
 

1.7017 0.2742 0.3798 

Standard 
error 

Regression 57.1552 51.339 52.508 8.03E-05 7.90E-05 

Numerical data 57.0963 51.376 52.441 8.15E-05 7.41E-05 

Percentage error (%) 0.103 0.072 0.127 1.472 6.612 
t-Test Closed to zero [110] 0.00065 0.00078 0.00218 0.02124 0.0525 

Lilliefors 

test 

If 0= accepted  

1= rejected [111] 

0 0 0 0 0 

Chi-

square 

Less than 0.05 is accepted 

[112] 

0.012 0.009 0.009 0.03 0.02 

P-value More than Chi-square is 

accepted [112] 

1 1 1 1 1 

 

3.6.3. Solver Setting  

Working by natural convection has been chosen for solver setting in FLUENT. In this study, the 

following solver settings have been used: 

1. Double Precision Transient solver because it provides more precise results [113]. 

Pressure-Based solver has been used as the flow is subsonic and incompressible flow 

[114]. This work was carried out under transient simulation conditions hence, PISO 

algorithm with a neighbour correction for pressure – velocity coupling was used [115] for 

this transient simulations with large time step size.  

2. To construct the values of gradients, as in secondary diffusion terms and velocity 

gradients, at the cell face, Green-Gauss node based methodology has been used in the 

present study  [115]. Green-Gauss Node Based has been selected because this option is 

more suitable than the cell-based gradient option for unstructured meshes, as it provides 

more accurate results [116] 

3. The solver stores the calculated values at the centre of cell. However, for convective 

terms in momentum equation, face values are also required. These values are taken by 

using Upwind spatial discretisation scheme which interpolates the cell centre values . The 

Second Order Upwind discretization method has been chosen as it predicts results with a 
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better accuracy. In this process, Tylor series expansion has been implemented for the cell 

centred solution at the cell centroid and therefore improves the accuracy [115]. The Body 

Force Weighted method has been selected, because, present study has been conducted 

with natural convection [117] 

 

3.6.4. Convergence Criteria 

The convergence criteria indicate the convergence of the solution. It is, therefore, essential to 

consider this factor. The default convergence criterion for the continuity and temperatures in 

three dimensions and the laminar parameters in Ansys 14 is 0.001.  

This chapter provided a detailed explanation of the CFD models used in this study, such as 

geometry, mesh generation and solver setup. In order to verify the numerical model, an 

experimental setup was built with the same geometrical features used the CFD models. In the 

next chapter, the experimental setup and procedure used to collect the data is described in detail. 
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CHAPTER 4  

4. EXPERIMENTAL SETUP 
 

The previous chapter presented the methodology of the CFD modelling implemented in this 

study, which includes the governing equations, geometry creation, mesh adoption, and 

justification of applied boundary conditions. The numerical results are proposed to be 

verified against the experimental findings. This chapter provides a detailed description of 

the experimental setup by describing the equipment used and the justification of the setup 

and the test procedure. Furthermore, it also includes the instrumentation calibration 

procedure and the method of estimating the uncertainties in the experiment.  
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4.1. Introduction  

The experimental setup of a closed loop thermo-syphon solar water heating system has been 

developed in the fluids lab at University of Huddersfield. There are two main aims of the 

experimental work, the first aim is to verify numerical thermo-syphon models predictions by 

comparing the results obtained from experimental tests with the CFD results. The second aim is to 

evaluate enhanced heat transfer for the optimum new model on the thermal performance of 

thermo-syphon as compared to traditional model that has been mentioned in previous chapter. 

This work is conducted to achieve objective five, which is to determine the effect of a closed 

straight tube inside the riser pipe on the performance of thermo-syphon with same amount of 

working fluid. A prototype model of this configuration has been developed for the experimental 

work. The characteristics of the baseline model have been mentioned in section (3.4.1)  

 

4.2. Thermo-syphon Components 

Like any test rig, a closed loop thermo-syphon solar water heating system consists of several 

components. The following sections provide an extensive description of the components used 

during this experimental work.  

 

4.2.1. Casing Collector 

Figure 4-1 shows the casing of the thermo-syphon set up. Casing was carefully designed to hold 

the collector and other components at the required location. Wood was chosen as the preferred 

material to build the casing after careful consideration, as it is inexpensive, strong, easy to 

manufacture, requires low maintenance and has low heat conductivity. The casing holds the riser 

pipes and the upriser, which is placed at 53º with the ground. The dimensions of the casing are 

defined based on literature regarding the experimental work [39]. In this study, the dimensions of 

the casing are 1100 mm x 1200mm x 180mm in length, height and depth respectively, while a 

wooden sheet with a thickness of 18mm was used for the rear of the casing. 
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Figure 4-1 The casing of thermo-syphon 

 

4.2.2. Insulation  

Celotex PIR GA4075 insulation board was used to insulate the back and the sides of the wooden 

thermo-syphon casing mentioned in section 4.2.1 in order to reduce the heat loss of thermo-

syphon. The Celotex PIR boards are specially made for cut-to-fit applications and have excellent 

lower overall heat transfer coefficient values with having just a single layer of insulation while 

having a core comprising of polyisocyanurate (PIR), hence providing lower heat loss. Thickness 

of insulation used is 50mm [118] as shown in Figure 4-2.  

 

Figure 4-2  Insulation 
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4.2.3. Collector 

The collector consists of several inclined riser pipes connected at the upper end to the upriser, and 

at the lower-end to the downcomer, as shown in Figure 4-3. An external diameter of 15mm has 

been selected for the riser pipes, upriser and the down comer, with a wall thickness of 0.7mm 

based on standard dimensions of the UK copper pipe. In this experimental work, the length-to-

diameter ratio of the riser pipes is 75. Copper has been selected as the pipe material for its 

material characteristics, which suits the current purpose such as low cost, high thermal 

conductivity and well machinability. 

 
Figure 4-3 Collector of thermo-syphon 

 

Black paint has been used for painting collector in order to increase the heat absorption and 

reduce the heat emission, as shown in Figure 4-4. 

 

Figure 4-4 Black painting of collector of thermo-syphon 
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4.2.4. Halogen Floodlight  

Four 500W Linear Halogen R7s Bulbs with 118mm length have been used in an array formation 

and evenly spaced over an area of 1m
2
, as shown in Figure 4-5. Each halogen floodlight has been 

placed inside a 18cm x 16cm casing. The Halogen lights were made from die cast aluminium with 

a toughened glass diffuser to ensure the safety during the experiment. The light has a handle, 

which was used to hang it from a support on the top of the collector. Moreover, this handle bar 

also helps to improve the handling feature. 

 

Figure 4-5 Halogen Floodlight 

 

4.2.5. Storage Tank  

To store the required amount of hot water, a plastic drum has been used and this is shown in 

Figure 4-6. This plastic open top drum has a height of 635mm and a diameter of 398mm and can 

hold 60L of water. In order to reduce the heat loss from the water tank proper insulation has been 

used. A condenser has been fixed within the water tank so that the heat energy from the working 

fluid flowing within the condenser will be transferred to the water in the water tank. The 

condenser was designed and manufactured with an external diameter of 22mm, length of 600mm 

and a wall thickness of 0.9mm as shown in Figure 4-7. Silicon was used to seal the connections 

where the pipes are connected with the tank.  
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Figure 4-6 Storage tank 

 

 

Figure 4-7 Condenser 

 

4.2.6. Thermocouple  

 

Thermocouples have been used to measure the temperature of working fluid in inlet to the 

collector, outlet of the collector, and water in the storage tank, as shown in Figure 4-8. The 

specifications of thermocouple are:  

 

 Sensor type:                       Type K (Nickel Chromium/Nickel Aluminium) 

 Cable:                                 4mm O.D. x 1 metre long  

 Operating range:                -75°C to +250°C 
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(a) 
(b) 

Figure 4-8 Thermocouple 

 

While the specifications of thermocouple, which are used to measure temperature of the plate as 

follow below: 

Sensor type:                  Type K (Nickel Chromium/Nickel Aluminium) to IEC 584 

Construction:                 Magnetic strip (50 x 25 x 1)mm 

Hot junction:                 Positioned/seated in the magnetic strip for surface measurement 

Cable:                           1/0.3mm Teflon® insulated twisted pair 

Temperature range:      -50ºC to +150ºC 

 

4.2.7. Temperature Measurement 

Temperatures have been measured at the inlet and outlet of the collector, plate, and water storage 

tank using a Pico device, as shown in Figure 4-9.  

 
Figure 4-9 Data logger 
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The implementation of TC-08 is comparatively easy. The temperature can be measured and 

recorded simply by connecting the TC-08 with the thermocouple and a USB port on computer. 

The signal output from this device is temperature directly as shown in Figure 4-10. Table 4-1 

summarises the specifications of the Data Logger.  
 

Table 4-1 Specifications of the data logger 

Number of channels (single unit)  8 

Maximum number of channels (using up to 20 
TC-08s)  

160 

Conversion compensation 100ms per thermocouple channel + 100ms 
for cold junction compensation 

Temperature accuracy  sum of +-0.2% of reading and ±0.5ºC 

Voltage accuracy  sum of  +-0.2% of reading and ±10µv 

Overvoltage protection   

Maximum common-mode voltage ±7.5 V 

Input impedance  2 MΩ 

Input range (voltage)  ±70 mV 

Resolution  20 bits  

Noise-free resolution  16.25 bits 

Thermocouple types supported  B, E, J, K, N, R, S, T 

Input connectors  Miniature thermocouple 

Operating temperature   0 to 50°C 

Operating temperature for stated accuracy 20 to 30°C 

Operating humidity 5 to 80 %RH non-condensing 

Storage humidity 5 to 95 %RH non-condensing 

Water resistance Not water-resistant 

PC interface USB 1.1 

Power requirements Powered from USB port 

Compliance European EMC and LVD standards 

FCC Rules Part 15 Class  
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Figure 4-10 The signal output 

 

4.3. Thermocouple Calibration 

In this study, thermocouple has been calibrated against glass thermometer [119]. The equipment 

used to calibrate the thermocouples is thermometer, power supply and kettle. The Procedure of 

calibrating the thermocouple as follow: 

 

1- Connect thermocouples with data logger  

2- Connect the data logger with computer 

3- Fill the kettle with water and heat it up to the boiling point 

4- Put both thermometer and thermocouples inside the kittle as shown in Figure 4-11 
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Figure 4-11 Thermocouple calibration 

 

5- Record the data from both thermometer and thermocouple for several reading  

6- Repeat step 4 several time 

7- Take the average value of data for both  thermometer and thermocouple  

8- Finally, take the different between them 

All the data regarding calibration of thermocouples can found in appendix D. 
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4.4. Experimental Procedure     

Figure 4-12 depicts the adopted experimental test rig setups for both models, in the present study. 

 
Figure 4-12 Schematic of the experimental setup 

 

Figure 4-12 shows the schematics of the test rig setup with the location of the equipment used. For 

example, 1, 2, 3, 4 and 18 represent the location of the valves, 5 is halogen lamp, 6 is collector, 7 

is the storage tank, and 8 is the condenser. Moreover, 9 and 12 are thermocouples that measure the 

temperature of working fluid at the inlet and outlet of collector respectively. 10, 11,13, 14 are 

thermocouples that measure the temperatures at the plate, 15 is thermocouple that measure the 

water temperatures at the storage tank, 16 is data logger, 17 is computer and 19 is expansion tank. 

All the thermocouples have been connected to a data logger and a computer has been used to 

record and save the temperature data. 
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The experimental work was conducted according to the procedure below: 

1. Fill the storage tank with water by valve number 18 

2. Fill the thermo-syphon loop with working fluid. In order to ensure that there is no air 

within the thermo-syphon loop and it is completely filled, the following steps were 

adopted: 

 

 Open valves number 1, 2 and 3 and keep valve number 4 closed 

 When the working fluid comes out from valve 3, valves number 2 was closed 

 Wait till the working fluid comes out from valve 3 again, then open valves number 

2 and 4 

 When the working fluid comes out from valve 4, close valves number 1, 3 and 4 

 

3. Prepare computer or laptop to record the data  

4. Connect thermocouples with data logger and connect the data logger with computer 

5. Connect halogen lamps plug to electricity socket (220 – 240V) 

6. Prepare the data logger software 

7. Turn on halogen lamps 

8. Start the test 

  

4.5. Calculation of Useful Heat Flux 

In order to calculate the amount of heat flux that the collector is exposed to, a Martindale LM92 

Lux Meter device has been used. The device is chosen due to its user-friendly interface and wide 

range applications. The specifications of this device are as below: 

 A measurement range ranging from 200 Lux to 200, 000 Lux 

 Low cost light meter with a resolution of 0.1 Lux 

The heat flux in (W/m
2
) is equal to the illuminance Ev in lux (lx) times 0.0079 [120]. In this 

study, average heat flux has been used [121]. 

HF (W/m
2
) = Ev(lx) × 0.0079                                          (4.1) 

The formula below can be used to calculate useful heat flux:  

                                                                             (4.2) 

The energy loss from the flat plate collector happens from three sides namely top, back and 

sides:    
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           +        +                                                 (4.3)        

The loss of energy through the top for flat plate collectors without glazing is as below [121]: 

                                                                        (4.4) 

where     is heat reflected from plate to ambient by radiation, can calculate by:  

     (  
    

 )                                            (4.5) 

where   is the Stefan-Boltzmann constant = 5.76*10
-8

 (W/m
2
K

4
). 

      is the heat energy reflected from pleat to ambient by convection, can estimated by [122]: 

         *  
    [   (    )]   

      
+ *  

    

      
+  [(

      

    
)

   
  ]               (4.6) 

   
       

(     ) 
                                                                          (4.7) 

where, 

   is Nusselt number 

  is tilt angle of collector 

   is Rayleigh number  

      is heat energy loss from back, can calculated by:  

                                                                   (4.8) 

where, 

U is overall heat transfer coefficient (W/m
2
.ºC), which is calculated by Eq. (4.9). 

      
    

    
                                                                     (4.9) 

where, 

     is the thermal conductivity of insulation  

       is the thickness of insulation 
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Figure 4-13 Processes of heat balance 

 

Table 4-2 Characteristics parameters 

 Symbol Value Unites 

Length of collector  L 1 m 

Lux Ev 25250 lx 

The Stefan-Boltzmann constant   5.76x10
-8

  W/m
2
K

4
 

The tilt angle of collector   53  

Temperature of  plate    70 ºC 

Ambient temperature    25 ºC 

Thickness of insulation x 0.05 m 

Thermal conductivity of insulation  k 0.02 W/m.K 

 

According to values in Table 4-2 and using equations above in this chapter, can calculate useful 

heat flux as below:  

 

To calculate average heat flux that obtained from halogen lamp, Eq. (4.1) can be used. 

HF (W/m
2
) = 25250 × 0.0079 = 199.47     

Using Eq. (4.5), it can be estimated the energy loss per meter square from the plate to ambient by 

radiation:    
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              (       ) 

            

The energy loss per meter square from the plate to ambient by convection can be evaluated by 

using Eq. (4.6) and (4.7). 

    = 
(            (     )   

             
=3.12     

         *  
    [   (      )]   

              
+ *  

    

              
+  [(

              

    
)

   

  ]= 2.634 

       
      (     )     

 
 =2.37     

 

To establish the heat loss from backside, Eq. (4.8) and Eq. (4.9) can be used.  

      
    

    
  =0.4     .K 

          (     ) = 18     

 

Finally, the useful heat flux can be calculated by using Eq. (4.2), (4.3) and (4.4). 

               = 3.73     

                 = 21.73     

   =199.47-21.731=177.74     

                                              

4.6. Development an Equation to Predict Mass Flow Rate within Thermo-

Syphon Loop  

The flow rate within the thermo-syphon is very slow and therefore it is rather difficult to measure 

the velocity of the flow. However, it is important to measure the velocity of the flow in order to 

control the mass flow rate through the pipes. There are many devices to measure the flow velocity 

through a thermo-syphon. These devices can be put into two categories as internal and external. 

Internal devices are cheaper than external devices, but using these can have a negative impact on 

the flow field, which will develop an obstruction in the flow and adding resistance to the flow 

within a thermo-syphon and hence severely affecting the performance. On the other hand, the 

external devices do not affect the flow inside a thermo-syphon, but are considerably more 

expensive than internal devices. So, during this particular study, the velocity of the flow within 

thermo-syphon loop has been controlled using the procedure explained below:   
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1. Open the valve (valve number 4 as shown in  

2. Figure 4-12 Schematic of the experimental setup 

3. ) and close it after one hour. Record the opening time and the closing time of the 

valve. Using this data, calculate the volume of water released from the valve using 

the Eq. (4.10) 

                                                        (4.10) 

where     is high of working fluid in expansion tank and r is radius of expansion     
tank 

4. Next convert the volume of water released from the valve into mass (kg) using the 

following Eq. (4.11) 

m=V*ρ                                                     (4.11) 
 

5. Then divide the mass (kg) by time (s) to obtain the mass flow rate (kg/s) using Eq. 

(4.12) 

 ̇  
 

   
                                                      (4.12) 

where     is the time duration between opening and closing the valve number 4 

6. Repeat the procedure above after every hour and recorded the findings 

7. The table summarises the experimental results for three experiments  

Table 4-3 The amount of mass flow rate against different values of the working fluid properties 

Time 

(minutes) 
   (ºC)     (ºC)     (ºC)   (ºC)  ̇(kg/s) µ (kg/m.s) 

Di 

(mm) 

Ra 

E+07 

30 35.98 47.75 41.865 66.31 0.003450 0.000614 13.6 1.97 

60 38.16 49.68 43.92 68.01 0.003408 0.000591 13.6 1.99 

90 39.19 50.65 44.92 68.365 0.003331 0.000581 13.6 1.95 

120 40.08 51.38 45.73 68.68 0.003272 0.000572 13.6 1.93 

150 40.73 51.93 46.33 69.15 0.003256 0.000566 13.6 1.94 

180 41.48 52.56 47.02 69.475 0.003213 0.00056 13.6 1.92 

210 41.99 53.2 47.595 69.6 0.003159 0.000554 13.6 1.89 

240 42.55 53.47 48.01 69.38 0.003083 0.00055 13.6 1.84 

270 43.07 53.98 48.525 69.845 0.003077 0.000545 13.6 1.85 

300 43.52 54.43 48.975 69.98 0.003039 0.000541 13.6 1.83 

 

8. Based on the data presented in Table 4-3, and using multiple variable regression 

analysis, semi-empirical correlation for the prediction of the mass flow rate of 
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working fluid within the thermo-syphon loop, has been developed. This correlation 

is a function of the Rayleigh number, inner diameter of the upriser pipe (  ) and 

dynamic viscosity ( ) of working fluid. 

 ̇                   
                                     (4.13) 

 

 ̇                 (
    (       )   

 

   
)

     

                       (4.14) 

 

For more details regarding how Eq. (4.13) has been developed, see appendix E 
 

In the present work, a number of statistical analysis tests have been used to ensure the validity of 

the regression models. These statistical analysis tests are namely F-value, Durbin-Watson statistic, 

standard error, t-Test value, Lilliefors test, Chi-square and p-value. A brief description is provided 

for each test. Appendix C shows the important features of the considered tests and their 

significance. 

Several statistical tests have been undertaken to justify the usefulness of the developed equations 

using multiple regression analysis. Table 4-4 shows that the derived equation for the mass flow 

rate has achieved the acceptable criteria in all the tests. That means the equation can be used with 

confidence for further applications. 

Table 4-4 The proposed statistical tests and thier acceptance criteria for mass flow rate 

Type of test Acceptance criteria  Mass flow rate(kg/s) 

F-value If (F < F critical) is accepted 
[108] 

F 1.0014 

F critical 2.9782   
Durbin-Watson 

statistic 

Less than 2 is accepted [109] 1.7528 
 

Standard error Regression 0.01776 

Experimental 0.01778 

Percentage error (%) 0.11 
t-Test Closed to zero [110] 0.00037 

Lilliefors test If 0= accepted  

If 1= rejected [111] 

0 

Chi-square Less than 0.05 is accepted [112] 0.0324 

P-value More than Chi-square is accepted [112] 1 

 

Figure 4-14 depicts the comparison between experimental data and predicated data from Eq. 

(4.14) for mass flow rate of working fluid within the thermo-syphon loop. It can be clearly seen 

that the data from experimental test and predicted data from equation have the same trend and 

there is a good agreement between them. These values refer that the developed equations here 
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depict no significant difference to the available data and they have the same trend. Hence, the 

prediction equation developed here represent mass flow rate of working fluid within thermo-

syphon loop with reasonable accuracy.  

 

Figure 4-14 Comparison between experimental and predicted data for mass flow rate of working 

fluid 

 

4.7.  Estimating Uncertainty 

Uncertainty of measurement can be defined as the amount of errors or fluctuations in the 

measurement mainly due to human error. For the experiment performed above, such human errors 

can be reflected in measuring the temperature and mass flow of working fluid within the thermo- 

syphon system. These measuring errors are brought in by different instruments, which does not 

necessarily operate under ideal measuring conditions.  

In order to estimate uncertainty first, the sample mean should be computed. The sample mean,  ̅ 

is obtained by taking the average of the sampled values. The average value is computed by 

summing up the values sampled and dividing them by the sample size, n as shown in Eq. (4.14) 

[123]. 

 ̅  
 

 
∑   

 
                                               (4.14) 
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where, 

 ̅   Mean value 

    Sample value 

   Number of sample 

 

After that, we compute the sample standard deviation. The sample standard deviation provides an 

estimate of the population standard deviation. The sample standard deviation, Sx, is computed by 

taking the square root of the sum of the squares of sampled deviations from the mean divided by 

the sample size minus one as below [124]:  

   √
 

   
∑ (    ̅)  

                                       (4.15) 

The value n-1 is the degrees of freedom for the estimate, which signifies the number of 

independent pieces of information that go into computing the estimate. In a case of Absence of 

any systematic influences during sample collection, the sample standard deviation will approach 

its population counterpart as the sample size or degrees of freedom increases. The degrees of 

freedom for an uncertainty estimate are useful for establishing confidence limits and other 

decision variables. 

Finally, from Eq. (4.16) the estimated standard uncertainty can be calculated. 

   
  

√ 
                                                            (4.16)    

Based on the results, which have been obtained from experimental tests, are included in 

APPENDIX F and the above-mentioned equations Eq. (4.14), (4.15) and (4.16) are used to 

calculate the value of uncertainty in this experiment work.    

A sample calculation of the uncertainty in the measurement is shown below. Based on this 

calculation procedure the uncertainty of other measurements are calculated which are shown the 

Table 4-5 In this study, for test number 1 depicted in APPENDIX F, the mean outlet temperature 

can be calculated by: 

Mean value: 

    
̅̅ ̅̅ ̅  

 

   
∑     

 

   
(        )          

   

   

 

Sample standard deviation: 
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   √
 

     
∑ (        
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    = √
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   =         

Estimated standard uncertainty: 

   
  

√ 
  =  

     

√   
 =       

  

Furthermore, estimated standard uncertainty for all tests can be calculated using same procedure 
above. 

The mean estimated standard uncertainty     ∑     
   = 

                       

 
      ºC 

where    is number of tests 

Table 4-5 The estimated standard uncertainty 

 
Thermocouple 

at inlet 

collector(ºC) 

Thermocouple 
at outlet 

collector(ºC) 

Thermocouple 
at the  storage 

tank(ºC) 

Thermocouple 

at the   

wall(ºC) 
 

Mass flow 

rate(kg/s) 

Mean 
standard 

uncertainty 

0.239 0.315 0.162 0.482 0.000042 

Percentage 
error % 

                                   

 

This chapter provided a detailed overview of the experimental work conducted in this study by 

explaining the equipment and the test rig followed by the experiment procedure and the data 

acquisition system. After explaining the experimental work, next chapter will illustrate the 

extensive details of the baseline model. The numerical model of the traditional baseline was 

verified against the experimental findings by following the procedure and setup mentioned in this 

chapter.   
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CHAPTER 5  

5. BASELINE MODEL 
 

This chapter presents the results obtained from Experimental and CFD simulations for 

different cases that have been discussed in chapter three. In order to understand the natural 

convection and the complex flow structure happening within thermo-syphon system, a 

detailed qualitative and quantitative analysis has been conducted. The effects of various 

geometric parameters and heat flux on the thermo-syphon system performance have been 

examined under different thermal loading condition. Furthermore, semi-empirical 

relationships have been developed to estimate the thermo-syphon system performance as a 

function of the geometrical parameter, operating condition (heat flux, thermal loading) and 

time. 
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5.1.  Spatial Discretisation 

The accuracy of the numerical results depends on the discretization of the domain, which is 

known as meshing process. Table 5-1 summarise numerical results  of water temperature of 

storage tank with various mesh configurations for five cases which combines different L/d ratio of 

riser pipe with the number of riser pipes. This analysis has been conducted to ensure the numerical 

results independence on the mesh quality. According to the results shown in Table 5-1, for case 1 

the percentage difference between the results for 2.5 million  and 5.2 million is very small and 

negligible (0.19%). Henceforth it can be considered that the mesh with 2.5 million elements can 

capture the flow behaviour inside the thermo-syphon with similar accuracy as the mesh with 5.2 

million. Therefore, to reduce the computation time and cost, the mesh with lower elements has 

been used for further investigation. Using the similar methodology, the mesh for other cases has 

been determined as well.  

Table 5-1 Spatial discretisation results 

 

L/d ratio N. pipe 

N. Element 

(million) 
 

Temperature of water at 

the center of the  storage 
tank  (ºC) 

Difference in 

Temperature 
(%) 

Case 1 
50 5 

2.5 15.0725 
0.188 

5.2 15.0441 

Case 2 

75 

5 
3.2 15.0948 

0.0958 
6.5 15.0803 

Case 3 
7 

3.8 15.0678 
0.1157 

7.8 15.0852 

Case 4 
9 

4.4 15.0525 
0.1677 

9.1 15.0778 

Case 5 
100 5 

3.8 15.0873 
0.1145 

7.8 15.1046 

 

5.2. Temporal Discretisation 

Since the case under study is Transient-State, the time step independence test should be 

conducted. Otherwise, it can lead to inaccurate results of CFD. Therefore, time-step independence 

test has been conducted with three different time steps (3s, 6s, and 12s). This test has been 

conducted on case 2 as mentioned in Table 5-1 under the heat flux condition of 15
th
 March with 

weekday thermal loading condition. Table 5-2 summarises the result of time steps independence, 

which shows that the difference in temperature of water within the storage tank is less than 0.6% 

between the three-time steps under consideration. The temperature of water in the storage tank is 

an important parameter, which indicates the performance of the system. Hence, it can be 

concluded that the time step with 12s is capable of predicting the flow features accurately; 

therefore 12s time step has been chosen for further analysis of thermo-syphon. 
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Table 5-2 Temporal discretisation results 

Time Step (sec.) 

Temperature of water at the center of the  storage 
tank  (ºC) 

Difference in 
Temperature (%) 

3 31.58 0.08 

6 31.61 0.58 

12 31.79 
 

 

5.3.  Benchmark Tests  

It is essential to verify the numerical model of the system prior to the analysis of the data. The 

benchmark test is one of the approved methodologies to verify the numerical model of the system. 

Benchmarking refers to comparing the numerical results against experimental findings. 

Benchmarking the numerical data with experimental ensure the model‘s capability to capture the 

actual physical phenomenon. Table 5-3 contains the physical parameters of a traditional thermo-

syphon model that has been used for experimental work.  

 

Table 5-3 Test rig specifications of traditional model of thermo-syphon 

Height of casing 1.2 m 

Width of casing 1.1 m 

Depth of casing  0.18 m 

Tilt angle of collector 53º  

Number of riser pipes 5  

Length of the riser pipes 1 m 

Inside the riser pipe diameter 0.0136 m 

Outside the riser pipe diameter 0.015 m 

Riser pipe material Copper  

Absorber plate length 1 m 

Absorber plate width 1 m 

Absorber plate thickness 0.0007 m 

Absorber plate material Copper  

Diameter of tank 0.398 m 

High of tank 0.635 m 

Material of tank Plastic  

Inside diameter of condenser 0.0202 m 

outside diameter of the condenser 0.022 m 

Length of condenser 0.6 m 

Condenser material Copper  

 

In this study, the numerical model has been verified against the experimental findings for the 

temperature of water within the storage tank, working fluid‘s temperature at the inlet and outlet of 

collector and mass flow rate of working fluid within the thermo-syphon loop under constant heat 

flux.  
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Figure 5-1 depicts the variations in the experiments and CFD results with respect to the 

temperature of water within the storage tank, temperature of working fluid for five hours of 

operation with constant heat flux of 177.74W/m
2
 and under no loading from the storage tank. It 

can be clearly seen that during the first hour of the operation the difference between the 

experimental and numerical results are very small. However, as the operation time extends the 

difference between the results starts to increase. The maximum difference between the CFD and 

experimental result is observed for water temperature in the storage tank with a value of 8.28%. 

After five hours operation the difference in working fluid temperature at the inlet and outlet of the 

collector is recorded as 10.17% and 9.86% respectively. Moreover, according to the experimental 

results, during the first 40minutes operation fluid temperature values both at the inlet and outlet of 

collector increase rapidly and after that, the increment rate becomes linear with a gradient of 

0.101ºC/min (working fluid at outlet) and 0.064ºC/min (working fluid at inlet) respectively. On 

the other hand, the storage water temperature increases linearly from the beginning, with a 

gradient of 0.034ºC/min. similar trend has been observed for the numerical investigation. 

According to the numerical findings, the temperature increment rate after 40minuites becomes 

linear with a gradient of 0.12ºC/min (working fluid at outlet) and 0.081ºC/min (working fluid at 

inlet) accordingly. On the other hand, the storage water temperature increases linearly from the 

beginning, with a gradient of 0.045ºC/min. It is expected to have small discrepancies between the 

experimental and numerical results because the numerical techniques do not capture all form of 

losses in the system. The amount of the loss depends on the temperature difference between the 

ambient and thermo-syphon system, which increases with time. In addition, in the numerical 

modelling, the ambient temperature is kept constant whereas in real life the ambient temperature 

will vary with respect to time. Thus, the variation in the ambient temperature during the 

experiment will also affect the outcome. In CFD the riser pipe has full contact with the collector 

plate, whereas small gap has been found at some sectors between the riser pipe and collector plate 

in the experimental setup. This has reduced the contact surface and therefore the amount of heat 

transfer by conduction. In addition, in CFD both the downcomer and upriser were considered 

adiabatic, while in experimental there are some losses. Despite the above-mentioned reasons, a 

good agreement has been observed between the CFD results and the experimental results. The 

maximum variation between them is recorded as to be less than 11%. Hence, this numerical model 

can be considered a reliable model for representing a closed loop thermo-syphon solar water 

heating system.  
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Figure 5-1 Validation of the CFD results with respect to the experimental results for the 

temperature of water within the storage tank and temperature of working fluid at inlet and outlet 

of collector 

 

Figure 5-2 depicts the mass flow rate of working fluid within the thermo-syphon loop for both 

numerical and experimental results for five hours of operation time with a constant heat flux of 

177.74W/m
2
 (calculated in section 4.5) under no loading from the storage tank. It can be clearly 

seen that the value of mass flow rate of working fluid within the thermo-syphon loop is higher 

for CFD, as compared to experimental. The reason behind this difference is  the presence of 

connectors such as fittings, elbows and tees that have been used in the experimental setup, which 

leads to increase in the resistance of flow fluid and hence decrease in the mass flow rate of 

working fluid. The difference between the CFD and the experimental results for mass flow rate 

of working fluid within thermo-syphon loop is recorded as 13.65%. Furthermore, it can be seen 

from Figure 5-2 that, at the beginning, the mass flow rate increases rapidly and after a while, it 

stabilises to a constant value because a constant heat flux has been applied on the system.  
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Figure 5-2 Validation of the CFD results with respect to the experimental results for the mass 

flow rate within the thermo-syphon loop 

 

5.4. Flow Field Analysis 

The numerical analysis carried out on the closed loop thermo-syphon solar water heating system 

depicts the natural convection phenomena, the distribution of temperature and velocity of working 

fluid within the model. The natural convection phenomenon happens when the working fluid gets 

heated and the temperature of the working fluid increases consecutively decreasing its density. 

Hence, the volume of the working fluid increases. The lower density fluid moves towards the top 

wall of the riser pipe. For example, increasing the water temperature by 8ºC cause the density to 

decrease by 2.123kg/m
3
 [125] Due to the inclination of the riser pipes, the working fluid 

accelerates along the top wall of the riser pipe and enters the upriser and subsequently into the 

condenser which is based in the water storage tank. 

Figure 5-3 depicts the velocity distribution of the working fluid within the thermo-syphon loop 

and hot water within the water storage tank at a heat flux corresponding to 15
th
 March under 

thermal loading condition of weekday. In order to understand the working fluid behaviour within 

thermo-syphon loop at various heat flux conditions, different times have been chosen on that day. 

According to the findings, the average velocity of the fluid increases until midday (12 O‘clock), 

achieving a value of 0.0077m/s, since the maximum heat flux is emitted at that time. 

Subsequently, the average velocity starts to decrease to 0.0057m/s at 16 O‘clock. The working 

fluid attains the highest velocity at the upriser and downcomer, and the average velocity of the 
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working fluid is measured to be 0.0233m/s, which is equal to the sum of velocities for all riser 

pipes. There is no significant difference in the average velocity of working fluid, and the 

approximated value of working fluid in each riser pipe is 0.00466m/s. The total average velocity 

of the working fluid in the thermo-syphon is measured. Moreover, since the diameter of the 

condenser is bigger than the diameter of the upriser and downcomer, it can be seen that the 

velocity in the condenser is lower as compared to the upriser and downcomer. Similar analogy can 

be applied for bends in the upriser and downcomer where cross sectional area increases thus 

decreasing the velocity. 

  
(a)  (b)  

  
(c)  (d)  

Figure 5-3 Flow velocity variations of the working fluid within thermo-syphon loop and water 

within the storage tank on 15
th
 March under thermal weekday loading for (a) 10 O‘clock (b) 12 

O‘clock (c) 14 O‘clock and (d) 16 O‘clock 
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Figure 5-4 further depicts the natural convection phenomena occurring in the thermo-syphon 

model considered in the present study, which is represented in a form of temperature distribution 

in the thermo-syphon system. As mentioned earlier, the working fluid heats up in the riser pipe 

and moves upward in the pipe to the upriser. Along the riser pipe, more thermal energy of the 

solar rays is transferred to the working fluid increasing the internal energy and temperature 

further. It can be seen that the highest temperature of the working fluid is observed at the riser 

pipes and upriser junction while the lowest temperature of the working fluid is observed at 

downcomer. In this case, the maximum and minimum average temperatures are measured to be 

80.20ºC and 54.74ºC respectively for 12 O‘clock heat flux condition. Whilst regarding water 

within the storage tank, it can be clearly seen that the maximum temperature of water is 29.85ºC 

at upper section of the storage tank and the minimum temperature of water is 15ºC at the bottom 

section of the storage tank, where the inlet is located. Furthermore, heat of the working fluid is 

accumulated along the top wall of the condenser and the water within the storage tank. 

It would be prudent at this point to present the mass balance in the thermo-syphon loop in order to 

analyse its performance. From the current setup and configuration, it is expected not to have any 

recirculation in the riser pipe. The only way to recirculate the flow is through the recirculating 

pipe. Which refers that the velocity direction within the riser pipe and the recirculation pipe will 

be opposite and the total mass flow through all the riser pipes should equate to the mass flow 

through the recirculating as it is shown in Figure 5-5. Figure 5-5 represents the mass balance in 

the riser pipes and the recirculating pipe. It can be seen that the sum of the mass flow rates of the 

working fluid passing at any cross-section of the riser pipes is equal to the mass flow rate of the 

working fluid through the cross section of the recirculating pipe. Hence, the mass is balanced in 

the thermo-syphon loop considered in the present study. 

  
(a)  (b)  
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(c)  (d)  

Figure 5-4 Static temperature distributions of the working fluid within thermo-syphon loop and 

water within the storage tank on 15
th
 March at midday under thermal weekday  loading for (a) 10 

O‘clock (b) 12 O‘clock (c) 14 O‘clock and (d) 16 O‘clock 

 

 
Figure 5-5 Mass balance of the working fluid within the thermo-syphon loop 
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5.5. Effect of Geometrical Parameters 

The thermo-syphon model considered in the presented study has been analysed with different 

number of the riser pipes and L/d ratios. The following sections show extensively the effects of tilt 

angle of collector, number of the riser pipes and L/d ratios  on the performance of the thermo-

syphon characteristic. 

   

5.5.1. Effect of Tilt Angle      

There are several factors, which have significant effects on the amount of the solar radiation-

reaching the collector. One of the most important factors is the tilt angle of the solar collector. In 

order to estimate the optimum tilt angle of the collector, many studies have been conducted [126-

131]. The majority of these studies have been shown that the optimum tilt angle of the collector is 

equal to the latitude of the location (site) with angle variation of 10º to 15º, depending on the 

application. In the present study, simple MATLAB code has been created to investigate and 

determine the optimum tilt angle for the thermo-syphon. The MATLAB code has been attached in 

the appendix B. Figure 5-6 depicts that the optimum tilt angle is equal to the latitude of the 

location.  

 
Figure 5-6 Heat flux variations for different tilt angles on 15

th
 March 

 

Based on observation above the tilt angle for the collector has been chosen to be 53º, as the 

research has been conducted in Huddersfield and the altitude of Huddersfield is 53º.  



BASELINE MODEL 

 

DESIGN, DEVELOPMENT AND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEM FOR DOMEISTIC APPLICATIONS           
BY BASIM FREEGAH, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016) 

                                               93 

5.5.2.  Effect of Number of Riser Pipes  

The following section of this chapter will illustrate the effect of number of riser pipes on the 

thermal performance of the thermo-syphon. This has been conducted based on numerical results 

obtained from a configuration, which has been designed with a collector tilt angle of 53º, L/d ratio 

of 75, and heat flux that represents the 15
th
 March. Based on the conclusion from the previous 

section (Effect of Tilt Angle), to obtain optimum heat flux the tilt angle of collector has been 

chosen to be 53º. For L/d ratio, an average of 50, 75, and 100 has been chosen which  is equal to 

75. Additionally, heat flux obtained on 15
th
 March was chosen since it approximately represents 

the average value of heat flux obtained in the year.  Moreover, the thermal loading used in this 

particular case represents a weekday, as this provides a general example for hot water 

consumption. Five, seven, and nine pipes have been used in this analysis to investigate the effect 

of the number of pipes on the thermo-syphon performance.  

Figure 5-7 depicts the static temperature distribution at the cross-section of the storage water tank 

and the condenser, for (a) five riser pipes, (b) seven riser pipes and (c) nine riser pipes that have 

been considered in the present study. The thermal loading condition that has been specified 

represents the weekday with a heat flux of 15
th
 March, and the corresponding L/d ratio has been 

selected as 75. It can be clearly seen that the hot water occupies the upper section of the tank, 

while the cold water settles at the bottom of the tank. Due to its lower density, hot water rises 

within the storage tank and accumulates along the top wall of the storage tank. The same thing 

happens for working fluid within thermo-syphon loop. As the working fluid flows along the 

condenser pipe, heat exchange takes place between the working fluid and the storage water. In this 

process, working fluid transfers the heat to the storage water. Hence the temperature of water in 

the storage tank increases and moves towards the top. Whereas the temperature of the working 

fluid decreases and moves toward the bottom of the condenser pipe. Subsequently, the working 

fluid recirculates via recirculation pipe due to the gravity. 

  
(a) (b) 
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(c) 

Figure 5-7 Static temperature distributions within the storage water tank and the condenser for (a) 

5 pipes (b) 7 pipes and (c) 9 pipes on 15
th
 March under thermal weekday loading  

 

Figure 5-8 depicts the variation in water‘s temperature at the centre of the storage tank for a 

variable number of the riser pipes at a heat flux corresponding to 15
th
 March under thermal 

loading condition of the weekday. It can be seen that the temperature within the tank is higher for 

nine riser pipes as compared to five and seven riser pipes. The temperature rise of water within the 

storage tank after operation time of seven hours were 30.08ºC, 31.53ºC and 33.09ºC for 5, 7 and 9 

riser pipes respectively. Since, the surface area which is exposed the heat input is a function of the 

number and length of riser pipe an increase in the number of riser pipe will lead to increase  in the 

surface area and hence increase in the  amount of heat transfer to the working fluid. It is obvious 

from the fact that more riser pipes will transfer more hot fluid to the condenser thus increase water 

temperature within the storage tank. It can therefore be concluded that increasing the number of 

riser pipes  increases the temperature of the water within the storage tank. 

Figure 5-9 depicts the variation in temperature of working fluid at the centre of the condenser for 

a variable number of the riser pipes at a heat flux corresponding to 15
th

 March under thermal 

loading condition of the weekday. It can be seen that the temperature of working fluid within the 

condenser is higher for nine riser pipes as compared to others for same reasons as above. 

Increasing the number of the riser pipes from 5 to 7 and from 5 to 9 lead to an increase in 

temperature of working fluid within the condenser by 5.3% and 10.5% respectively. Furthermore, 

it can be noted that the working fluid temperature decreases at the end, as the heat flux starts to 

decrease, which is exposed to the collector.  
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Figure 5-8 Temperature variations at the centre of  the storage water tank for various numbers of 

riser pipes on 15
th
 March under thermal weekday loading  

 

 
Figure 5-9 Temperature variations of the working fluid within the condenser for various numbers 

of riser pipes on 15
th
 March under thermal weekday loading  
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Figure 5-10 depicts the variation in mass flow rate, of working fluid within thermo-syphon loop 

for variable numbers of riser pipes at a heat flux corresponding to 15
th

 March under thermal 

loading condition of the weekday. This mass flow rate measured at a cross section of upriser 

before the condenser. It can be seen clearly that the average mass flow rate changes along with the 

change in solar heat flux. It can be seen from this figure that the average mass flow rate within the 

closed loop thermo-syphon follows the changes of irradiance pattern, increasing in the morning 

and decreasing in the afternoon. This is due to the fact that, the mass flow rate is directly related to 

the rate of evaporation and condensation. Furthermore, mass flow rate within the closed loop 

thermo-syphon is higher for nine riser pipes as compared to five and seven riser pipes. The 

maximum mass flow rate was recorded to be 0.00414kg/s, 0.00427kg/s, and 0.00432kg/s for five, 

seven and nine riser pipes respectively. 

 
Figure 5-10 Circulating mass flow rate within thermo-syphon loop for various numbers of riser 

pipes on 15
th
 March under thermal weekday loading  

 

Figure 5-11 depicts wall shear stress variations within the closed loop thermosyphon for variable 

numbers of riser pipes at a heat flux corresponding to 15
th
 March under thermal loading condition 

of the weekday. It can be clearly seen that the wall shear stress is higher for nine riser pipes as 

compared to five and seven riser pipes. The maximum wall shear stress was recorded to be 

0.01099Pa, 0.00902Pa and 0.00801Pa for nine, seven and five riser pipes respectively.  
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Figure 5-11Wall shear stress variations within thermo-syphon loop for various numbers of riser 

pipes on 15
th
 March under thermal weekday loading  

  

Figure 5-12 depicts the variations of global heat transfer coefficient of working fluid within 

thermo-syphon loop for the same conditions as above. This heat transfer coefficient has been 

calculated using the following expression: 

  
 

  
                                                                (5.1) 

where q is the heat flux input (in W/m
2
) and ΔT can be calculated from Eq.(1.48), which is given 

by               

where Twall is the area-average static temperature of the riser tubes collectively, and Tref  is the 

reference temperature can be calculated from Eq.(1.49), which is given by      
(     )

 
 

where Ti and To are the area-average static temperatures in the cross-sections of the inlet and outlet 

of the collector. 

It can be clearly seen from Figure 5-12 that the heat transfer coefficient within the collector is 

highest for nine-riser pipe, as compared to five and seven riser pipe. The increase in the number of 

riser pipes increases the surface area of the riser pipes exposed to heat flux with constant collector 

area and hence, increases the amount heat transfer to working fluid. This increased heat transfer 

increases the working fluid temperature and hence reduce the temperature difference between the 

surface and working fluid, leading to an increment of heat transfer coefficient. Furthermore, it can 

be seen that the heat transfer coefficient increases at the beginning with the rising heat flux until 
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midday. Subsequently as the heat flux, decreases the heat transfer coefficient starts to decrease. It 

has been noticed that at midday representing the maximum heat flux, the heat transfer coefficient 

was highest. The highest heat transfer coefficients were recorded to be 44.75W/m
2
.ºC, 58.69 

W/m
2
.ºC and 71.75 W/m

2
.ºC for five, seven and nine riser pipes respectively. Therefore, it can be 

concluded that the number of riser pipes has effect on the heat transfer coefficient of working 

fluid within the thermo-syphon loop. Similarly, as it was pre-mentioned, the amount of heat 

transfer is proportional to the heat flux and the above discussion represents that the heat transfer 

coefficient is proportional to the total heat transfer. 

 
Figure 5-12 Heat transfer coefficient variations within the collector for various numbers of riser 

pipes on 15
th
 March under thermal weekday loading  

 

Figure 5-13 depicts the flow velocity variations within the cross-section taken along the length of 

the middle riser pipe in the y-z plane of the thermo-syphon configurations having various numbers 

of riser pipes at a heat flux corresponding to 15
th
 March under weekday thermal loading condition. 

In this study, the middle riser pipe has been chosen, because the distance between the middle riser 

pipe and the downcomer is same for all the configurations and hence, to achieve a more accurate 

and reliable comparison among the configurations. The scale of the contours has been kept 

constant for effective comparison purposes. It can be seen that the velocity of the working fluid is 

higher as it climbs up the riser pipe due to its lower density. This is because the hot water rises up 

in the riser pipe‘s cross sections, and then propagates towards the upriser. Furthermore, it can be 

clearly seen that the velocity of working fluid within the riser pipe is highest for the configuration 

with five riser pipes as compared to the same of seven and nine riser pipes. It must be noted that 

increse in number of pipes are for same collector area which sebsequently inputs same amount of 
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heat for these different configuations. Therefore, it can be concluded that increasing the number of 

riser pipe has an impact on the velocity of working fluid within the riser pipe.  

  
(a) (b) 

 
(c) 

Figure 5-13 Flow velocity variations within the middle riser pipe at 12 O‘clock (midday) for (a) 5 

pipes (b) 7 pipes and (c) 9 pipes on 15
th

 March under thermal weekday loading  

 

Figure 5-14 depicts the velocity profiles of the working fluid taken at a radial cross-section within 

the middle riser pipe on the x-y plane for  heat flux obtained on 15
th
 March has been applied for 

the three different number of the riser pipe arrangements, that has been considered in the current 

study, under working day thermal loading conditions. It can be clearly seen that the velocity of the 

working fluid is higher at the centre of riser pipe for all cases. Furthermore, an increase in the 

number of riser pipe decreases the velocity of working fluid within the riser pipe. The recorded 
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maximum velocity of working fluid within the middle riser pipe for five, seven, and nine riser 

pipes arrangements were 0.547m/min, 0.406m/min and 0.289m/min respectively. It can be further 

concluded that increased number of the riser pipes decreases the velocity of working fluid within 

the riser pipe, and increases the mass flow rate of working fluid within the thermo-syphon loop. 

  
(a)  (b)  

  
(c)  (d)  

Figure 5-14 Velocity profiles within the middle riser pipe for various number of riser pipes at 

midday on 15
th
 March under thermal weekday loading for (a) 10 O‘clock (b) 12 O‘clock (c) 14 

O‘clock and (d) 16 O‘clock 
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Figure 5-15 depicts static temperature distribution within the cross-section taken along the length 

of the middle riser pipe in the y-z plane at a heat flux corresponding to 15
th
 March for the three 

number of the riser pipe (a) 5 riser pipes (b) 7 riser pipes (c) 9 riser pipes considered in the present 

study. The corresponding thermal loading condition that has been specified is the weekday. It can 

be clearly seen that the hot water occupies the periphery of  riser pipe wall, whereas the cold water  

is in the centre of pipe. This is because the density of the hot water reduces after absorbing solar 

energy, which causes it to rise above the denser cold water. It can be further noticed that the 

temperature within the riser pipe is highest with nine-riser pipe as compared to five and seven the 

riser pipe. This means that the working fluid‘s temperature increases with increased number of the 

riser pipe.  

  
(a) (b) 

 
(c) 

Figure 5-15 Static temperature distribution within the middle riser pipe at 12 O‘clock (midday) for 

(a) 5 pipes (b) 7 pipes and (c) 9 pipes on 15
th
 March under thermal weekday loading  
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Figure 5-16 depicts the static temperature profiles of the working fluid taken at a radial cross 

section within the middle riser pipe on the x-y plane at a heat flux corresponding to 15
th
 March for 

the three number of the riser pipes considered in the present study. The corresponding thermal 

loading condition that has been specified is that of the weekday. It can be clearly seen that the 

temperature of working fluid is higher in the near wall regions where the solar heat flux is directly 

in contact with the riser pipe wall. Furthermore, the temperature of working fluid is higher for 

nine-riser pipe as compared to five and seven riser pipe. The average temperature value for 5, 7 

and 9 riser pipes is 80.02
o
C, 82.87

o
C and 85.46

o
C respectively. It can be further concluded that an 

increase in number the riser pipe increases the temperature of working fluid within the riser pipes.  

  
(a)  (b)  

  

(c)  (d)  

Figure 5-16 Static temperature variations within the middle riser pipe for various number of riser 

pipes at midday on 15
th
 March under thermal weekday loading for (a) 10 O‘clock (b) 12 O‘clock 

(c) 14 O‘clock and (d) 16 O‘clock 
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Since the amount of working fluid for 9 riser pipes is larger compared to 5 riser pipes, it needs 

more energy per unit mass of working fluid to get moving. This effect can also be deduced from 
fig 5.14 where velocity profile obtained for 9 riser pipes is lower compared to 5 riser pipes. 

Based on the aforementioned analysis of effect of riser pipe number on various parameters can be 

denoted in Table 5-4. It must be noted that the mass flow rate is measured at a cross section of 

upriser before the condenser.  

Table 5-4 The effect of the riser pipe number on various parameters 

Number of pipes (np) 5 7 9 

Water Temperature  within the 

storage tank (ºC) 

Value 30.33 31.17 31.82 

Percentage difference (%) 2.7 2.1  

Mass flow rate within thermo-

syphon loop (kg/s) 

Value 0.00414 0.00427 0.00433 

Percentage difference (%) 3.1 1.4  

Wall shear stress (Pa) 
Value 0.00801 0.00902 0.01099   

Percentage difference (%) 21.0 12.0  

Heat transfer coefficient of 

working fluid (W/m
2
.ºC) 

Value 44.75 58.69 71.75 

Percentage difference (%) 31.0 22.0  

 

By studying the Table 5-4 it can be concluded that the storage tank temperature of the thermo-

syphon has insignificant improvement with an increase in the number of pipes. A 2.7% increase in 

water temperature was recorded as the number of pipes was increased from 5 to 7. However, 

when the number of pipes were increased from 7 to 9 the water temperature increased only by 

2.1%. This trend is similar for the other parameters such as mass flow rate and the heat transfer 

coefficient. Based on above results, increasing the number of pipes more than 5 does not have 

significant improvement on the storage tank temperature. Therefore, to reduce the complexity of 

the geometry and the computational cost 5 riser pipes will be chosen for next investigations.   

 

5.5.3. Effect of L/d Ratio 

In order to, study the effect of L/d ratio on the performance of thermo-syphon, five riser pipes set 

has been chosen. This number of the riser pipes is chosen based upon the conclusion of the 

previous section. In the previous section, it was concluded that the number of the riser pipes have 

a small effect on the storage tank temperature. Since the scope of the study considers only three 

number of the riser pipe (five, seven and nine), henceforth to reduce the computation time and 

complexity of the geometry, five riser pipes have been considered for further investigation, in the 

following sections. 

Figure 5-17 depicts the temperature distribution within the condenser and storage water tank for 

three different L/d ratios of riser pipes of the thermo-syphon models considered in the present 

study at a heat flux corresponding to 15
th
 March under thermal loading of working day. It can be 

clearly seen that the hot water occupies the upper section of storage tank while the cold water is 
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accumulated at the lower sections. Furthermore, it can be seen that the average temperature of 

water is higher for L/d ratio =100, as compared to the L/d ratio of 75 and 50. The average 

temperature of water within the storage tank was 34.60ºC, 30.30ºC and 26.10ºC for L/d=100, 75 

and 50 respectively. Whilst the average temperature of working fluid within the condenser was 

76.48ºC, 64.43ºC and 52.08ºC for L/d=100, 75 and 50 respectively. This indicates that an increase 

in the L/d ratio of riser pipes leads to an increase in the average temperature of water within the 

condenser and hence the temperature of storage water tank. As mentioned in the previous section 

that the surface area which is exposed the heat input is a function of the number and length of the 

riser pipe, so, increasing the L/d ratio of riser pipe leads to increase the surface area and hence  the 

heat energy transmitted to working fluid within the thermo-syphon. It is obvious; from the fact 

that increase L/d ratio of riser pipes transfer more hot fluid to the condenser thus increase water 

temperature within the storage tank. Thus it can be concluded that an increase in L/d ratio of riser 

pipes increases the temperature of the water within the storage tank. 

Figure 5-18 depicts the variation in water‘s temperature at the centre of the storage tank for 

variable length to diameter ratio of the riser pipe at a heat flux corresponding to 15
th 

March under 

thermal loading of working day. It can be seen that the temperature of the working fluid within the 

condenser and temperature of water within the storage tank are higher for L/d = 100 as compared 

to L/d = 75 and L/d=50 of the riser pipes. It is obvious from the fact that longer riser pipes offer 

more surface area for the solar energy to be converted into the working fluid‘s internal energy; 

hence increasing its temperature. At the end of the period of operation, the water temperature 

within the storage tank is 53.20ºC, 45.80ºC and 37.57ºC for L/d=100, L/d=75 and L/d=50 

respectively. Hence, increase in the length of the riser pipes increases the temperature of water 

within the storage tank.  

  
(a) (b) 
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(c) 

Figure 5-17 Temperature variations within the condenser and storage water tank for (a) L/d=50, 

(b) L/d=75 and (c) L/d=100 at midday on 15
th
 March under thermal weekday loading  

 

 
Figure 5-18 Temperature variations within the storage water tank for various L/d ratios of riser 

pipes on 15
th
 March under thermal weekday loading  
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Figure 5-19 depicts the variation in working fluid‘s temperature within the condenser for variable 

lengths of the riser pipes at a heat flux of 15
th
 March under thermal loading of working day. It can 

be seen that the temperature within the condenser is higher for L/d = 100 as compared to L/d = 75 

and L/d=50 of the riser pipes. Increase L/d ratio of the riser pipes from 50 to 75 and from 50 to 

100 lead to increase the temperature of working fluid within the condenser by 22.9% and 42.8% 

respectively. It is obvious from the fact that longer riser pipes offer more surface area for the solar 

energy to be converted into the working fluid‘s internal energy. Hence, increase in the length of 

the riser pipes increases the temperature of the working fluid within the condenser. Furthermore, 

the working fluid‘s temperature within the condenser varies with the similar trend as the heat flux 

varies with respect to time. During the first three hours from 9-12 O'clock, the heat flux increases 

and hence the temperature of working fluid. Later on, after 12 O'clock, the heat flux start to 

decrease and hence the temperature of working fluid within the condenser was decreased. 

Therefore, even after the heat transfer in the condenser, the working fluid temperature in the 

condenser increases at the beginning at a rate with a higher gradient. After a certain period of 

time, it reaches a certain value, when the increment rate is nearly constant and at the late afternoon 

it starts to decrease 

 
Figure 5-19 Variations in temperature of the working fluid within the condenser for various L/d 

ratios of riser pipes on 15
th
 March under thermal weekday loading  

 

Figure 5-20 depicts the variation in mass flow rate of working fluid within the thermo-syphon 

loop for variable length to diameter ratio of riser pipes at a heat flux corresponding to 15
th
 March 
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under thermal loading condition of the weekday. This mass flow rate measured at a cross section 

of upriser before the condenser. It can be seen clearly that the average mass flow rate increase 

with an increase in both riser pipes length and solar heat flux. The maximum average mass flow 

rate are 0.0034kg/s, 0.0041kg/s and 0.0048kg/s for L/d=50, L/d=75 and L/d=100 respectively. 

Figure 5-21 depicts wall shear stress variations within thermosyphon loop for variable length to 

diameter ratio of riser pipes at a heat flux corresponding to 15
th
 March under thermal loading 

condition of the weekday. It can be clearly seen that the wall shear stress is higher for L/d=100 as 

compared to other ratio of the riser pipes. The maximum average wall shear stress are 0.00873Pa, 

0.01019Pa and 0.01147Pa for L/d=50, L/d=75 and L/d=100 respectively. 

 

 
Figure 5-20 Circulating mass flow rate for various L/d ratio of riser pipes on 15

th
 March under 

thermal weekday loading  
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Figure 5-21 Wall shear stress variations within thermo-syphon loop for various L/d ratio of riser 

pipes on 15
th
 March under thermal weekday loading 

 

 Figure 5-22 depicts variations of the heat transfer coefficient within the thermo-syphon for the 

same conditions as above. It can be clearly seen that the heat transfer coefficient within the 

collector is highest for L/d ratio of 100, as compared to L/d ratio of 50 and 75. The increase in L/d 

ratio of riser pipes increases the surface area, which exposed to heat flux and hence increases the 

amount heat transfer to working fluid. This increased heat transfer increases the working fluid 

temperature and hence reduce the temperature difference between the surface and working fluid, 

leading to an increment of heat transfer coefficient. Furthermore, it can be seen that the heat 

transfer coefficient increases, then decreases, depending on the variation in the heat flux input to 

the thermo-syphon. It can therefore, be concluded that increasing the length of riser pipe has a 

significant impact on the heat transfer coefficient of the working fluid within the thermo-syphon 

loop. Similarly, as it was mentioned above, the amount of heat transfer is proportional to the heat 

flux and the above discussion represents that the heat transfer coefficient is proportional to the 

total heat transfer. Hence, combining these two arguments it can be suggested that, if there is a 

temperature gradient, the heat transfer coefficient is proportional to the heat flux. 
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Figure 5-22 Heat transfer coefficient variations within the collector on different days of the year 

L/d ratio of riser pipe on 15
th
 March under thermal weekday loading  

 

Figure 5-23 depicts the flow velocity variations within the cross-section taken along the length of 

the middle riser pipe at a heat flux corresponding to 15
th
 March, for the three ratios of L/d of riser 

pipe considered in the present study. The corresponding thermal loading condition that has been 

specified is the weekday. It can see be clearly that the velocity of working fluid within the riser 

pipe is highest for L/d of 100 as compared to L/d of 75 and 50. It can be concluded that increasing 

the length of riser pipe has a significant impact on the velocity of working fluid within the riser 

pipe. This is due to the fact that L/d of 100 requires more surface area of collector as compared to 

L/d of 50.  
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(a) (b) 

 
(c) 

Figure 5-23 Flow velocity variations within the middle riser pipe for (a) L/d=50 (b) L/d=75 and 

(c) L/d=100 on 15
th
 March under thermal weekday loading  

 

Figure 5-24 depicts the velocity profiles of the working fluid taken at a cross section within the 

middle riser pipe for the various L/d ratio of riser pipe considered in the present study. It can be 

clearly seen that velocity of the working fluid within riser pipe is affected by a length to diameter 

ratio of the riser pipe. Findings show that the velocity is increasing with increase of the L/d ratio. 

In addition, the velocity of working fluid is higher at the centre of riser pipe for all the cases. 

Increase L/d leads to increase surface area of collector and hence increased the amount of heat 

convert to the working fluid within the riser pipe, which lead to increase the velocity of the 

working fluid. It can be concluded that the velocity of working fluid indicates rate of heat transfer 

in working fluid. For example, when the velocity within the riser pipe increases, the amount of 

heat transfer also increases.  
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(a) (b)  

  
(c)  (d)  

Figure 5-24 Velocity profiles within the middle riser pipe on 15
th
 March for different L/d ratio of 

riser pipe under thermal weekday loading for (a) 10 O‘clock (b) 12 O‘clock (c) 14 O‘clock and (d) 

16 O‘clock 

Figure 5-25 depicts the variation in static temperature of the working fluid within the cross-

section taken along the length of the middle riser pipe on 15
th
 March, for the three L/d ratios of 

riser pipe considered in the present study. The corresponding thermal loading condition that has 

been specified is that of the weekday. It can see be clearly that the temperature of working fluid  

within the riser pipe is highest for L/d of 100 as compared to L/d of 75 and L/d of 50. It can 

therefore be concluded that increasing the length of riser pipe has a significant impact on the 

temperature of the working fluid within the thermo-syphon loop. 
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Figure 5-26 depicts the static temperature profiles of the working fluid taken at a cross-section 

within the middle riser pipe at a heat flux corresponding to 15
th
 March for the three ratio of L/d of 

riser pipe considered in the present study. The corresponding thermal loading condition that has 

been specified is that of the weekday. It can be clearly seen that the temperature of working fluid 

is higher on L/d=100, as compared to L/d=75 and L/d=50. Furthermore, the temperature of the 

working fluid is lowest in the centre of riser pipe for all the cases. Exploring the velocity and the 

temperature profile inside riser pipe it can be concluded that the velocity distribution within the 

riser pipe is opposite to the temperature profile. 

  
(a) (b) 

 
(c) 

Figure 5-25 Static temperature distributions within the middle riser pipe for (a) L/d=50 (b) L/d=75 

and (c) L/d=100 on 15
th
 March under thermal weekday loading  
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(a)  (b)  

  
(c)  (d)  

Figure 5-26 Static temperature variations within the middle riser pipe on 15
th

 March for different 

L/d ratio of riser pipe under thermal weekday loading for (a) 10 O‘clock (b) 12 O‘clock (c) 14 

O‘clock and (d) 16 O‘clock 
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Table 5-5 The effect of the length to diameter ratio of the riser pipe on various parameters 

L/d 50 75 100 

Water Temperature  within the 
storage tank (

º
C) 

Value 26 30.33 34.6 

Percentage difference (%) 16.6 14.0  

Mass flow rate within thermo-
syphon loop (kg/s) 

Value 0.00339 0.00414 0.00486 

Percentage difference (%) 22.1 17.3  

Wall shear stress (Pa) 
Value 0.00873 0.01019 0.01133 

Percentage difference (%) 16.7 11.1  

Heat transfer coefficient of 
working fluid (W/m

2
.ºC) 

Value 42.63 44.75 46.31 

Percentage difference (%) 4.9 3.4  

 

By studying the Table 5-5, it can be concluded that the L/d ratio of the riser pipes has significant 

impact on the performance of a closed loop thermo-syphon system. This can be clearly seen as a 

16.6% increase in water temperature was recorded as the L/d ratio of the riser pipes was increased 

from 50 to 75. However, when the L/d ratio of the riser pipes were increased from 75 to 100 the 

water temperature increased only by 14.0%. This trend is similar for the other parameters such as 

mass flow rate, the wall shear stress and the heat transfer coefficient. It can be seen that the L/d 

ratio of 100 provides the best performance among the other configuration. Therefore, L/d (length 

to diameter ratio) of 100 will be chosen for next investigations. 

 

5.6. Effect of Heat Flux 

To study the effect of heat fluxes on the thermal performance of thermo-syphon, three values of 

heat flux corresponding to 15
th
 March, 15

th
 June and 15

th
 September have been used in the present 

study. The reason behind choosing these values are, they represent the different seasons in the 

year and hence it can simulate the real world operating condition. The analysed thermo-syphon 

model consists of five riser pipes with an L/d (length to diameter ratio) of 100 at an inclination 

angle of 53º. This configuration is chosen based upon the conclusion of the previous sections. In 

the previous sections, it was concluded that the length to diameter ratio has more significant 

impact on the performance of the thermo syphon. Since the scope of the study considers only 

three L/d values, henceforth the highest L/d value (100) has been considered for further 

investigation, in the following chapters. Moreover, another conclusion was that the numbers of 

riser pipes have a small effect on the storage tank temperature. Henceforth, to reduce the 

computation time and complexity of the geometry, five riser pipes have been chosen. The thermal 

loading used in this particular case represents a weekday as this provides a more general 

background for the use of hot water consumption.  

Figure 5-27 depicts static temperature distribution within the cross-section of the storage tank and 

the condenser for the three days of the year considered in the present study at middle day (12 

O‘clock). The corresponding thermal loading condition that has been specified is that of the 
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weekday. It can be further noticed that the temperature within the storage tank and the condenser 

are highest on 15
th
 June as compared to 15

th
 March and 15

th
 September. The average temperature 

of working fluid within the condenser for 15
th
 March 15

th
 June and 15

th
 September is 76.48ºC, 

84.47ºC and 68.74ºC respectively. While the average temperature of water within the storage tank 

for 15
th
 March, 15

th
 June and 15

th
 September is 34.60ºC, 37.92ºC and 31.76ºC respectively. This 

means that the working fluid‘s temperature increases significantly on the days when the heat flux 

input to the thermo-syphon is higher. It is evident that more heat flux provided to the riser pipes 

heats up the working fluid further.  

  
(a) (b) 

 
(c) 

Figure 5-27 Static ttemperature distributions within the storage water tank and the condenser for 

(a) 15
th
 March (b) 15

th
 June (c) 15

th
 September under thermal weekday loading  
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Figure 5-28 depicts the variation in working fluid‘s temperature within the storage water tank for 

variable amount of heat flux provided to the riser pipes. It can be seen clearly that the temperature 

within the storage water tank is higher at a heat flux corresponding to 15
th
 Jun as compared to heat 

flux of other days (15
th

 March, 15
th
 September). This observation indicates that the tank 

temperature increases significantly during the summer as compared to the winter. It is obvious 

from the fact that more heat flux provided to the riser pipes heats up the working fluid further. 

Furthermore, it can be noticed that the final tank temperature around 57.10ºC, 50.21ºC and 

47.60ºC with the days of 15
th
 Jun, 15

th
 March, 15

th
 September respectively. 

 
Figure 5-28 Temperature variations within the storage tank for various heat fluxes under thermal 

weekday loading  

 

Figure 5-29 depicts the variation in working fluid‘s temperature within the condenser for variable 

amount of heat flux, which is picked up by riser pipes. It can be seen that the temperature within 

the condenser is higher at a heat flux corresponding to 15
th
 Jun as compared to heat flux of other 

days (15
th
 March, 15

th
 September). The maximum temperature of working fluid within the 

condenser was 89.86ºC, 79.47ºC and 70.73ºC for 15
th
 of June, 15

th
 March and 15

th
 September 

respectively. Hence, an increase in the amount of a heat flux increases the temperature of the 

working fluid within the condenser. 
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Figure 5-29 Temperature variations within the condenser for various heat fluxes under thermal 

weekday  loading  

 

Figure 5-30 depicts the variation in mass flow rate of working fluid within the thermo-syphon for 

variable heat flux under the thermal loading condition of weekday that has been considered in 

present study. This mass flow rate measured at a cross section of upriser before the condenser. It 

can be seen clearly that the increasing in solar heat flux leads to increase in the mass flow rate 

within the system because it increases the amount of heat, which is received by the working fluid 

within the thermo-syphon. The maximum mass flow rate for all cases of solar heat flux has been 

achieved at local solar noon as follows, 0.00512kg/s, 0.00480kg/s and 0.00451kg/s for days of 

15
th
 Jun, 15

th
 March, and 15

th
 September respectively. 

Figure 5-31 depicts wall shear stress variations within thermosyphon loop for variable amount of 

heat flux under thermal loading condition of the weekday. It can be clearly seen that the wall 

shear stress is higher for June as compared to March and September. The maximum average wall 

shear stress was 0.01147Pa, 0.01242Pa and 0.01054Pa for 15
th
 March, 15

th
 June and 15

th
 

September respectively. This observation indicates that, increasing amount of heat flux will lead 

to an increase in the velocity of working fluid within the thermo-syphon and as the velocity 

increases, the wall shear stress starts to increase as well. 
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Figure 5-30 Circulating mass flow rate of the working fluid for various heat fluxes under thermal 

weekday loading  

 

Figure 5-31 Wall shear stress variations within thermo-syphon loop for various heat fluxes under 

thermal weekday  loading  
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Figure 5-32 depicts the variations of heat transfer coefficient within the thermo-syphon loop for 

the same conditions as above. It can be clearly seen that the heat transfer coefficient of working 

fluid is highest on 15
th
 June, as compared to 15

th
 March and 15

th
 September. The maximum value 

of heat transfer coefficient was 43.47W/m
2
.ºC, 47.31W/m

2
.ºC and 50.14W/m

2
.ºC for 15

th
 

September, 15
th
 March and 15

th
 June respectively and happens at midday when the heat flux was 

maximum. The increase in heat flux input increases the amount heat transfer to working fluid. 

This increased heat transfer increases the working fluid temperature and hence reduces the 

temperature difference between the surface and working fluid, leading to an increase in of heat 

transfer coefficient. Furthermore, it can be seen that the heat transfer coefficient increases, then 

decreases, depending on the increase and decrease in the heat flux input to thermo-syphon. 

Similarly, as it was previously mentioned, the amount of heat transfer is proportional to the heat 

flux and the above discussion represents that the heat transfer coefficient is proportional to the 

total heat transfer. It can, therefore, be concluded that the heat input has a significant effect on the 

heat transfer coefficient of working fluid within the thermo-syphon loop.  

 
Figure 5-32 Global heat transfer confection for various heat fluxes under thermal weekday 

loading  

 

Figure 5-33 depicts the flow velocity variations within the cross-section taken along the length of 

the middle riser pipe, for the three days of the year considered in the present study. The 

corresponding thermal loading condition that has been specified is that of the weekday. The scale 

of the contours has been kept constant for effective comparison purposes. It can be clearly seen 

that the flow velocity is considerably higher at the upper section of the riser pipe. This is because 
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the hot water rises up in the riser pipe‘s cross sections, and then propagates towards the upriser. 

Furthermore, it can be clearly seen that the velocity within the riser pipe is highest on 15
th
 June as 

compared to 15
th
 March and 15

th
 September. This means that the working fluid‘s velocity 

increases significantly on the days when the heat flux input to the thermo-syphon is higher. 

  
(a) (b) 

 
(c) 

Figure 5-33 Flow velocity variations within the middle riser pipe at midday for (a) 15
th
 March (b) 

15
th
 June (c) 15

th
 September under thermal weekday loading  

 

Figure 5-34 depicts the velocity profiles of the working fluid taken at a cross section within the 

middle riser pipe for the three different days of the year considered in the present study, under 

working day thermal loading conditions. It can be clearly seen that the velocity of the working 

fluid is higher at the centre of riser pipe for all cases. Furthermore, increase in heat flux input 

increases the velocity of working fluid within the riser pipe. It can be further seen that the flow of 
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the working fluid within the riser pipe is fully developed. It can be concluded that increasing heat 

input has a significant impact on the velocity of working fluid within the thermo-syphon loop. 

  
(a)  (b)  

  
(c)  (d)  

Figure 5-34 Velocity profiles within the middle riser pipe  for various heat fluxes under thermal 

weekday loading for (a) 10 O‘clock (b) 12 O‘clock  (c) 14 O‘clock and (d) 16 O‘clock  

 

Figure 5-35 depicts static temperature distribution within the cross-section taken along the length 

of the middle riser pipe for the three days of the year considered in the present study. The 

corresponding thermal loading condition that has been specified is that of the weekday. It can be 

clearly seen that the hot water occupies the upper-wall region of the riser pipe, whereas the cold 

water settles on the bottom of the pipe. This is because the density of the hot water reduces after 
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absorbing solar energy, which causes it to rise above the more-dense cold water. It can be further 

noticed that the temperature within the riser pipe is highest on 15
th
 June as compared to 15

th
 

March and 15
th
 September. This means that the working fluid‘s temperature increases 

significantly on the days when the heat flux input to the thermo-syphon is higher. It is evident that 

more heat flux provided to the riser pipes heats up the working fluid further. 

  
(a) (b) 

 
(c) 

Figure 5-35 Static temperature distributions within the middle riser pipe for (a) 15
th
 March (b) 15

th
 

June (c) 15
th
 September under thermal weekday loading  

 

Figure 5-36 depicts the static temperature profiles of the working fluid taken at a cross section 

within the middle riser pipe. It can be clearly seen that the temperature of working fluid is higher 

in the near wall regions where the solar heat flux is directly in contact with the riser pipe‘s wall. 
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Furthermore, an increase in the heat flux input increases the temperature of the working fluid 

within the riser pipe. It can be concluded that increasing heat input has a significant impact on the 

temperature of working fluid within the thermo-syphon loop.  

  

(a)  (b)  

  

(c)  (d)  

Figure 5-36 Static temperature variations within the middle riser for various heat fluxes under 

thermal weekday loading for (a) 10 O‘clock (b) 12 O‘clock (c) 14 O‘clock and (d) 16 O‘clock 

 

Figure 5-37 depicts the velocity profile of the working fluid within the different riser pipes at a 

heat flux corresponding to 15
th
 March under thermal loading of the working day. It can be seen 

clearly that the maximum velocity of working fluid happens in first riser pipe near from return 

pipe while the minimum velocity happens in fifth riser pipe far away from the return riser pipe. 
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The average velocity value of working fluid is 0.435m/min, 0.437m/min and 0.502m/min for the 

left, middle and right riser pipes respectively. This simply means that the average velocity of 

working fluid decreases with an increase in distance between the riser pipe and the return pipe. 

The reason behind that is friction, between working fluid and pipe‘s surface that increases in 

proportion to length of pipe and opposes the fluid flow. Therefore, fluid tries to flow the less 

resistant path and escape through the right end pipe with higher velocity. Whereas in the middle 

riser pipe and the far end pipe (left end pipe) the fluid velocity is comparatively low. 

  
(a)  (b)  

  
(c)  (d)  

Figure 5-37 Velocity profiles within different riser pipes on 15
th
 of March under thermal weekday 

loading for (a) 10 O‘clock (b) 12 O‘clock (c) 14 O‘clock and (d) 16 O‘clock 
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Figure 5-38 depicts the static temperature of the working fluid within the different riser pipes at 

heat flux on the 15
th
 of March under thermal loading of the working day. It can be clearly seen 

that the minimum temperature of working fluid is attained in fifth riser pipe far away from the 

return riser pipe. Whilst, the maximum temperature happens in first riser pipe near from return 

pipe. The average temperature values are 91.39ºC, 93.33ºC and 93.47ºC for left, middle and right 

riser pipe respectively. This simply means that the temperature of working fluid increases with an 

increase in distance between the riser pipe and the return pipe. 

  
(a)  (b)  

  
(c)  (d)  

Figure 5-38 Static temperature variations within the different riser pipes on mid-day of 15
th
 of 

March under thermal weekday loading for (a) 10 O‘clock (b) 12 O‘clock (c) 14 O‘clock and (d) 

16 O‘clock 
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Figure 5-39 depicts the velocity profile of working fluid within the middle riser pipe on 15
th

 

March under thermal loading. Three locations have been chosen to identify the velocity profile 

within the middle riser pipe at different time. The location of profile is denoted by Y, which is 

measured from the riser pipe entrance. It can be clearly seen that the velocity of working fluid 

within the riser pipe is fully developed for all lengths of riser pipe; this simply mean that the 

velocity of working is approximately constant throughout the riser pipe. Furthermore, the 

maximum velocity is attained at the centre of riser pipe while the minimum near the wall. 

  
(a)  (b)  

  
(c)  (d)  

Figure 5-39 Velocity profiles within the middle riser pipe at different crossection of riser pipe on 

15
th
 March under thermal weekday loading for (a) 10 O‘clock (b) 12 O‘clock (c) 14 O‘clock and 

(d) 16 O‘clock 
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Figure 5-40 depicts the static temperature of the working fluid within the middle riser pipe at heat 

flux on the 15
th
 March under thermal loading of the working day. The location of profile is 

denoted by Y, which is measured from the riser pipe entrance. It can be clearly seen that the 

temperature of the working fluid within the riser pipe increase across the length of the riser pipe. 

Furthermore, the maximum temperature is attained in the region near the wall, while the minimum 

temperature happens in the centre of the riser pipe.   

  
(a) 10 O‘clock (b) 12 O‘clock 

  
(c) 14 O‘clock (d) 16 O‘clock 

Figure 5-40 Static temperature variations within the middle riser pipe at different crossection of 

riser pipe on 15
th
 March under thermal weekday loading for (a) 10 O‘clock (b) 12 O‘clock (c) 14 

O‘clock and (d) 16 O‘clock 
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Figure 5-41 depicts the velocity profile of working fluid within the middle riser pipe at different 

hours during a day under thermal loading of the working day. It can be seen that the velocity of 

working fluid increases, then decreases, depending on the increase and decrease in the heat flux 

input to the thermo-syphon. The average velocity of working fluid within the riser pipe is 

0.39m/min, 0.44m/min, 0.45m/min, 0.43m/min, 0.42m/min, 0.37m/min and 0.33m/min at 10, 11, 

12, 13, 14, 15 and 16 O‘clock respectively. It is clear that the maximum velocity occurs at midday 

when the heat flux is maximum and the minimum velocity happen at the end of the day. This 

simply means that the velocity of working fluid increases significantly with an increase in the heat 

input. Furthermore, the maximum velocity is attained in the centre of riser pipe while the 

minimum near the wall. 

 
Figure 5-41 Velocity profiles within the middle riser pipe on different hours (heat input) of the 

day on 15
th
 March under thermal weekday loading  

 

Figure 5-42 depicts the static temperature of the working fluid within the middle riser pipe at 

different hours during a day under thermal loading of the working day. It can be seen that the 

temperature of working fluid increases, then decreases, depending on the increase and decrease in 

the heat flux input to the thermo-syphon. The average temperature of working fluid within the 

riser pipe increases from an initial temperature (15ºC) to 69.30
o
C at 10 O‘clock then it increases 

slightly until it reaches the maximum temperature of 93.59ºC at 14 O‘clock after that it starts to 

decrease slightly until it reaches to 90.49ºC at the end of the day. This simply means that the 

temperature of working fluid increases significantly with an increase in the heat input. Increase in 
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the temperature due to increase in heat flux leads to increase in the velocity of working fluid 

within the riser pipes and it can be noticed that from the interrelation between figure 5-41 and 

figure 5-42. Moreover, it has been observed that, at the centre of the pipe the temperature is 

minimum, whereas, near the wall the temperature is maximum. 

 

Figure 5-42 Static temperature variations within the middle riser pipe on different hours (heat 

input) of the day on 15
th
 March under thermal weekday loading   

 

Based on aforementioned analysis of effect of heat flux on various parameters can be summarised 

as follows:  

Table 5-6 The effect of heat fluxes on various parameters 

Heat flux 
15

th
 

September 

15
th
 

March 

15
th
 

June 

Water Temperature  within 
the storage tank (ºC) 

Value 31.76 34.60 37.92 

Percentage difference (%) 9.61 9.57  

Mass flow rate within 
thermo-syphon loop (kg/s) 

Value 0.00454 0.00481 0.00512 

Percentage difference (%) 5.91 6.40  

Wall shear stress (Pa) 
Value 0.01054 0.01133 0.01215 

Percentage difference (%) 7.50 7.21  

Heat transfer coefficient of 
working fluid (W/m

2
.ºC) 

Value 43.46 47.31 50.14 

Percentage difference (%) 8.82 6.10  
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From Table 5-6, it can be concluded that the performance of a closed loop thermo-syphon system 

is a function of heat flux. This can be clearly seen as a 9.6% increase in water temperature was 

recorded as heat flux increased during the duration from 15
th
 September to 15

th
 March and, when 

the heat flux increased within period from 15
th
 March to 15

th
 of June the water temperature 

increased by 9.57%. This trend is similar for the other parameters such as mass flow rate, the heat 

transfer coefficient, and the wall shear stress. 

 

5.7. Effect of Thermal Loading 

Figure 5-43 depicts the variations in static temperature of the working fluid and water within the 

cross-section area of the condenser and the storage tank respectively, for the transient thermal 

loading conditions considered in the present study at mid-point of day (12 O‘clock). The 

corresponding heat flux input of 15
th
 March is used here. It can be noticed that the temperature 

within the storage tank and the condenser is higher for no loading condition compared to weekday 

and weekend loading conditions. The maximum working fluid temperature within the condenser 

for no loading, weekday and weekend loading conditions were recorded to be 94.01ºC, 86.75ºC 

and 84.85ºC respectively. While the minimum temperature of water within the storage tank for no 

loading, weekday and weekend loading conditions were 27.84ºC, 23.20ºC and 21.55ºC 

respectively. Moreover, it has been observed that the weekday and weekend loading condition 

does not change much (the maximum difference between weekday and weekend thermal loading 

is about 30W), henceforth the difference in the temperature of the working fluid in the storage 

tank is insignificant. Furthermore, it can be concluded that the temperature of working fluid and 

water are affected by thermal loading conditions.  

  

(a) (b) 
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(c) 

  

Figure 5-43 Static ttemperature distributions within the storage tank and the condenser on 15
th
 

March under (a) no loading (b) weekday loading and (c) weekend loading 

 

Figure 5-44 depicts the variations in the temperature of water within centre of the storage water 

tank, for the transient thermal loading conditions considered in the present study on heat flux of 

15
th
 March. It can be seen clearly that the temperature within the storage water tank is higher for 

no loading condition as compared to weekday loading and weekend loading conditions. The 

temperature of water within the storage tank at end of day for no loading, weekday loading and 

weekend loading was 60.30ºC, 53ºC and 50.60ºC respectively. Moreover, it has been observed 

that the static temperature of water is primarily unaffected with the change in thermal loading 

patterns between weekday loading and weekend loading due to difference between them being 

quite low (maximum 30W).   

 

Figure 5-45 depicts the variations in the temperature of working fluid within the condenser, for 

the transient thermal loading conditions considered in the present study at a heat flux 

corresponding to 15
th
 March. It can be seen clearly that the temperature of working fluid is higher 

for no loading condition as compared to weekday loading and weekend loading. The maximum 

temperature within the condenser for no loading, weekday loading and weekend loading was 

97.01ºC, 80.35ºC and 77.93ºC respectively. Moreover, it has been observed that the static 

temperature of working fluid is primarily unaffected with the change in thermal loading patterns 

between weekday loading and weekend loading due to difference between them being quite low 

(approximately 30W). Moreover, it can be concluded that an increase in thermal load decreases 

the temperature of working fluid within the condenser. 
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Figure 5-44 Temperature variations within the water storage tank on 15
th
 March under different 

thermal loading conditions 

 

 
Figure 5-45 Temperature variations within the condenser for various thermal loading conditions 

on 15
th
 March 
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Figure 5-46 depicts the variations in mass flow rate of working fluid within the thermo-syphon 

loop, at a heat flux corresponding to 15
th
 March, for the various thermal loading conditions 

considered in the present study. It can be seen clearly that the mass flow rate of working fluid is 

higher for no loading condition as compared to weekday loading and weekend loading. The 

maximum mass flow rate for no loading, weekday loading and weekend loading was 0.00495kg/s, 

0.00481kg/s and 0.00479kg/s respectively. It can be seen clearly that the thermal loading has a 

small negligible effect on the mass flow rate of working fluid. Furthermore, the mass flow rate of 

working fluid within the thermo-syphon loop increases and decreases with the increase and 

decrease in the heat flux input. 

 
Figure 5-46 Mass flow rate variations of the working fluid within the thermo-syphon loop on 15

th
 

March for various thermal loading conditions 

 

Figure 5-47 depicts the variations in heat transfer coefficient of working fluid within the thermo-

syphon loop, at a heat flux corresponding to 15
th
 March, for various thermal loading considered in 

the present study.  The heat transfer coefficient depends on the temperature difference between the 

wall and mean flow. It has been observed that, although the temperature of the wall is high at no 

loading condition, whereas it (static wall temperature) is comparatively low for weekend and 

weekday loading condition. However, the temperature difference (∆T) between the wall and mean 

flow remains almost same for all the thermal loading conditions. Therefore, the heat transfer 

coefficient difference among the thermal loading conditions is very small. Never the less, it can be 

seen that the heat transfer coefficient of working fluid is higher for no loading condition as 
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compared to weekday loading and weekend loading. Moreover, It can be clearly seen that the heat 

transfer coefficient within the collector is unaffected by thermal loading due to difference between 

thermal loading patterns is quite low. Furthermore, it can be identified that the heat transfer 

coefficient increases and decreases with the increase and decrease in the heat flux input. 

 
Figure 5-47 Heat transfer coefficient variations within the collector on 15

th
 March for various 

thermal loading conditions 

 

Figure 5-48 depicts the variation in flow velocity within the cross-section area taken along the 

length of the middle riser pipe, for the transient thermal loading conditions considered in the 

present study at middle of the day (12 O‘clock). The heat flux input corresponds to 15
th
 March. It 

can be noticed that the velocity of working fluid is highest for no loading conditions as compared 

to weekday loading and weekend loading. The average velocity of working fluid for no loading, 

weekday loading and weekend loading was 0.00487m/s, 0.00473m/s and 0.00478m/s respectively. 

Moreover, it has been observed that the velocity of working fluid is primarily unaffected with the 

change in thermal loading patterns between weekday loading and weekend loading since the 

difference between loading patterns is quite low. Furthermore, it can be concluded that the 

velocity of working fluid is affected by thermal loading conditions due to aforementioned reasons 

mentioned for Figure 5-43. 
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(a) (b) 

 
(c) 

Figure 5-48 Flow velocity variations within the middle riser pipe on 15
th
 March under (a) no 

loading (b) weekday loading and (c) weekend loading conditions 

 

Figure 5-49 depicts the variation in static temperature of the working fluid within the cross-

section area taken along the length of the middle riser pipe, for the transient thermal loading 

conditions considered in the present study at middle point of the day (12 O‘clock). The heat flux 

input corresponds to 15
th
 March. It can be noticed that the temperature of working fluid is highest 

for no loading condition as compared to weekday loading and weekend loading. The average 

temperature of working fluid for no loading, weekday loading and weekend loading was 99.01ºC, 

92.95ºC and 90.95ºC respectively. Moreover, it has been observed that the temperature of working 

fluid is primarily unaffected with the change in thermal loading patterns between weekday loading 

and weekend loading due to difference between loading patterns is quite low. This is due to the 

fact that the real-world thermal loading conditions vary only slightly, which results in 
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insignificant flow variations. Furthermore, it can be concluded that the velocity of working fluid is 

affected by thermal loading conditions due to aforementioned reasons mentioned for Figure 5-43. 

  

(a) (b) 

 

(c) 

Figure 5-49 Static temperature distributions within the middle riser pipe on 15
th
 March, under (a) 

no loading (b) weekday loading and (c) weekend loading 

                    

Based on aforementioned analysis of effect of thermal loading on various parameters, it can be 

denoted that thermal loading has significant effect on the storage tank temperature.  
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5.8. Development of Novel Semi-Empirical Prediction Model 

Based on the results, which have been obtained in this chapter, prediction models for the Nusselt 

number, Reynolds number, collector plate‘s temperature, and inlet, outlet temperature of working 

fluid within thermo-syphon loop can be developed. These parameters indicate the thermal 

performance of the thermo-syphon system. These models will be incorporated in the designing 

process to ease the thermo-syphon designing process and make it more efficient.  

The Nusult number [45] and Reynolds number [47] can be calculated by the following 

expressions: 

   
   

 
                                                               (5.2) 

   
     

 
 

  ̇

   
                                            (5.3) 

According to the literature review, geometrical parameters (the length and number of riser pipes), 

heat input and loading conditions have a significant impact on the thermal performance of thermo-

syphon. So, these parameters have been selected to develop equations that have the ability to 

provide indications regarding the thermal performance in order to predict the performance of the 

system. These equations have been developed by using the data that were obtained from CFD 

simulations carried out in this chapter. These data include the properties of working fluid, mass 

flow rate of working fluid within thermo-syphon loop, heat flux, and thermal loading.  

Some semi-empirical correlations have been developed using multiple variable regression 

approach for predicting Nussult number, Reynolds number, collector plate‘s temperature, and 

inlet, outlet temperature of working fluid as a function of the geometric parameter, heat input 

variables and different thermal loading, which are discussed in Chapter 3. These prediction 

models are shown as following. 
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where,  

   is Nusult number 

   is Reynolds number  

      is temperature of plate 

   is the heat flux  

     is the maximum heat flux 

   is the number of the riser pipes 
 

 
 is the length to diameter ratio of the riser pipe 

   is the thermal loading 

      is the average thermal loading 

   is temperature of working fluid at the inlet of collector 

   is temperature of working fluid at the outlet of collector  

    is the initial temperature of working fluid 

          
is time, which happens at the minimum incident heat flux 

          
is time, which happens at the maximum incident heat flux 

 

The limitations of the equations above are:  
 

 These equations are applicable only to a closed loop thermo-syphon solar water heating     

system 
 These equations are developed for single-phase thermo-syphon solar water heating system  

 These equations are applicable only to passive system 

 
For more details regarding how Eq. (5.4), (5.5), (5.6), (5.7) and (5.8) have been developed, 

appendix E describes the procedures of the deriving the above mentioned equations.   

In the present work, a number of statistical analysis tests have been used to ensure the validity of 

the regression models. These statistical analysis tests are namely F-value, Durbin-Watson statistic, 

standard error, t-Test value, Lilliefors test, Chi-square and p-value. A brief description is provided 
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for each test. Appendix C shows the important features of the considered tests and their 

significance. 

Several statistical tests have been undertaken to justify the usefulness of the developed equations 

using multiple regression analysis. Table 5-7 shows that the derived equations Nu number, Re 

number, Tw, Ti and To have achieved the acceptable criteria in all the tests. That means the 

equations can be used with confidence for further applications. As Nusselt number, Reynolds 

number, collector plate‘s temperature, and inlet, outlet temperature of working fluid in the 

thermo-syphon system can be predicted by these equations with reasonable accuracy. Hence, the 

prediction models presented in this chapter can be used for various heat fluxes, various thermal 

loading conditions, and a variety of thermo-syphon configuration within the thermo-syphon 

system. Furthermore, the prediction models developed here can be used directly for designing 

closed loop thermo-syphon system. 

Table 5-7 The proposed statistical tests and thier acceptance criteria  

Type of 
test 

Acceptance criteria Nu Re Twall(ºC)  Ti(ºC) To(ºC) 

F-value If (F < F 
critical) is 

accepted 

[108] 

F 1.0734 1.1095 1.0295 1.0131 1.1832 

F critical 1.5708 1.5643 1.5643 
 

1.5642 1.5643 

Durbin-

Watson 

statistic 

Less than 2 is accepted 

[109] 

1.0849 0.9618 

 
1.5601 
 
 

1.0271 1.2774 

Standard 
error 

Regression 0.0377 7.6850 0.0053 0.0231 0.0133 

CFD 0.0364 7.2957 0.0052 0.0229 0.0145 

Percentage error (%) 3.571 5.336 1.923 0.871 8.275 

t-Test Closed to zero [110] 0.0150 0.0332 0.0021 
 

0.0263 0.0292 

Lilliefors 

test 

If 0= accepted  

1= rejected [111] 

0 0 0 0 0 

Chi-

square 

Less than 0.05 is 

accepted [112] 

0.0253 0.0631 0.0564 0.0325 0.0436 

P-value More than Chi-square is 

accepted [112] 

1 1 1 1 1 

 

From the prediction models, it can be seen clearly that the heat flux, number of the riser pipe, L/d 

ratio and  thermal loading have a considerable effect on the Nusselt number, Reynolds number 

and      . Eq. (5.4) demonstrate Nusselt number as a function of geometric parameters (L/d, np), 

varying heat flux and thermal loading. According to the findings, Nusselt number is proportional 

to the geometric parameter (L/d, np), varying heat flux and is inversely proportional to the thermal 

loading. Similarly, according to Eq. (5.5), Reynolds number, is proportional to the geometric 

parameters (L/d, np), varying heat flux and thermal loading. Moreover, Eq. (5.6), proposes a 
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proportional relation between the plate temperature with  heat flux and inversely proportional to 

the thermal loading and geometric parameters (L/d, np). 

The following section illustrates the accuracy of the developed equations for calculating Nusselt 

number, Reynolds number of the working fluid and Tw/Tref ratio. To identify the accuracy level of 

the equations, the calculated data from the equations are ploted against the numerical data from 

CFD. Figure 5-50, Figure 5-51 and Figure 5-52 depicts the variations in the Nusselt number, 

Reynolds number of the working fluid and Tw/Tref ratio calculated by the developed equation and 

that predicted by the CFD. According to the figures, the maximum difference between them is 

11% for Reynolds number calculation and most of the points are well below that error margin. In 

addition, the error margin for Nusselt number of the working fluid and Tw/Tref ratio are 10% and 

3% respectively. Therefore, based on this observation it can be concluded that, the developed 

equations are well capable of predicting Nusselt number, Reynolds number of the working fluid 

and Tw/Tref ratio with reasonable accuracy.   

 

 

Figure 5-50 Nusselt number variations  
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Figure 5-51 Reynolds number variations  

 
Figure 5-52 Wall temperaure to refrence temperaure ratio variations  
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5.9.  Summary of the Analysis conducted on the Baseline model  

Detailed flow behaviour of working fluid within the thermo-syphon system has been revealed in the 

following results:  

 

 There is a good agreement between experimental results and CFD results. Due to physical 

models, such as working fluid, model of radiation and Boussinesq approximation approach 

were not changed and hence the numerical model can be used for further investigation with 

different configurations 

  The mass conservation law has been fulfilled since the sum of the mass flow rates of the 

working fluid passing through the riser pipes is equal to the mass flow rate of the working 

fluid through the recirculating pipe. This indicates that there is no recirculation zone in the 

riser pipe area. Moreover, the assumption of laminar flow has been confirmed, as the 

calculated Reynolds number is in the laminar zone  

 An increase in the number of the riser pipes leads to increase the average velocity of working 

fluid within the thermo-syphon loop and decrease the wall shear stress within the thermo-

syphon loop.  

  Moreover, the average velocity of working fluid within the thermo-syphon and wall shear 

stress increase with increase L/d ratio of the riser pipe 

 The thermal loading condition has effect on the thermal performance of thermo-syphon 

system  

 

This chapter provides information about the natural convection phenomena and behaviour of 

working fluid within the thermo-syphon loop. In addition, the prediction models have been 

developed for the Nusselt number, Reynolds number, collector plate‘s temperature, and inlet, 

outlet temperature of working fluid, which dictate the design process of the thermo-syphon. 

Further details regarding the design of the thermo-syphon are presented in Chapter 7. To enhance 

this performance several models have been used, next chapter provides more details regarding 

that. The next chapter will provide more details on the results obtained from CFD regarding an 

enhancement heat transfer within the thermo-syphon loop. 
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CHAPTER 6  

6. DESIGN MODIFICATIONS 

 

Verification of the numerical model under various operating conditions of the traditional 

model was carried out in the previous chapter. To obtain the largest amount of solar energy 

and hence improve the thermal performance of thermo-syphon various models have been 

developed. This chapter comprises of comparison between various configurations of the 

riser pipes (traditional, straight, wavy and helical). In addition, an investigation has been 

conducted, to identify how the amount of working fluid within thermo-syphon loop affects 

the thermal performance of the system. Moreover, the comparison between new proposed 

model and baseline model has been conducted based on the experimental results. 

Furthermore, the manufacturing procedure of this optimum new model has been explained 

in this chapter. 
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6.1.  Specifications of New Model’s Geometry 

As it has been mentioned in the previous chapters, one of the focal points of this study is to 

increase the thermal performance of thermo-syphon solar water system. There are several ways to 

enhance the amount of heat transfer and hence improve the thermal performance of thermo-

syphon. In this study, a technique (modified riser pipe configuration) has been adopted to improve 

the thermal performance of the system by increasing the surface area to enhance the amount of 

heat transfer. One of the crucial focal point of this investigation is the amount of working fluid 

and collector area should remain same for both traditional and proposed model. Therefore, the 

heat transfer in the system has been improved by increasing the surface area. The increase in the 

surface area has been achieved by changing the surface of the riser pipe. With this approach, 

surface area of the riser pipe has been increased by 7.17% with respect to traditional model. In the 

present study, three thermo-syphon configurations have been developed: comprising of a closed 

tube within the riser pipes, wavy tube within the riser pipes, and helical tube within the riser pipes 

as shown in Figure 6-1. These models have been developed to increase the surface area of the 

riser pipe. The model consists of several inclined riser pipes connected at the top to the upriser 

and at the bottom to the downcomer. The performance characteristics of the new suggested 

models are quantified and compared with the traditional baseline model.  

The specifications of the straight model are 

1- Diameter of a closed pipe is 15mm, 2- Length of a closed pipe is 1170mm 

The specifications of the wavy model are 

1- Diameter of a closed pipe is 15mm, 2- The wavy pipe angle with the horizontal plane is 10
o
 

The specifications of the helical model are  

1- Diameter of coil is 15mm, 2- Number of turns is 55,  3- Pitch is 22.5mm and 4- Diameter 

pipe is 5mm  

Dimensions of the riser pipe for all models are  

1- Length is 1.3m, 2- Diameter is (inner 20.2mm) and (outer 22.0mm) 

The inner diameter of the condenser is 20.2mm, with thickness of 0.9mm, which is also kept 

constant for all the models. The whole model is made with a 53º inclination which is the latitude 

of Huddersfield city. 

As mentioned in chapter three these dimensions are considered based on standard dimensions of 

UK copper pipe. Furthermore, the diameter and thickness for upriser and downcomer were kept 

constant for all the models. Varying the upriser and downcomer diameter from the riser pipe will 

increase the amount of losses in the flow such as reducer loss and friction loss (between inner 

surface and working fluid). The contribution of these losses will reduce the thermal performance 

of the thermo-syphon loop. In this work, to avoid these losses and for better comparison between 

the models, upriser and downcomer diameters and thicknesses were kept as same as riser pipe.  



DESIGN MODIFICATIONS 

 

DESIGN, DEVELOPMENT AND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEM FOR DOMEISTIC APPLICATIONS           
BY BASIM FREEGAH, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016) 

                                               145 

  
(a) (b) 

 
(c) 

Figure 6-1The geometry of the thermo-syphon (a) new design (closed tube) (b) new design (wavy 

tube) and (c) new design (helical tube) 
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6.2. Performance Analysis 

In order to depict the natural convection phenomena, the temperature and velocity profile of 

working fluid within thermo-syphon loop and water within the storage tank for all models, a 

numerical analysis has been conducted on thermo-syphon. The analysed thermo-syphon model 

consists of five riser pipes with an L/d (length to diameter ratio) of 100 at an inclination angle of 

53º. This configuration is chosen based upon the conclusion of the previous chapter. In the 

previous chapter, it was concluded that the length to diameter ratio has more significant impact on 

the thermal performance of the thermo syphon. Since the scope of the study considers only three 

L/d values, henceforth the highest L/d value (100) has been considered for further investigation, in 

the following chapters. Moreover, another conclusion from the previous chapter was that the 

numbers of riser pipes have a small effect on the storage tank temperature. Henceforth, to reduce 

the computation time and complexity of the geometry, five riser pipes have been chosen. In 

addition, the inclination angle of 53º has been chosen which represents the latitude of 

Huddersfield (53.6458°N, 1.7850°W). Furthermore, in order to make the comparison conclusive 

the amount of the working fluid was kept constant for all models. 

Figure 6-2 depicts the velocity distribution of the working fluid within thermo-syphon loop and 

water within the storage water tank for (a) traditional model, (b) straight model, (c) helical model 

and (d) wavy model at a heat flux corresponding to15
th
 March under thermal loading condition of 

weekday. It can be seen clearly that the working fluid attains the highest velocity at the upriser 

and downcomer for all models. Furthermore, the velocity of working fluid within thermo-syphon 

loop is higher for traditional model as compared to all new models. The average velocity of 

working fluid within thermo-syphon loop for traditional, straight, helical and wavy models was 

0.0151m/s, 0.0074m/s, 0.0066m/s and 0.0072m/s respectively. This velocity drop in the new 

model is the result of increment of the inner surface area, which increases the friction between 

working fluid and inner surface of the riser pipe. It can be evidenced in Figure 6-3 form of 

measured wall shear stress within thermo-syphon loop. 

Figure 6-3 depicts wall shear stress variations within thermosyphon loop for (a) traditional model, 

(b) straight model, (c) helical model and (d) wavy model at a heat flux corresponding to 15
th
 

March under thermal loading condition of weekday. It can be clearly seen that the wall shear 

stress for traditional model is less as compared to other models. The average wall shear stress for 

traditional, straight, helical and wavy model was 0.01021Pa, 0.01182Pa, 0.01257Pa and 

0.01216Pa respectively. 
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(a) (b) 

  

(c) (d) 

Figure 6-2 Flow velocity variations of the working fluid within thermo-syphon loop and water 

within the storage tankon for (a) traditional model (b) straight model (c) helical model and (d) 

wavy model on 15
th
 March under thermal weekday loading 
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Figure 6-3 Wall shear stress variations within thermo-syphon loop for all models on 15

th
 March 

under thermal weekday loading 

 

Figure 6-4 further depicts the temperature distribution of the working fluid within thermo-syphon 

loop and water within the storage water tank for (a) traditional model, (b) straight model, (c) 

helical model and (d) wavy model at a heat flux corresponding to 15
th
 March at 12 O‘clock 

(midday) under weekday thermal loading condition. It can be seen clearly that the temperature of 

working fluid within thermo-syphon loop is higher for straight model as compared to other 

models. This increase in the temperature is the result of surface area increment, which is exposed 

to solar radiation leading to more heat transfer to the working fluid within the thermo-syphon 

loop. The average temperature of working fluid within thermo-syphon loop with traditional, 

straight, helical and wavy models was 52.01ºC 58.46ºC, 57.02ºC and 57.42ºC respectively. 

Furthermore, the highest temperature of working fluid is observed at the junction of the riser pipes 

and the upriser for all models. 
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(a) (b) 

  
(c) (d) 

Figure 6-4 Static temperature distribution of the working fluid within thermo-syphon loop and 

water within the storage tank for (a) traditional model (b) straight model (c) helical model and (d) 

wavy model on 15
th
 March under thermal weekday loading 

 

To evaluate the thermal performance of thermo-syphon and hence to determine the optimum 

model heat gain in the storage tank, useful heat gain in the collector, water temperature within the 

storage tank and heat transfer coefficient of working fluid have been considered as determining 

parameters.  
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Amount of useful heat gain in the storage tank can be determined for both a new and tradition 

model by the equation below: 

        
     (       )

       
 +∑  ̇   (       )

   
                           (6.1) 

where         ,   ,    ,        ,  ,     ̇,     and     denotes the heat gain in the storage tank, 

amount of water within the tank, specific heat of water, final temperature of water, initial 

temperature of water, number of hours, time, mass flow rate of working fluid, temperature of 

water at outlet of the tank, temperature of water at inlet of the tank, respectively.  

Figure 6-5 depicts the variation in heat gain in the storage tank for (a) traditional model, (b) 

straight model, (c) helical model and (d) wavy model at a heat flux corresponding to 15
th
 March 

under thermal loading condition of weekday. It can be seen clearly that the amount of heat gain 

within the storage tank is higher for straight model as compared to other models. Furthermore, it 

is noted that the maximum heat gain takes place at maximum heat flux condition, which is at 12 

O‘clock (midday). Findings show that maximum heat gain for traditional, straight, helical and 

wavy model was 525.38W, 625.01W, 621.82W and 616.14W respectively.  

 

Figure 6-5 Heat gain variations within the storage tank for all models on 15
th
 March under thermal 

weekday loading  
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Figure 6-6 depicts total heat gain in the storage tank for traditional model and three proposed 

models (straight, wavy and helical) with different riser pipe configuration on 15
th
 March under 

thermal loading condition of the weekday. It can be seen clearly that the amount of heat gain 

within the storage tank is less for the traditional model as compared to the other models. The 

difference in the heat gain between the traditional model and the proposed models with straight, 

helical and wavy pipes in the riser pipes are 12.27%, 10.92% and 9.41% respectively. Moreover, 

it can be seen clearly that the amount of heat gain within the storage tank is higher for a straight 

model as compared to wavy and helical model by 1.22% and 2.61% respectively. Furthermore, it 

can be concluded that all models can be used to improve the thermal performance as compared to 

traditional model. However, the model with straight pipe in the riser pipe is better as compared 

with others models although there are no big differences between them regarding the heat gain. 

 
Figure 6-6 Total heat gains within the storage tank for various models of thermo-syphon on 15

th
 

March under thermal weekday loading  

 

In order to calculate the useful heat gain in the collector, the following expression can be used  

              ̇     (     )                                               (6.2) 

where             ,       ,  ̇,    and    denotes the heat gain in the collector, specific heat of 

working fluid, mass flow rate of working fluid, the inlet and outlet temperature of working fluid at 

collector respectively.  
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Figure 6-7 depicts the variation in heat gain in the collector for (a) traditional model, (b) straight 

model, (c) helical model and (d) wavy model at a heat flux corresponding to 15
th
 March under 

thermal loading condition of weekday. It can be seen that the amount of useful heat within the 

collector is higher for a new model as compared to the traditional model. This increase is due to 

an increase in the exposed surface area to solar radiation, which enhances the rate of heat transfer 

to the working fluid within the thermo-syphon loop. It can be seen that the amount of useful heat 

within the collector is approximately same for new models. However, the useful heat is higher for 

straight model as compared to other models. The maximum heat gain for traditional, straight, 

helical and wavy model happen at 12 O‘clock and the values them were 578W, 618W, 604W and 

615.9W respectively. Therefore It can be concluded that an increase of surface area of the riser 

pipe has a significant effect on the heat gain and hence on the performance of a closed loop 

thermo-syphon solar water heating system. 

 
Figure 6-7 Heat gains variations within collector for all models on 15

th
 March under thermal 

weekday loading   

 

Figure 6-8 depicts the variation in mass flow rate of working fluid within the thermo-syphon loop 

for (a) traditional model, (b) straight model, (c) helical model and (d) wavy model at a heat flux 

corresponding to 15
th
 March under thermal loading condition of the weekday. All models show a 

similar trend on the mass flow variation under transient heat flux. The result illustrates that the 

mass flow rate is dependent for heat flux. The heat flux changes throughout the day. For the first 
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three hours, the heat flux increases and hence, the mass flow rate increases along with it. On the 

other hand, after mid-day, the heat flux starts to decrease leading to a reduction in the mass flow 

rate as well. However, it can be seen clearly that the average mass flow rate is higher for a 

traditional model as compared to all new model although the amount of heat absorbed by the 

working fluid is higher for a new models than the traditional model. The reason behind that is 

increasing the pressure difference between inlet and outlet of collector increases friction between 

the working fluid and surface area of riser pipes. It can be illustrated from the Eq. (6.3) and Eq. 

(6.4) [132]. It can, therefore, be concluded that increasing the inner surface area of the riser pipe 

without change amount of working fluid will decrease the mass flow rate within thermo-syphon. 

   
    

 
 = 

    

  
                                             (6.3)   

   
      

 
                                               (6.4) 

where   ,  ,   ,  ,  ,  ,  ,  and   denotes wall shear stress, surface area, pressure drop, cross-

section area, friction factor, length of pipe, pipe diameter, density of fluid and the flow velocity 

respectively. 

 
Figure 6-8 Circulating mass flow rate for all models on 15

th
 March under thermal weekday 

loading 
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Figure 6-9 depicts the pressure difference between inlet and outlet of a collector for (a) traditional 

model, (b) straight model, (c) helical model and (d) wavy model at a heat flux corresponding to 

15
th
 March under thermal loading condition of the weekday. It can be observed that the pressure 

difference in the collector is highest for all new models, as compared to the traditional model. The 

average pressure difference for traditional model, straight model, helical model and wavy model is 

55.33Pa, 56.647Pa, 58.51Pa and 58.74Pa respectively. This is because increase in surface area 

leads to increase in wall shear stress and hence increase the friction between working fluid and the 

inner surface of thermo-syphon loop. This consequently increases the pressure difference between 

inlet and outlet of a collector. 

 
Figure 6-9 Pressure difference between inlet and outlet of a collector for all models on 15

th
 March 

under thermal weekday loading  

 

Figure 6-10 depicts the variations of heat transfer coefficient of working fluid within thermo-

syphon loop for (a) traditional model, (b) straight model, (c) helical model and (d) wavy model at 

a heat flux corresponding to 15
th
 March under thermal loading condition of weekday. It is evident 

from the figure that the heat transfer coefficient of working fluid for traditional model is less as 

compared to proposed models. In addition, the heat transfer coefficient of working fluid for 

straight model is higher, as compared to wavy and helical model. An increase in the surface area 

of riser pipe increases the amount of heat transfer to working fluid. This increased heat transfer 

increases the working fluid temperature and reduces the temperature difference between the 
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surface and working fluid, leading to an increment in heat transfer coefficient. Furthermore, 

increasing the surface area by 7.17% respect to traditional model increases the heat transfer 

coefficient by 19.60%.  

 

Figure 6-10 Heat transfer coefficient variations within thermo-syphon loop for all models on 15
th
 

March under thermal weekday loading 

 

Figure 6-11 depicts the variation in water‘s temperature at the centre of the storage tank for (a) 

traditional model, (b) straight model, (b) helical model and (c) wavy model at a heat flux 

corresponding to 15
th
 March under thermal loading condition of the weekday. It can be seen that, 

due to an increase of exposed surface area to the heat flux, in the new models the temperature of 

the water in storage tank has been increased compare to the traditional model. Furthermore, it can 

be seen that the temperature of water within the storage tank is higher for straight model as 

compared to other new models having helical and wavy inserts. Moreover, it can be noticed that 

the final tank temperature at the end is around 53.01ºC, 57.12ºC, 55.68ºC and 55.58ºC for 

traditional, straight, helical and wavy models respectively. The exposed surface area has been 

increased by 7.17% with respect to the traditional model. This has caused the temperature of water 

in the storage tank to increase by 13.33% compare to the traditional model respect to straight 

model. Based on these aforementioned observations it can be concluded that, an increment in the 

surface area of the riser pipe will increase the temperature of working fluid within thermo-syphon 
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loop. This leads to more heat transfer between working fluid and water within the storage tank by 

the heat coil, which is inside the tank and therefore improve the thermal performance of thermo-

syphon. 

 
Figure 6-11 Temperature variations within the storage tank for all models on 15

th
 March under 

thermal weekday loading 

 

Furthermore, in order to understand the behaviour of working fluid within the riser pipes, velocity 

and temperature distributions have been analysed for all models. 

Figure 6-12 depicts the cross-sectional view of flow velocity variations taken along the length in 

the middle riser pipe at a heat flux corresponding to 15
th
 March, for (a) traditional model, (b) 

straight model, (b) helical model and (c) wavy model. The corresponding thermal loading 

condition that has been specified is that of the weekday. The scale of the contours has been kept 

constant for effective comparison purposes. It can be clearly seen that the flow velocity is 

considerably higher on the upper section of the riser pipe for the traditional model whereas,  high 

velocity profile has been observed at the mean path for the new models. This is because, with the 

addition of heat, the temperature of the fluid increases and hence decreases the density. Therefore, 

fluid moves upward at the upper section of the pipe and then propagates towards the upriser. It 

can be clearly seen that the velocity of working fluid within the riser pipe is higher for traditional 
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within the riser pipe is higher for straight model as compared to other new models. The percentage 
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decrease of average working fluid velocity for helical and wavy models with respect to the 

straight model was approximately 34.1% and 10.5% respectively. Whilst the percentage decrease 

of average working fluid velocity between traditional and straight model was approximately 

25.0%. It can therefore be concluded that, increasing surface area of the riser pipe has negative 

effect on the velocity of working fluid within the riser pipe. 

  
(a)  (b)  

  

(c)  (d)  

Figure 6-12 Flow velocity variations in the middle riser pipe for (a) traditional model (b) straight 

model (c) helical model and (d) wavy model on 15
th
 March under thermal weekday loading   

 



DESIGN MODIFICATIONS 

 

DESIGN, DEVELOPMENT AND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEM FOR DOMEISTIC APPLICATIONS           
BY BASIM FREEGAH, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016) 

                                               158 

Figure 6-13 depicts the velocity profiles of the working fluid taken at a cross-section within the 

middle riser pipe at a heat flux corresponding to 15
th
 March, for all models considered in the 

present study. The corresponding thermal loading condition that has been specified is that of the 

weekday. This analysis has been conducted on a cross-sectional plane located at a length of 

y/Y=0.9 of the riser pipe to capture the maximum values. The scale of the profile has been kept 

constant for effective comparison purposes. It can be clearly seen that the velocity of working 

fluid within the riser pipe is higher for traditional model compared to the new models. 

Furthermore, it can be seen that the velocity of working fluid within the riser pipe is higher for 

straight model as compared to other new models. The maximum velocity of working fluid within 

the riser pipe for all models takes place at 12 O‘clock (midday). The maximum velocity of 

working fluid within the riser pipe for traditional model, straight model, helical model and wavy 

model was 0.65m/min, 0.36m/min, 0.34m/min and 0.28m/min respectively. There are two reasons 

that cause the reduction in the flow velocity within the riser pipe. The first one is the presence of 

pipe inside the riser pipe that increases the resistance in fluid flow. The second being an increased 

inner surface area of riser pipe. In the new proposed models, the inner surface area have been 

nearly doubled compared to the traditional model. This increment of the inner surface area has 

raised the wall shear stress as shown in figure 6-3 and hence decreased flow velocity of working 

fluid. 
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(c)  (d)  

Figure 6-13 Velocity profiles within the middle riser pipe for all models on 15
th
 March under 

thermal weekday loading for (a) 10 O‘clock (b) 12 O‘clock (c) 14 O‘clock and (d) 16 O‘clock 

 

Figure 6-14 depicts variation in static temperature of the working fluid within the cross-section 

taken along the length of the middle riser pipe at a heat flux corresponding to 15
th
 March, for (a) 

traditional model, (b) straight model, (b) helical model and (c) wavy model. The corresponding 

thermal loading condition that has been specified is that of the weekday. The scale of the contours 

has been kept constant for effective comparison purposes. It can be clearly seen that the working 

fluid temperature is considerably higher on the upper section of the riser pipe. The reason behind 

that is an increment in working fluid temperature, which leads to decrease in the density and 

hence the hot working fluid concentrates on upper section of the riser pipe. It can be further 

noticed that the temperature of working fluid within the riser pipe is higher for straight model as 

compared to other models. The percentage decrease of average working fluid temperature for 

helical and wavy model with respect to straight model was approximately 1.3% and 1.0% 

respectively. The percentage increase of average temperature of working fluid between traditional 

and straight model was approximately 7.1%.  
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(a)  (b)  

  
(c)  (d)  

Figure 6-14 Static temperature distributions within the middle riser for (a) traditional model (b) 

straight model (c) helical model and (d) wavy model on 15
th
 March under thermal weekday 

loading   

 

Figure 6-15 depicts the static temperature profiles of the working fluid taken at a cross section 

within the middle riser pipe at a heat flux corresponding to 15
th
 March, for (a) traditional model, 

(b) straight model, (b) helical model and (c) wavy model. The corresponding thermal loading 

condition that has been specified is that of the weekday. This analysis has been conducted on a 

cross-sectional plane located at a length of 0.9 of the riser pipe length to capture the maximum 

values. It can be seen that the temperature of working fluid within the riser pipe is higher for 

straight model as compared to other new models. The maximum temperature of the working fluid 
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within the riser pipe for traditional, straight, helical and wavy models is 94.60ºC, 101.56ºC, 

98.60ºC and 99.21ºC respectively. The increased surface area exposed to heat flux, increases the 

amount of heat transfer to working fluid within the riser pipe and thus raise the working fluid 

temperature. From this, it can be established that only by increasing the inner surface area of riser 

pipe the temperature of working fluid can be increased and hence the performance of a closed 

loop thermo-syphon solar water heating system, while the amount of working fluid remains 

constant. Findings show that a raise in the surface area of 7.17% can increase the working fluid 

temperature by 7.98% for same amount of working fluid. 

  

(a)  (b)  

  

(c)  (d)  

Figure 6-15 Static temperature within the middle riser pipe on different models o 15
th
 March 

under thermal weekday loading for (a) 10 O‘clock (b) 12 O‘clock (c) 14 O‘clock and (d) 16 

O‘clock 
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Based on aforementioned analysis of effect of all models on various parameters quantifying heat 

transfer effectiveness can be represented as follows:  

 

Table 6-1 The effect of different models on various parameters 

Types of models Heat gain within 

the storage tank 

(W) 

Heat gain within 

the collector 

(W) 

Wall shear 

stress (Pa) 

Heat transfer 

coefficient of working 

fluid (W/m
2
.ºC) 

Traditional model 658.4 558.3 0.01133 47.31 

Straight model 739.2 617.9 0.01310 58.84 

Helical model 730.3 593.7 0.01390 54.81 

Wavy model 720.4 591.3 0.01340 55.32 

 

From the Table 6-1 it can be concluded that the performance of the thermo-syphon with new 

configuration of riser pipe have been improved. Although, the performance of these models do not 

vary much, the model with straight pipe has better thermal performance characteristics compare to 

other models. Moreover, the straight model has simple geometry and it is cost effective. 

Henceforth, this model (straight tube) has been chosen for further investigation to improve the 

thermal performance of thermo-syphon. Henceforth, this new model (straight model) has ability to 

improve the thermal performance of thermo-syphon by 12.3% as compared to traditional model. 

After the previous conclusion, next step is to study the effect of amount of working fluid within 

the thermo-syphon loop for the better thermal performance of the system. In the present study, the 

performance of chosen model (straight tube) has been investigated under three conditions by 

varying the amount of working fluid as compared with the traditional model. The volume of 

working fluid has been varied against that in the traditional model, by having working fluid as 

similar, larger, and smaller in volume. The percentage variation in the amount of working fluid 

was 3.0%. These variations have been achieved by changing the dimensions of inside tube. 

Figure 6-16 depicts total heat gain in the storage tank for various amount of working fluid within 

thermo-syphon loop (same amount, larger amount and smaller amount) at a heat flux 

corresponding to 15
th
 March under thermal loading condition of the weekday. It can be clearly 

seen that the amount of heat gained within the storage tank is higher for the similar volume in 

comparison with the larger and smaller volume by 2.8% and 2.3% respectively. It can be 

concluded that the same amount of working fluid is better as compared with others. Furthermore, 

it can be concluded that the amount of working fluid has effect on the heat transfer along with 

other parameters such as surface area. Henceforth, based on these findings the straight model with 

same amount of working fluid will be considered for further investigation to improve the thermal 

performance of thermo-syphon. 
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Figure 6-16 Total heat gains within the storage tank for various amount of working fluid on 15

th
 

March under thermal weekday loading  

 

To investigate the effect of the new model (straight model with same amount of working fluid) on 

the thermal performance of thermo-syphon, a comparison between the traditional model and the 

chosen model has been conducted both experimentally and numerically which is explained in the 

next sections. 

 

6.3. Benchmark Tests  

Based on results from previous sections, it can be concluded that the straight model is better 

model among other models. A new model has been manufactured in the laboratory with 

dimensions as shown in Figure 6-17. 
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Figure 6-17 Schematic of the new model 
 

The new model can be manufactured by following the procedure mentioned below:  

 

1. To increase the surface area of riser pipe, a hollow copper pipe with external diameter of 

22mm has been chosen, which has a wall thickness of 0.9mm. (Standard dimension) 

2. Another hollow copper pipe with external diameter of 15mm and 925mm length has been 

chosen for the inside pipe. However, the dimensions of the condenser, upriser and downcomer 

remained the same as in traditional model, to keep the same amount of working fluid within 

the thermo-syphon loop. These dimensions above have been calculated to maintain the same 

amount working fluid as the traditional model in the new proposed model  

3. The both end of the inside pipe is closed by plastic stopper 
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4. To align the inside pipe with the centre of the riser, create a hole at the centre of the plastic 

stopper closing the inside pipe and the Equal Tee 

5. Link these two holes by a screw which location on the pipe is fixed by bolts. The dimensions 

of the bolts used in this study are 75mm length and 3.5mm diameter 

6. Figure 6-18 (a) shows the exploded view of the riser pipe connection whereas the Figure 6-18 

(b) depicts the full-assembled riser pipe configuration 

  

 
(a) 

 
(b) 

Figure 6-18 New model 
 

To check the thermal performance of the chosen model experimentally, the temperature of water 

within the storage tank, the inlet and outlet temperature of working fluid within the thermo-

syphon loop has been measured and compared with the traditional model. In this study, two types 

of investigations have been carried out based on heat flux condition. The first condition was 
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constant heat flux. However, to simulate real life condition, the later part of this investigation has 

been carried out on transient heat flux conditions. Table 6-2 contains the dimensions and 

characteristics of chosen model, which is used in experimental work. 

Table 6-2 Test rig specifications of new model of thermo-syphon 

Height of casing 1.2 m 

Width of casing 1.1 m 

Depth of casing  0.18 m 

Tilt angle of collector 53º º 

Number of riser pipe 5  

Length of the riser pipe 0.95 m 

Inside riser pipe diameter 0.02 m 

Outside riser pipe diameter 0.022 m 

Riser pipe material Copper  

Length of inside tube 0.9 m 

Diameter of inside tube  0.015 m 

inside tube material Copper  

Absorber plate length 1 m 

Absorber plate width 1 m 

Absorber plate thickness 0.0007 m 

Absorber plate material Copper  

Diameter of tank 0.398 m 

Height of tank 0.635 m 

Material of tank Plastic  

Inside diameter of condenser 0.0202 m 

outside diameter of condenser 0.022 m 

Length of condenser 0.6 m 

Condenser material Copper  

 

6.3.1.  Constant Heat Flux 

In this section, the new proposed model has been compared against the traditional model 

experimentally, and the parameters used for the comparison are water temperature within the 

storage tank, temperature of working fluid at the inlet and outlet of collector, as well as the mass 

flow rate of working fluid within the thermo-syphon loop under constant heat flux. 

Figure 6-19 depicts the comparison between the temperature of water within the storage tank and 

temperature of working fluid at outlet and inlet of collector for both models for five hours of 

operation, with constant heat flux of 177.7W/m
2
 under no loading from the storage tank. It can be 

clearly seen that there are a good improvement with both temperature of water and working fluid, 

which indicates an increase in the performance of thermo-syphon. Furthermore, increase in heat 

gain within the storage tank was (16±1.53)%, while the increase in heat gain within the collector 
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was (12±1.32)%. It can be further concluded that increasing the surface area of the riser pipe 

without changing amount of working fluid leads to improvement in the thermal performance of a 

closed loop thermo-syphon solar water heating system. Therefore, this proposed model can be 

used to enhance heat transfer in a closed loop thermo-syphon solar water heating system. 

 

Figure 6-19 Variation in temperature of water within the storage tank and working fluid at the 

inlet and outlet of collector for different models  

 

6.3.2. Various Heat Flux 

For further investigation, the temperature has been measured at the aforementioned locations for 

both traditional and proposed model at various heat flux conditions. The heat flux was varied by 

controlling the heat flux source. In this case, the heat flux was applied by a system of halogen 

lamps. When the halogen lamp was turned on, a constant amount of heat flux was applied on to 

the collector. The variation in the heat flux was controlled by turning on/off the lamp. This type of 

heat input arrangement has been chosen to analyse the behaviour of working fluid and to confirm 

the relation between the mass flow rate of working fluid and heat input. Table 6-3 summarises the 

range of heat fluxes parameter used during the experimental period, which were considered in 

experimental work. 
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Table 6-3 Range of heat fluxes 

Time 

(minutes) 
0-90 90-105 105-195 195-210 210-300 300-315 315-405 405-420 

Heat flux 

(W/m
2
) 

on off on off on off on off 

 

where,  

on is the heat flux at (177.7W/m
2
) 

off is heat flux at (0W/m
2
) 

 

Figure 6-20 depicts a comparison of water temperature variation within the storage tank between 

the new proposed model and traditional model for seven hours of operation with various heat 

fluxes, which is shown in table 6.3. The temperature has been measured at the centre of tank. 

According to the Figure 6-20 it can be seen that when collector was exposed to a constant heat 

flux of 177.7W/m
2
 for 90 minutes, the temperature of water in the new proposed model has 

increased from 22.40ºC to 28.25ºC with a gradient of 0.065ºC/min. While in the traditional model, 

the temperature of water has increased from 22.86ºC to 27.06ºC, with a gradient of 0.047ºC/min. 

After 90minutes of constant heat flux, the lamp was turned off for 15 minutes. The storage tank 

was insulated properly hence, for a short period of time (15minutes) the water temperature did not 

decrease, instead, it has increased. After 15 minutes the measured temperature of water was 

28.48ºC and 27.23ºC having a gradient of 0.0153ºC/min and 0.011ºC/min for  both new and 

traditional models respectively. This is due to the fact that, the temperature of the working fluid 

after 105 minutes remained higher than the storage water temperature, which means that the 

storage water is still gaining heat from the working fluid. Moreover, the temperature difference 

between the storage tank water and the ambient was comparatively low. In addition, since the 

temperature was measured at the centre of the storage tank, the temperature variation at the centre 

is expected to be low, which is revealed in Figure 6-20. Furthermore, the final temperature of 

water within the storage tank after seven hours of operation for new and traditional models was 

37.85ºC and 35.13ºC respectively. The total temperature increase for the new model and 

traditional model was 15.45ºC and 12.27ºC, illustrating a (20±1.53)% increment in storage water 

temperature by new proposed model.  
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Figure 6-20 Experimental result for temperature of water within the storage tank for a constant 

heat flux with on-off fluctuations under no loading for different models 

 

Figure 6-21 and Figure 6-22 depict working fluid temperature at inlet and outlet of collector for 

seven hours of operation with various heat fluxes, which is shown in Table 6-3. According to the 

Figure 6-21 during first 90 minutes of constant heat flux of 177.7W/m
2
, the temperature of 

working fluid at the inlet of the collector has increased from 22.20ºC to 41.37ºC and from 22.21ºC 

to 38.45ºC for new proposed model and traditional model respectively, illustrating an (18±1.53)% 

increase in working fluid temperature by new proposed model. Subsequently during the 15 

minutes of removed heat flux, the temperature of working fluid at inlet has decreased from 

41.37ºC to 33.92ºC and from 38.45ºC to 31.74ºC for new and traditional models respectively. 

Figure 6-22 illustrates that during the first 90 minutes of constant heat flux the working fluid 

temperature at the outlet of collector of new and traditional models has increased from 22.37
o
C to 

55.29ºC and from 22.44ºC to 49.44ºC correspondingly, illustrating a (21±1.53)% increment in 

working fluid temperature by new proposed model. In addition, during the latter 15 minutes (90-

105minutes) with no heat flux, the temperature of working fluid at the outlet has decreased from 

55.29ºC to 39.03ºC and from 49.44ºC to 35.23ºC for new and traditional models respectively. The 

new proposed model has increased the working fluid temperature at the inlet and outlet of the 

collector by (17±1.32)% and (13.8±1.32)% correspondingly with respect to the traditional model. 
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Figure 6-21 Experimental result for temperature of the working fluid at the inlet of the collector 

for a constant heat flux with on-off fluctuations under no loading for different models 

 
Figure 6-22 Experimental result for temperature of the working fluid at outlet of the collector for a 

constant heat flux with on-off fluctuations under no loading for different models 
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Figure 6-23 depicts the variation in mass flow rate of the working fluid within the closed loop 

thermo-syphon solar water heating for both traditional and new proposed model. It can be seen 

that the mass flow rate increased instantaneously as the heat flux is applied. Within a short period 

after the heat flux is added the mass flow rate reaches the maximum, after which it stabilise up to 

a limit. Subsequently, when the heat flux is removed, the mass flow rate starts to decrease. The 

rate of mass flow rate change during the heat flux addition is higher compared to the heat flux 

removal. Furthermore, the average mass flow rate for the traditional model is higher as compared 

to the new model by 17.1%.  

It can be concluded that the heat flux has a significant effect on temperature and mass flow rate of 

the working fluid within thermo-syphon loop. Hence, it has effect on temperature of water within 

the storage tank and thermal performance of the system. Moreover, based on the analysis 

conducted before, it can be noted that the methodology implemented in the new proposed model 

has improved the thermal performance of thermo-syphon for both constant and transient heat flux 

condition.  

 
Figure 6-23 Compares the experimental results between traditional model and new model for 

mass flow rate of the working fluid within thermo-syphon loop for a constant heat flux with on-

off fluctuations under no loading for different models 
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6.4. Summary of the Design Modification of the Thermo-Syphon 

Throughout this chapter a novel geometric configuration for thermo-syphon has been presented. This 

novel geometric configuration was arrived at by careful numerical analysis of a variety of models with 

different heat transfer enhancement methods.  The analysis revealed that pipe-in-pipe model has best 

heat transfer characteristics. To further strengthen the numerical design an experimental programme of 

work was designed and it has been conclusively proven that pipe-in-pipe model is better than 

conventional thermo-syphon model. The manufacturing details of such model have also been 

presented. Some important observations that have been made during the numerical and experimental 

investigations are listed below.  

 

 The model with the straight inner pipe model and with same amount of working fluid as the 

traditional model shows better thermal performance compared to the other models that have 

been considered at the beginning of this study. Hence, the model with the straight inner 

pipe model and with same amount of working fluid can be considered as the optimum one 

 The average velocity of working fluid within the thermo-syphon is lower for new models as 

compared to traditional model. This is the resultant of higher wall shear stress in new 

models caused by the increase of friction between the fluid and the inner surface wall  

 Pressure difference between the inlet and outlet of collector is less for the traditional model 

as compared to the new models due to the increase of friction between working fluid and 

inner surface area of the riser pipe 

 The quantity of heat gain in collector and the storage tank has been improved in the new 

models as compared to traditional model  

 The thermal performance of system is higher for new model (straight model) as compared 

to traditional model by 12.3% 

 

This chapter has provided information about the effectiveness of the heat enhancement device 

used within the thermo-syphon loop. The flow behaviour in the new models has been analysed for 

various characteristic parameters. Based on this analysis, in next chapter a user friendly and 

reliable methodology for designing a thermo-syphon has been proposed. A detailed description of 

this methodology has been documented in following chapter (DESIGN MODELLING). 
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CHAPTER 7  

7. DESIGN MODELLING   
 

In this chapter, a new methodology to design a closed loop thermo-syphon solar water 

heating system has been presented. This methodology provides a detailed investigation 

regarding geometrical parameters of thermo-syphon loop, thermal and flow parameters of 

working fluid within thermo-syphon loop. Furthermore, a new design approach based on the 

developed correlations has been described. 
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7.1. Description of the main equations to be used in the design methodology 

According to the results, which have been obtained in chapter five from numerical investigations, 

a new methodology has been created to carry out design analysis of a closed loop thermo-syphon 

solar water heating system. This methodology depends on semi-empirical correlations for the 

prediction of Nusselt number, Reynolds number, temperature of plate and working fluid 

temperature at the inlet and outlet of collector, and these relations have been developed by using 

multiple variable regression analysis.  

 

7.1.1. Heat Load Required 

In order to determine the required amount of heat to meet the demand, several parameters should 

be considered such as number of persons using hot water, the inlet, and outlet temperature of 

water. The load on the water heating system can be represented as [133]: 

 

          (       )                                                 (7.1) 

 

where    denotes the number of persons,    the volume of hot water used by each person,      the 

required hot water temperature and      the initial water temperature. 

As the amount of water usage varies enormously person to person, it is difficult to quantify the 

precise amount of water use. Therefore, based on reviewed literature an average of 7.5-15L [134] 

water usage per day for each person has been considered in this present study. 

 

7.1.2. Area of the Collector 

 The required collector area can be estimated as in Eq. (7.2).  

   
  

    
                                                                  (7.2) 

In this case    denotes the useful heat, which is similar to the heat load (  ) as in previous 

equation.     is the efficiency of the collector,    the solar intensity, and    the collector area. 

According to [7], the value     lies between (40% and 60%). In addition, the collector area 

depends on the number of riser pipes (  ), length of riser pipes ( ) and the distance between 

centre to centre of pipes ( ), which can be represented as: 

                                                              (7.3) 
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7.1.3. The Mean and Collector Wall Temperature 

To calculate collector plate‘s temperature, Eq. (7.4) can be used. 
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where      is the mean temperature of working fluid and can be computed as: 
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To estimate the inlet (  ) and outlet (  )temperature of working fluid, Eq. (7.6) and (7.7) which 

have been obtained from multiple variable regression analysis in chapter five can be used. 
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(       )     

(     )
                                                    (7.8) 

and 

   
(   )    

(     )
                                                                (7.9) 

While designing a thermo-syphon system the following parameters should be considered 

carefully: 

qmax= maximum heat flux during the day 

q=minimum heat flux during day 

TL=maximum thermal loading during day 

TLave=average thermal loading during day 

          
= time of minimum heat flux occurrence 

          
= time of maximum heat flux occurrence  

 

7.1.4. Specifications of the Collector 

In order to estimate Nusselt number, Eq. (7.10) can be used which has been obtained from 

multiple variable regression analysis according the results, which have been obtained from chapter 

five by CFD technique. 
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Nu is Nusselt number and can be calculated by the following expression:  

   
   

 
                                                                 (7.11) 

where h is the heat transfer coefficient, calculated using the following expression: 

  
 

(          )
                                                               (7.12) 

The riser pipe diameter can be equated by combining the above-mentioned Eq. (7.11), (7.12), and 

(7.10). 
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According to the ratio of length to diameter, the length of riser pipe can be calculated by the 

following form: 

  
 

 
                                                                 (7.14) 

 

7.1.5. Mass Flow Rate 

The mass flow rate of the working fluid within the thermo-syphon loop can be estimated by using 

the following expression:   

 ̇  
       

 
                                                              (7.15)                                                       

where    is Reynolds number that can calculate by Eq. (7.16) which, has been developed in 

chapter five. 
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7.1.6. Collector Heat Removal Factor 

The heat removal factor can be calculated as:  

   
  

  [        (     )]
                                    (7.17) 

 

The value of the solar radiation intensity (  ) and the overall heat losses of collector (U) can be 

estimated by equations (Chapter one).  

Eq. (7.18) can be used to predict the collector efficiency factor. 
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where  
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                                                             (7.19) 

The efficiency of fin (F) is calculated as: 

  
    *

 (   )
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 (   )

 

                                                         (7.20) 

  √
 

   
                                                                     (7.21) 

The net energy (useful heat) achieved by the working fluid from the solar energy, can be 

calculated as: 

    ̇  (     )                                                     (7.22) 

 

7.2. Design Procedure 

The design process in the present work endeavours to track the thermal performance of a closed 

loop thermo-syphon solar water heating system. This process enables the designer to invetigate all 

possible configurations of the system numerically, which reduces the experimental work, saves 

money and time. 

 
 

7.2.1. Assumptions used in the Design Methodology  

1. Frictional pressure losses in the pipes are neglected because the loop pipe lengths are short, 

the mass flow rate is low, and the dominated pressure gradient is gravitation which is several 

orders of magnitude greater than the friction pressure drop 

2. The upriser and downcomer are assumed to be well insulated and the thermal losses from 

these components are ignored 

3. Through-out the thermo-syphon loop, the saturation temperature is constant 

 

7.2.2. Design Steps 

In order to calculate the theoretical value of useful energy (  ), various parameters should be 

calculated. The following section describes the steps and the sequence of this calculation 

procedure. The required parameters that need to be considered to obtain the useful energy, are the 

overall heat transfer coefficient (U), the heat transfer coefficient (h), the mass flow rate of 

working fluid within the thermo-syphon loop ( ̇), diameter of riser pipe (D), inlet (  ), and outlet 

(  ) temperatures of the working fluid, mean temperature of the working fluid (    ), temperature 

of the plate (     ), area of the collector (  ) and the distance between two riser pipes (w).  
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The design procedure is explained in the following steps: 

 

1. The number of persons who will be using the facility is an input. 

2.  The initial temperature of water within the storage tank is an input, which will depend on 

the weather, and determines the final temperature of water (required water‘s temperature). 

3. Calculate the total heat load by using Eq. (7.1) 

4. The number of days in the year (N), geographic characteristics of location (          ), tilt 

angle of collector ( ), and standard time (  ) are defined 

5. The given operating conditions air temperature (  ), velocity of air ( ), the initial 

temperature of working fluid (   ) are also known. 

6. System properties (                           ) are defined 

7. Calculated solar radiation intensity (  ) by using set of equations presented in section 1.8.1 

8. Calculate the heat fluxes at each hour by using Eq. (3.21) 

9. Assume the value of the efficiency of thermo-syphon (0.4 – 0.6) and then keep it constant 

10. Calculate area of collector (  )  by using Eq. (7.2) 

11. Calculate the useful heat Q1 in (W) based on minimum the heat flux (step 8) and collector 

area (step 10)   

12. Assume the riser pipe number and L/d ratio 

13. Calculate the inlet (  ) and outlet (  ) temperatures by using Eq. (7.8) and (7.9) 

respectively and hence calculate the mean temperature of working fluid (    ) by using 

Eq. (7.5). After that, calculate the mean temperature of the absorber plate (     ) by using 

(7.4). Then calculate the diameter of riser pipe (D) and Reynolds number (Re) by using 

Eq. (7.13) and (7.16) respectively. Hence, calculate the mass flow rate of working fluid 

( ̇) within the thermo-syphon loop using Eq. (7.15) 

14. Calculate the heat transfer coefficient by using Eq. (7.11) and (7.12) 

15. Calculated the heat loss coefficient ( ) using set  of equations presented in section 1.8.3  

16. Calculate the length of the riser pipe and the distance between any two riser pipe (W) 

using Eq. (7.2), (7.14) and (7.3) respectively  

17. Calculate width of collector based on collector area and length of the riser pipe 

18. Calculate the useful heat gain at collector Q2 based on different combination of  riser pipe 

number and L/d ratio by using Eq. (7.22) 

19. Compare between the useful heat gain Q2 (step 18) and the useful heat Q1 (step 11) 

20.  Record and save all cases cover the useful heat gain at the collector 

Figure 7-1 shows a flow chart regarding the design methodology adopted in this study. 
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Figure 7-1 Flow chart of the design methodology 

 

7.3. The Cost model for the thermo-syphon 

The total cost of (system) a closed loop thermo-syphon solar water heating system consists of 
three main parts: manufacturing cost, operation cost and maintenance cost. 

                                                                 (7.23) 

Being a closed loop thermo-syphon solar water heating system does not have external devices like 

pump and it depends on solar energy, which is completely free, therefore the operation cost and 

maintenance cost can be assumed to be negligible. Hence, the total cost will be equal to 

manufacturing cost as shown in below: 

                                                                                 (7.24) 
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Generally, manufacturing cost consists of two parts: the cost of parts of thermo-syphon and 

personal cost as shown in Eq. (7.25). 

                                                                          (7.25) 

As mentioned in section 1.4 thermo-syphon solar water heating system consists of a storage tank, 

working fluid, and thermo-syphon loop. The common working fluid within thermo-syphon loop is 

water and it is inexpensive. Therefore, the cost of the working fluid can be ignored. Thus, cost for 

the component can be written as:  

                                                                      (7.26) 

Thermo-syphon loop commonly consists of three sections namely solar collector, condenser, and 

connecting pipe (upriser and downcomer). Solar collector mainly consists of; riser pipes, absorber 

plate, glazing cover and insulation. All these components are assembled in a proper encasement.  

                                                                    (7.27) 

 

7.3.1. Cost of the Pipe 

The pipe cost can be estimated, by Eq. (7.28) which is given by [135]. This equation uses the 

dimension of the pipe to calculate the cost.   

          (   )                                         (7.28) 

where  , is the outer diameter of pipe (mm),    is thickness of pipe (mm),   is the total length of 

pipes (km),   is density of material and    is cost of pipe material (£/ton).  

 

7.3.2. Cost of Absorber Plate  

Absorber plate cost depended on volume and material. Most of the absorber plate comprises of 

copper due it's higher conductivity. The absorber plate cost can be calculated by using the formula 

below. 

                                                       (7.29) 

where              denotes the length of plate, width of plate, thickness of plate   is density of 

material and the unit of cost is £/ton. 
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7.3.3. Cost of Insulation 

The insulation cost can be calculated from the equation formulated below, which is a function of 

insulation volume: 

                                                          (7.30) 

 

where    denotes the insulation cost per one cubic meter. 

  

7.3.4. Cost of the Casing 

The aluminium is used as the casing material for a closed loop thermo-syphon solar water heating 

system for several reasons such as inexpensive, light, higher resistance and easy manufacturing. 

Eq. (7.31) denotes an equation that can be implemented to estimate the cost for aluminium per 

volume.  

                                                         (7.31) 

where    denotes the aluminium cost per one cubic meter. 

 

7.3.5. Cost of the Tank 

Based on the capacity and material, the cost for the storage tank can be determined. To estimate 

the cost of tank, the formula below can be used, which depended on capacity and material of tank. 

                                                           (7.32) 

where    and    denotes the capacity of tank and the cost of tank per 60L capacity.   

 

7.4. The Optimisation Model  

Design optimisation of thermo-syphon is very important in order to make it an efficient and 

commercially available device. The following section of this chapter includes the process to 

define the optimised model. The thermo-syphon will be designed based on the useful heat that 

covers the minimum heat flux in the collector and the lowest manufacturing costs as well. In order 

to obtain the optimised case certain steps need to be followed, which are mentioned below: 

 

1. Input all cases that cover the useful heat gain at the collector 

2. Calculate the total length of pipes 

3. Calculate the cost of pipes by using Eq. (7.28) 

4. Estimate the capacity of the storage tank based on number of persons  

5. Calculate the storage tank cost by using Eq. (7.32)  
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6. Calculate width of collector based on collector area and length of the riser pipe 

7. Calculate the cost of plate, insulation, casing by using Eq.(7.29), (7.30) and (7.31) 

respectively 

8. Calculate the total cost for all cases that cover  the useful heat gain 

9. Choose case which has minimum total cost as optimal case 

Figure 7-2 shows a flow chart regarding the optimisation model displayed in this study. 

 
Figure 7-2 Flow chart of the optimisation model 

 

7.5. Design Example for a Closed Loop Thermo-Syphon System 

This section will illustrate the procedure and the steps of designing a thermo-syphon system for a 

small family with five persons living in Huddersfield. Two calculations will be shown for both 

traditional and new model. In addition, the cost for each model will be estimated for comparison 

purpose.  Following parameters have been assumed for this sample calculation. 
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Assume, the total solar radiation intensity (  ) value is 5600W/m
2
.day, the initial water 

temperature is 20
o
C, required water temperature is 60ºC, the collector efficiency is 50% and the 

initial temperature of working fluid is 15ºC. Moreover, the total solar radiation intensity can also 

be calculated by the equation and MATLAB code provided in the APPENDIX B. Heat fluxes and 

thermal loading are presented in the table below for different time. 

Time (hour) 9-10 10-11 11-12 12-13 13-14 14-15 15-16 

Heat flux (w/m
2
) 196 313 401 433 401 313 196 

Thermal loading (W) 4.25 3.75 3.4 2.5 2.5 3.25 3.25 

 

Solution:  
 

7.5.1. Traditional Model 

1. From Eq. (7.1) can be calculated the amount of heat to heat the water within the 

storage tank  

   (           (     ))        

        /day 

From Eq. (7.2) can be calculated collector area. 

   
  

    
 

   
    

        
 = 1.403m

2
 

2. Calculate the useful heat Q1 in (W) based on minimum heat flux and collector area as 

below: 

             =274.98W 

3. Assume number of riser pipes =6, and the L/d ratio of riser pipes =100 

 

4. From Eq. (7.8) and (7.9), the temperature of the working fluid at inlet and outlet of the 

collector can be calculated 
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( )      (   )     
=0.4217 
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     ( )       (   )      
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=1.3752 

   
(                             )    

(               )
 = 47.04ºC 

   
(             )    

(               )
 = 70.4ºC 

By using Eq. (7.5) can be evaluated that the reference temperature of working fluid 

     
          

 
 =58.72ºC 

5. From Eq. (7.4) can be estimated that the plate temperature of collector will be 

      
      (     ) (

   

   
)

      

(  
    

    
)

      
( )      (   )      (

  

  
)

     =64.68ºC 

6. From Eq. (7.13) can be estimated that the inner diameter of the riser pipe will be 

  
(           )    

   
[
     (

   

   
)

     
( )     (   )     (

  

  
)

      

(  
    

    
)

      ]=0.0162m 

7. From Eq.(7.14) can be calculated that the length of riser pipe is: 

  
 

 
   

                   

8. From Eq. (7.13) can be estimated that the distance from centre to centre of riser pipe 

is: 

                

  0.144m 
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9. From Eq. (7.16) can be estimated that the Reynolds number is: 

         (
   

   
)

     
(  

    

    
)

     
 ( )      (   )     (

  

  
)

     
=352.48 

10. By using Eq. (7.15) can be calculated that the mass flow rate of working fluid within 

the thermo-syphon loop as: 

 ̇  
                           

 
 =0.0046Kg/s 

11. From Eq. (7.12) can be calculated that the heat transfer coefficient is: 

  
   

(           )
       W/m

2
.ºC 

12. Calculate the useful heat gain in collector by using Eq. (7.22) 

               (          ) =449.703W 

13. Repeat all the steps above for all options of the number of the riser pipes and L/d ratio 

14. Take just the cases which are covered the useful heat Q1 

15. In order to estimate the cost of thermo-syphon system, the following steps can be used 

According to the current market, components prices of thermo-syphon listed in Table 7-1 

Table 7-1 Various costs of thermo-syphon components 

Components Price  

Copper 6300£/ton 

Sheet aluminium 13654£/m
3
 

Insulation 347£/m
3
 

To estimate the cost of pipe, total length of thermo-syphon loop should be calculated first. In this 

case, the total length of pipes can be calculated as below:  

  

The total pipes length= (1.62*6) + (1.36*2) +0.5+2.12+0.866=15.92m 

Figure 7-3 depicts the dimensions of thermo-syphon loop and by using Eq. (7.28), the cost of 

pipes can be calculated assuming that the pipe has a thickness of 0.9mm. 

      (          (      )                  )     =£43.37 
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Figure 7-3 The dimensions of thermo-syphon loop (traditional model) 

 

By using Eq. (7.29), absorber plate cost can be calculated. 

                (                           )      

=£55.372 

To estimate cost of insulation, Eq. (7.30) can be used. 

            (((          )  ((       )  (      ))      )      )      

=£39.869 

By using Eq. (7.31) the casing cost can be evaluated. 

        (((          )  ((       )  (      ))      )       )        

=£94.13 

While, to calculate the storage tank cost, Eq. (7.32) can be used. 

              

=£56.25 
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Assume that the personal cost of £50. 

Finally, the total cost for the system is £338.991, which can produce 449.703W. Therefore the 

cost for per unit heat is 0.754£/W. 

 

Repeat the above steps to calculate the total cost for all cases. The optimum case has been chosen 

with two prior conditions. The first condition is the useful heat gain should be close to the heat 

achieved from the Sun rays to attain best thermal performance. The second condition is the cost 

for the system should be less. Table 7-2 summarises the total cost of thermo-syphon per watt 

thermal output for various combinations of riser pipes number and length to diameter ratio of the 

riser pipe. It can be clearly seen that the case with 6 riser pipes and L/d ratio of 100 is the 

optimum case.   

Table 7-2 The cost per watt for different number of pipes and L/d ratio 

L/d 
np 

5 6 7 8 9 10 

50 0.8709 0.8281 0.8032 0.7899 0.7849 0.7861 

60 0.8283 0.7957 0.7790 0.7731 0.7749 0.7829 

70 0.8000 0.7756 0.7660 0.7666 0.7751 0.7902 

80 0.7808 0.7635 0.7604 0.7675 0.7830 0.8061 

90 0.7679 0.7572 0.7603 0.7741 0.7974 0.8300 

100 0.7597 0.7450 0.7646 0.7857 0.8179 0.8624 

110 0.7594 0.7564 0.7726 0.8019 0.8449 0.9046 

120 0.7620 0.7606 0.7841 0.8228 0.8791 0.9586 

130 0.7746 0.7902 0.8229 0.8733 0.9462 1.0518 

140 0.7771 0.7993 0.8408 0.9042 0.9980 1.1401 

150 0.7813 0.8107 0.8622 0.9415 1.0626 0.0000 

Minimum value 0.7594 0.7550 0.7603 0.7666 0.7749 0.0000 

Optimum value  0.7450     

     

7.5.2. A design example for the novel Model 

A new design proposed to increase surface area of the riser pipe without changing amount of 

working fluid within the thermo-syphon loop is presented here. The diameter of riser pipe is very 

important in this case, hence equality of the volume of working fluid within the thermo-syphon 

loop, can be used to calculate the diameter for new model from the constraint as shown below: 

                                                                     (7.21) 

1. Assume the length of riser pipe for new model is equal to 0.95 of length of riser pipe for 

traditional model. While, length of a closed tube is equal to 0.9 of length of riser pipe for 

traditional and the diameter is equal to the diameter of riser pipe for traditional model 
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2. To calculate the inner diameter of the riser pipe for new model, first step is calculated 

hydraulic diameter, as bellow: 

           =      -0.0162=0.0067m 

3. Calculate Reynolds number by using Eq. (7.16) based on hydraulic diameter, then 

calculate mass flow rate of working fluid by using Eq. (7.15) 

   
     (

   

   
)

     
(   )     

(  
    

    
)

     
( )     

 548.48 

 ̇  
                            

 
 =0.00297kg/s 

4. Calculate temperature of working fluid at inlet and outlet of collector by using Eq. (7.8) 

and (7.9) based on hydraulic diameter 

 = 
       (

   

   
)

      
(  

    

    
)

      
 

( )      (   )       = 0.4217 
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      ( )       (   )      

 (
   

   
)

     
(  
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 = 1.3752 

   
(       )   

(     )
 = 47.04ºC 

   
(   )  

(     )
 = 70.4ºC 

5. By using Eq. (7.5) can be evaluated that the reference temperature of working fluid is: 

     
          

 
 =63.29ºC 

6. Calculate temperature of collector plate by using Eq. (7.4) based on hydraulic diameter 

      
      (     ) (

   

   
)

      
(  

    

    
)

     

( )      (   )       =64.68ºC 

7. From Eq. (7.12) can be calculated that the heat transfer coefficient is: 

  
   

(           )
 76.26 W/m

2
.ºC 

8. In order to estimate the cost of thermo-syphon system,  the steps are shown below: 

  

As mention in previous section that to estimate the cost of pipes, first total length of pipes for 

the thermo-syphon loop should be calculated. Since, there are two pipes with different 

diameter; length of each type of diameter should be calculated separately.  

 

                                           

  (      )    (      )                        

                                             (      )         
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Figure 7-4 The dimensions of thermo-syphon loop (new model) 

 

From Eq. (7.28), the cost of pipes can be calculated. 

      (          (      )                 )     =£40.59 

      (          (    )                )     =£39 

                    

By using Eq. (7-29), absorber plate cost can be calculated. 

                (                           )      

=£55.372 

To estimate cost of insulation, Eq. (7.30) can be used.  

            (((          )  ((       )  (      ))      )      )      

=£39.869 
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By using Eq. (7-31), the casing cost can be evaluated. 

        (((          )  ((       )  (      ))      )       )        

=£94.13 

While, to calculate the storage tank cost, Eq. (7-32) can be used. 

              

=£56.25 

Assume that the personal cost of £50. 

Finally, the total cost is £375.211. 

Based on aforementioned analysis of cost and the heat gain in the storage tank for both a new 

model and the traditional model can be explained as below. 

 

1- The total cost of traditional model is £338.991while the total cost of the new model is 

£375.211. That the total cost  for new model has increased by 10.6% in comparison to 

traditional model 

2- Based on results from previous chapter the heat gain in the storage tank for new model is 

higher as compared to traditional model by 12.3%. That means that the thermal performance 

of the new model is higher than as compared to the traditional model 

3- It can be concluded that although the cost of new model is higher than traditional model but 

the output from the new model is higher than output of traditional model 

 

7.6. Design Charts for Designing Thermo-syphons 

In order to make the design of thermo-syphon more easer, designing charts of thermo-syphon 

configuration have been generated. The following sections show the evaluated design parameters 

and the performance parameters of a closed loop thermo-syphon solar water heating system for 

various combinations of geometrical and operational parameters. These results represent the case 

of Huddersfield location with 15
th
 of March‘s heat flux and thermal loading of a weekday. All 

charts have been created based on the assumptions below   

qmax= maximum heat flux during day  

q=minimum heat flux during day 

TL=maximum thermal loading during day 

TLave=average thermal loading during day 
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= time of minimum heat flux occurrence 

          
= time of maximum heat flux occurrence  

 

7.6.1. Geometrical Parameters 

Figure 7-5 depicts the variation in collector area with respect to the number of hot water users. 

According to the figure, the required collector area increases as the number of water users 

increased. Moreover, it can be seen that if the number of users and efficiency of collector remains 

constant, higher output temperature can be gained by increasing the collector area. Moreover, the 

collector area requirement is a function of number of users. It increases from 1.24m
2
 to 3.32m

2
 

when the number of users increased from three to eight. Furthermore, the demand output 

temperature has a significant effect on the collector area. At demand output temperature of 60ºC 

for 8 persons with the efficiency of 50%, the collector area was 2.41m
2
 while it was 3.02m

2
 at 

demand output temperature of 70ºC. It can further be concluded that the demand output 

temperature has more effect on the collector area as compared to number of users. 

 
Figure 7-5 Collector area variations against number of people for various efficiency of collector 

and different required temperature 
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After determining the collector area from figure 7-5 based on the number of persons and required 

water temperature, the next step is to calculate the useful heat gain in collector based on minimum 

heat flux.  

                                                                       (7.22) 

From Figure 7-6 and based on the value of useful heat gain in collector which is calculated from 

Eq. (7.22), the number of riser pipes and L/d ratio can be defined. The number of riser pipes and 

L/d ratio determine geometrical parameters of thermo-syphon such as the diameter, length of the 

riser pipes etc. Furthermore, the number of the riser pipes and L/d ratio can also be used to 

determine the thermal parameters such as Reynolds number and heat transfer coefficient.  

Figure 7-6 depicts the variation in heat gains within collector for various L/d ratios of the riser 

pipes at a heat flux corresponding to 15
th
 March under thermal loading condition of weekday. It 

can be seen that the both of L/d and number of riser pipe have a significant effect on useful heat. 

However, the effect of L/d ratio of riser pipe on useful heat is higher as compared to number of 

riser pipes. For example, increase in L/d ratio from 50 to 100 at number of riser pipe of 5,  the  

useful heat will increase by 41%, while incresing number of riser pipe from 5 to 9 at L/d=50 the 

useful heat will increase by 23%. From this investigation, it can be concluded that the length to 

diameter ratio of riser pipe has more significant impact on the increase of collector‘s area in 

comparison with the number of pipes. Therefore, increasing the length to diameter ratio of the 

riser pipes will help to increase the surface area of the collector and improve the useful heat gain 

of the system. From this chart, useful heat within collector can be obtained based on number of 

riser pipe and length to diameter ratio of riser pipe. 

Figure 7-7 depicts the variation in diameter of riser pipe for a various L/d ratios of the riser pipes 

at a heat flux corresponding to 15
th
 March under thermal loading condition of the weekday. It can 

be seen that the diameter of the riser pipe increases with an increase in the number of the riser 

pipes for L/d less than 70, which is the average value of L/d values (50-100). However, for L/d 

more than 70, the diameter of riser pipe starts to increase with an increase of riser pipe number 

and after a certain riser pipe number it (diameter) starts to decrease. Furthermore, increase in L/d 

leads to decrease in the diameter of riser pipe for any number of riser pipes. This happens in order 

to keep the same collector area, for example, with an increase in L/d from 50 to 100 at a constant 

number of the riser pipes 9, the diameter will decrease from 0.016m to 0.012m. This leads to 

decrease in distance between pipe to pipe and increase in length of the riser pipe. It can be 

concluded that the L/d ratio has a significant effect on diameter value of the riser pipe as 

compared to the number of riser pipe. From this chart, the diameter of riser pipe can be obtained 

based on number of riser pipe and length to diameter ratio.  
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Figure 7-6 Heat gains variations within collector against number of riser pipe for various L/d 

ratios on 15
th
 March 

 
Figure 7-7 Diameter of riser pipe against number of riser pipe for various L/d ratios at minimum 

heat flux on 15
th
 March 
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Eq. (7.3) depicts that the collector area is a function of riser pipe‘s length, numbers of riser pipes 

and distances between two riser pipes. Therefore, it is important to estimate the riser pipe length 

to define the collector length. Figure 7-8 depicts the variation in the length of riser pipe for 

various L/d ratios of the riser pipes at a heat flux corresponding to 15
th
 March under thermal 

loading condition of the weekday to meet the useful heat requirement. It can be seen that the 

length of riser pipe increases with increase in L/d value. From this chart, the length of riser pipe 

can be obtained based on number of riser pipe and length to diameter ratio.  

 
Figure 7-8 Length of riser pipe against number of riser pipe for various L/d ratios on 15

th 
March 

 

According to the Eq. (7.3), the distance between two neighbouring riser pipes is another important 

parameter to define the collector area, which indicates the performance of thermo-syphon. The 

effect of number of riser pipes and L/d of the riser pipes on the distance between pipes for a fixed 

collector area has been investigated in this sector and is shown in the Figure 7-9. This 

investigation has been conducted for various L/d ratios of the riser pipes at a heat flux 

corresponding to 15
th
 March under thermal loading condition of the weekday. The distance 

between the centres of two adjacent riser pipes have been represented as fins. According to the 

findings, the number of riser pipes has a significant effect on the distance between two adjacent 

riser pipes. While, the length to diameter ratio of riser pipes have very small impact on the 

distance between the centres of two adjacent pipes. The distance between two neighbouring riser 

pipes decreases from 0.177m to 0.109m when the number of riser pipes increases from 5 to 9 for 

L/d of 100 and collector area of 1.401m
2
. At the same time, an increase in L/d from 50 to 100 

leads to an increase in the distance between the riser pipes from 0.175m to 0.177m. From this 

chart, the distance between centres of pipe-to-pipe can be obtained based on number of riser pipe 

and length to diameter ratio.  
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Figure 7-9 Distance between pipe-to-pipe against number of riser pipe for various L/d ratios on 

15
th
 March 

 

7.6.2. Thermal and Flow Parameters of the Working Fluid 

Figure 7-10 depicts the Reynolds number variations within thermo-syphon loop for various L/d 

ratios of riser pipes at a heat flux corresponding to 15
th
 March under thermal loading condition of 

the weekday. It can be seen that the Reynolds number of working fluid within upriser pipe 

increases with an increases in L/d and the number of riser pipes. However, the effect of L/d on the 

Reynolds number of the working fluid in the upriser is more significant as compared to the 

number of riser pipes. From the following chart, Reynolds number of working fluid can be 

obtained based on number of riser pipes and length to diameter ratio of riser pipes.  

Figure 7-11 depicts the variation in plate temperature of collector for various L/d ratios of the riser 

pipes at a heat flux corresponding to 15
th
 March under thermal loading condition of the weekday. 

It can be seen that the length to diameter ratio of riser pipe has a significant effect on temperature 

of plate, whilst the number of riser pipes has a small effect on plate temperature. It is obvious 

from the fact that more riser pipes lead to increased amount of working fluid within the thermo-

syphon loop with same collector area. From this chart, temperature of the absorber plate can be 

obtained based on number of riser pipes and length to diameter ratio of riser pipe.  
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Figure 7-10 Reynolds number variations against number of riser pipe for various L/d ratios on15

th
 

March 

 

 
Figure 7-11 Static temperature of plate of collector against number of riser pipes for various L/d 

ratios on 15
th
 March 
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Figure 7-12 depicts the variation of overall heat transfer coefficient of collector for various L/d 

ratios of riser pipes at a heat flux corresponding to 15
th
 March under thermal loading condition of 

the weekday. It can be seen that the length to diameter ratio of riser pipe has a significant effect on 

overall heat transfer, whilst the number of riser pipe have a small effect on plate temperature. One 

of the most important parameters to predict the heat loss from collector is the overall heat transfer. 

It is obvious from the fact that increase in the length of riser pipe leads to increase of overall heat 

transfer coefficient. From this chart, overall heat transfer coefficient of the absorber plate can be 

obtained based on number of riser pipe and length to diameter ratio of riser pipe.  

 
Figure 7-12 Overall heat loss cofficient of collector against number of riser pipe for various L/d 

ratios on 15
th
 March 

 

Figure 7-13 depicts the variation in heat transfer coefficient of working fluid within collector for 

various L/d ratios of riser pipes at a heat flux corresponding to 15
th
 March under thermal loading 

condition of the weekday. It can be seen that the heat transfer coefficient of working fluid 

increases with an increase in both L/d and number of riser pipes. One of the most important 

parameters to predict the thermal performance of collector and hence predict the performance of 

the thermo-syphon system is heat transfer coefficient. From this chart, heat transfer coefficient 

within collector can be obtained based on number of riser pipe and length to diameter ratio of riser 

pipe.  

3.6

3.65

3.7

3.75

3.8

3.85

5 6 7 8 9

U
 (

W
/m

2
.º

C
) 

np 

L/d=50 L/d=60

L/d=70 L/d=80

L/d=90 L/d=100



DESIGN MODELLING 

 

DESIGN, DEVELOPMENT AND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEM FOR DOMEISTIC APPLICATIONS           
BY BASIM FREEGAH, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016) 

                                               200 

 
Figure 7-13 Variation in heat transfer coefficient within collector against the number of riser pipe 

for various L/d ratios on 15
th
 March 

 

Figure 7-14 depicts the variation in outlet temperature of working fluid within collector for 

various L/d ratios of the riser pipes at a heat flux corresponding to 15
th
 March under thermal 

loading condition of the weekday. It can be seen that the temperature of working fluid at outlet of 

collector increase with increases L/d is higher as compared to increase number of riser pipe. The 

temperature of working fluid provide an indication about the thermal performance of collector and 

hence the performance of system. Furthermore, to determine the properties of working fluid we 

should know the reference temperature, which is equal to the average temperature between 

temperature at inlet and outlet of the collector. From this chart, outlet temperature of working 

fluid can be obtained based on number of riser pipes and length to diameter ratio of riser pipe.  

Figure 7-15 depicts the variation in inlet temperature of working fluid within collector for a 

various L/d ratios of the riser pipes at a heat flux corresponding to 15th March under thermal 

loading condition of the weekday. It can be seen that the L/d has more significant impact on the 

temperature of working fluid at inlet of collector as compared to the number of riser pipe. From 

this chart, inlet temperature of working fluid can be obtained based on number of riser pipe and 

length to diameter ratio of riser pipe. 
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Figure 7-14 Variation in outlet temperature within collector with number of riser pipe for various 

L/d ratios as obtained on 15
th
 March 

 

 
Figure 7-15 Variation in inlet temperature within collector with number of riser pipe for various 

L/d ratios as obtained on 15
th
 March 
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7.6.3. The Design Steps 

The following section shows the design steps for a closed loop thermo-syphon solar water heating 
system using charts.  

1- Based on number of persons and required temperature, collector‘s area can be calculated 

from figure (7-5) 

2- Based on the area of collector and minimum heat flux, the useful heat gain at the collector 

can be calculated from Eq. (7.22) 

3- Number of riser pipes and L/d can be estimated based on the useful heat gain at the 

collector and figure (7-6) 

4- Based on number of the riser pipes and L/d, the diameter of the riser pipe can be 

determined from figure (7-7) 

5- Based on number of the riser pipes and L/d from figure(7-8), the length of the riser pipe 

can be estimated 

6- The distance between the two neighbouring pipes can be estimated from figure (7-9) based 

on number of riser pipes and L/d 

7- From figure (7-10) and with defined number of the riser pipes and L/d, Reynolds number 

of working fluid can be estimeted. Hence, the mass flow rate of working fluid can be 

calculated using the estimted Reynold number 

8- Based on number of the riser pipes, L/d and figure (7-11), the temperature of plate of 

collector can be evaluated 

9- The overall heat loss cofficient of collector can be evaluated from figure (7-12), and the  

number of riser pipes and L/d 

10- For certain number of the riser pipes, L/d, the heat transfer coefficient can be estimated 

from figure (7-13) 

11- The inlet and outlet temperature of working fluid can be defined from the figure (7-15) and 

figure (7-14) for a predefined number of the riser pipes and L/d  

 

7.7. Summary of Design process development for the Thermo-syphon 

A novel design methodology has been presented that can be used to design thermos-syphons for 
practical use. Design charts have also been presented that can be used to design a thermos-syphon 

system for a given set of requirements. Based on parametric investigations the following 

outcomes are presented: 

 

 The demand output temperature has more effect on the collector area as compared to 

number of users  

 The riser pipe number has more significant effect on the pipe to pipe distance as compared 

to L/d ratio 
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 A collector area of 1.403m
2
 was required to heat 75L of water from 15

o
C to 60

o
C on a 

clear day in Huddersfield on 15
th
 March 

 The heat transfer coefficient of working fluid within thermo-syphon loop for a new model  

was approximately double as compared to the traditional model   

 The cost for new model was more than the cost for traditional model due to bigger 

diameter of the riser pipe and secondary straight pipe inside the riser pipe in the new 

model 

 

Furthermore, based on the numerical analysis conducted in Chapter 5, a design methodology has 

been proposed to ease the thermo-syphon designing process. In addition, this design methodology 

can be used by a closed loop thermo-syphon system designers with reasonable accurcy as 

illustrated above in the design example.Furthermore, in this chapter, an optimisation approach has 

been suggested to reduce the cost and improve the thermal performance of system.  
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CHAPTER 8 

  8. CONCLUSIONS 
 

This chapter concludes the thesis by summarising the achievements of this research. In this 

thesis, experimental and numerical investigations have been conducted on a thermo-syphon 

system to analyse the flow of working fluid within the thermo-syphon loop and storage tank. 

Moreover, a design methodology for a closed loop thermo-syphon solar water heating 

system has been developed. Furthermore, requirements for future work in the field of a 

closed loop thermo-syphon solar water heating system have been defined. 
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8.1. Research Problem Synopsis 

In recent decades, the use of solar energy to produce hot water has become more significant 

globally due to reasons, such as unlimited resource of solar energy and depletion of fossil fuels. 

Several studies have reported that use of solar technology has increased. Since 1980, 

implementation of this technology has increased dramatically [136] with about 70 million houses 

are now using solar energy in order to heat water for their daily use [137]. Although, there are 

many research studies conducted in the area of thermo-syphon, most of these studies lacked the 

detailed analysis on several important parameters (heat transfer coefficient, heat gain in collector 

and heat gain in the storage tank), which have significant impact on the thermal performance of  

thermo-syphon. Furthermore, majority of these studies did not consider the flow behaviour of 

working fluid like temperature distribution and velocity profile within thermo-syphon loop. 

According to literature review in chapter two, number of objectives have been formulated, which 

determines the scope the present research study. The objectives and scope of this research are to 

predict the flow behaviour within the thermo-syphon more accurately. The main aims of this study 

and the major achievements and contributions that have been achieved during this study have 

been presented in a summary form in the following sections of this chapter. 

 

8.2. Research Aims and Major Achievements 

Based on extensive literature review regarding thermo-syphon solar water heating, the main aims 

of the thesis are given below with a summary of how these aims have been achieved. 

 

Research Aim # 1: Parametric investigation on various geometrical and flow variables of a 

thermo-syphon 
 

Achievement # 1: A commercial CFD package has been used to create a virtual domain of the 

working fluid within the thermo-syphon. The model makes use of the control volume numerical 

technique for solving the governing equations of mass and heat transfer. The numerical model has 

been verified against the experimental result, which shows a good agreement. Subsequently, 

similar approach has been taken to analyse other cases with various geometrical and 

characteristics parameters. The model has been tested for various length to diameter ratios of 

connecting pipes (L/d =50, 75 and 100) for different heat flux obtained on 15
th
 March, 15

th
 Jun 

and 15
th
 September respectively being applied to the riser pipes, simulating the effect of the solar 

rays on these pipes. The whole model is made with an inclination of 53º to capture the natural 

convection phenomena occurring in the thermo-syphon. In order to analyse the effect of the 

number of riser pipes on the performance output of the thermo-syphon, five, seven and nine riser 

pipes have been modelled separately in the thermo-syphon model. It has been assumed that the 

thermo-syphon is in operation under transient load condition of working day and weekend. 
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The temperature and velocity distributions of working fluid within the thermo-syphon loop and 

water within the storage tank have been analysed qualitatively and quantitatively. Qualitative 

analysis has been used to show the velocity and temperature profile of water and working fluid 

within the storage tank and thermo-syphon loop respectively. While, the quantitative analyses 

have been conducted to illustrate the temperature, mass flow rate and heat transfer coefficient 

distributions of working fluid within the thermo-syphon loop. In addition, the temperature 

distributions of water within the storage tank have been presented to depict the heat transfer 

phenomena inside the storage tank. Since, the main parameters for designing a thermo-syphon 

system are geometrical parameters, heat flux and thermal loading, Nusselt number, Reynolds number, 

plate and working fluid temperature, various cases have been studied by changing these parameters. 

Based on the findings from these numerical studies some semi-empirical correlations have been 

developed, to improve the designing process of thermo-syphon system. The major achievement of first 

aim of the present study is the development of the correlations for Nusselt number, Reynolds 

number, plate‘s temperature, and temperature of working fluid at inlet and outlet of the collector. 

These prediction models are the function of geometric parameters of thermo-syphon loop, heat fluxes, 

and thermal loading. Furthermore, it can be shown that prediction models generated in this study have 

a good accuracy with respect to the numerical results.  

 

Research Aim # 2: Parametric investigation on various design modifications and flow 

variables of a thermo-syphon 
 

Achievement # 2: The main purpose of design modification is to enhance the heat transfer. The 

main objective to use heat transfer enhancement methods is to improve the thermal performance 

of a closed loop thermo-syphon solar water heating system. In this present study, heat transfer 

enhancement has been achieved by increasing the surface area of the riser pipe. In this work, three 

new geometrical configurations of the riser pipe have been investigated to improve the thermal 

performance of thermo-syphon. These three models consist of straight pipe inside the riser pipe, 

wavy pipe inside the riser pipe and helical pipe inside the riser pipe. In addition, to investigate the 

effect of the working fluid amount, three conditions have been chosen by varying the amount of 

working fluid. The amount of working fluid has been varied against the amount of working fluid 

in a traditional model. The results depicted in chapter six have shown that the straight pipe inside 

the riser pipe with same amount of working fluid has better performance characteristics as 

compared to other models that have been considered in this study. In order to demonstrate the 

effect of new models on the performance output of the thermo-syphon, a comparison between new 

models and traditional model have been conducted. A commercial CFD package has been used to 

create a virtual domain of the working fluid within the thermo-syphon. The models make use of 

the control volume using numerical technique for solving the governing equations of mass 

conservation, momentum conservation and heat transfer. These models have been tested at a heat 

flux corresponding to 15
th
 March being applied to the riser pipes, simulating the effect of the solar 
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rays on these pipes. It has been assumed that the thermo-syphon is in operation under transient 

load condition of working day hot water use. The models are made inclined by 53º to capture the 

natural convection phenomena occurring in the thermo-syphon. 

The temperature and velocity distributions of working fluid within thermo-syphon loop and water 

within the storage tank for new and traditional models have been analysed qualitatively and 

quantitatively. Qualitative analysis has been used to show the effect of heat transfer enhancement 

methods on the velocity and temperature distributions of water and working fluid within the 

storage tank and thermo-syphon loop respectively. While, the quantitative analysis has been used 

to show temperature, mass flow rate, heat transfer coefficient, shear stress, pressure drop, heat 

gain in the collector and water storage tank distributions within the thermo-syphon system. The 

major achievement of the present study is development of a novel thermo-syphon which provides 

better performance as compared to traditional thermos-syphon.  

 

Research Aim # 3: Development of a model for design of thermo-syphon  
 

Achievement # 3:   In the present study, an optimal design methodology of a closed loop thermo-

syphon solar heating system has been developed, which is easy to use and reliable. In this 

methodology, the semi-empirical correlations have been developed for predicting Nusselt number, 

Reynolds number, temperature of working fluid at the inlet and outlet of collector and plate's 

temperature within thermo-syphon. The parameters that affect the performance of thermo-syphon 

and hence the design of a closed loop thermo-syphon solar water heating system have been 

included into the developed model, which is one of the most important achievements of this study. 

Moreover, the inputs to a model that has been developed for optimal design in this study require 

only altitude and tilt angle of collector. The optimisation methodology provides the geometrical 

parameters such as diameter, length and number of the riser pipes and hence the collector area. 

Furthermore, the optimisation model provides relevant parameters such as the flow rate of 

working fluid within the thermo-syphon loop, useful heat, and heat transfer coefficient etc. The 

design methodology is quite robust and can be used with confidence to design thermos-syphon 

system for a variety of operating conditions. 

 

8.3. Thesis Conclusions 

An inclusive study has been carried out to support the existing literature regarding a single phase 

closed loop thermo-syphon and to provide novel additions to improve the current understanding of 

the design process, operational characteristics, geometry related effects and optimization 

methodology. The major conclusions from each facet of this research study are summarized as 

follows: 
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1. To determine the effect of number of riser pipes on the performance of thermo-syphon 

From the investigations regarding the effect of the geometrical parameters on the performance of  

thermo-syphon, carried out in this study, it can be concluded that an increase in the number of 

riser pipes increases the temperature of the working fluid within the condenser and hence 

increases the temperature within storage water tank by absorbing more solar energy. Furthermore, 

increase in number of riser pipe decreases the velocity of working fluid within riser pipe. The 

results provided in this study regarding the effect of the number of riser pipes on the performance 

of a closed loop thermo-syphon solar water heating system can be used to design optimal thermo-

syphon systems optimally. 

 

2. To establish the effect of length to diameter ratio (L/d) of the riser pipes on the 

performance of thermo-syphon 

From the investigations regarding the effect of the geometrical parameters on the performance of 

thermo-syphon, carried out in this study, it can be concluded that  an increase in the L/d of riser 

pipe increases the temperature of working fluid within the condenser and hence increases the 

temperature within storage water tank by absorbing more solar energy. Increase in L/d ratio of the 

riser pipe increases the velocity of working fluid within riser pipes. Furthermore, length to 

diameter ratio of riser pipes has more significant effect on working fluid's temperature and hence 

on the performance of the thermo-syphon as compared to the effect of number of riser pipes. For 

example, an increase in the number of riser pipes from five to nine, increases the  temperature of 

water within the storage tank by 11.75%, while an increase in  L/d ratio of the riser pipe from 50 

to 100 increase water temperature by 69.21%. The results provided in this study regarding the 

effect of L/d of riser pipes on the performance of a closed loop thermo-syphon solar water heating 

system can be used to design optimal thermo-syphon systems. 

 

3. To analyse the effect of transient heat fluxes on the performance of thermo-syphon 

From the investigations regarding the effect of solar irradiation on any day of that year (and hence 

heat flux) on the performance of a closed loop thermo-syphon system, carried out in this study, it 

can be concluded that day of the year and hence corresponding heat flux has significant effect on 

the performance of thermo-syphon. The temperature within the condenser hence within the 

storage water tank increases significant in the hot months as compared with cold months. It is 

obvious from the fact that more heat flux provided to the riser pipes heats up the working fluid 

more. Furthermore, an increase in solar heat flux leads to increase in the mass flow rate within 

thermo-syphon. The maximum average mass flow rate for all cases of solar heat flux has been 

achieved at local solar noon time. The results provided in this study regarding the effect of the day 

of that year (heat flux) on the performance of a closed loop thermo-syphon system can be used to 

design the thermo-syphon systems optimally for a given heating requirement.  
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4. To establish the effect of transient thermal loading conditions on the performance of 

thermo-syphon 

From the investigations regarding the effect of thermal loading on the performance of a closed 

loop thermo-syphon system, carried out in this study, it can be concluded that an increase in the 

thermal loading decreases the temperature of working fluid within thermo-syphon because of  loss 

of more heat energy in the condenser. The results provided in this study regarding the effect of the 

thermal loading on the performance of a closed loop thermo-syphon can be used to design optimal 

thermo-syphon systems.  

 

5. To determine the effect of a closed wavy tube inside the riser pipe on the performance of 

thermo-syphon 

The numerical investigation has been conducted to depict the effect of wavy pipes within the riser 

pipe on the performance of a closed loop thermo-syphon system. The investigations revealed that 

the heat gain in the storage tank is lower for the wavy pipe as compared to the straight pipe. The 

results provided in this study regarding the effect of new model on the performance of a closed 

loop thermo-syphon solar water heating system can be used to improve the performance of 

thermo-syphon systems. 

 

6. To determine the effect of a helical tube inside the riser pipe on the performance of 

thermo-syphon 

The numerical investigation has been conducted to depict the effect of helical pipe inside the riser 

pipe on the performance of a closed loop thermo-syphon system. The investigation depicts that the 

heat gain in the storage tank is lower for the helical pipe model as compared to the straight pipe 

model. The results provided in this study regarding the effect of new model on the performance of 

a closed loop thermo-syphon solar water heating system can be used to improve the performance 

of thermo-syphon system. 

 

7. To determine the effect of a closed straight tube inside the riser pipe on the performance 

of thermo-syphon with same amount of working fluid  (model 1) 

A detailed numerical investigation has been carried out regarding the effect of closed straight tube 

within the riser pipe on the performance of a closed loop thermo-syphon system, with same 

amount of working fluid as traditional model. The investigations indicate that the temperature of 

water within the tank, heat gain in the collector and heat gain in the storage tank are higher for 

new model as compared to the traditional model. Hence, the performance of thermo-syphon is 

higher for the new model as compared to the traditional model. However, the average mass flow 

rate is less for the new model as compared to the traditional model. The results provided in this 
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study regarding the effect of new model on the performance of a closed loop thermo-syphon solar 

water heating system can be used to improve the performance of thermo-syphon systems. 

 

8. To formulate the effect of a closed straight tube inside the riser pipe on the performance 

of thermo-syphon with larger amount of working fluid  (model 2) 

A numerical investigation has been conducted to depict the effect of an increase in the working 

fluid amount on the thermal performance of thermo-syphon with respect to the model 1, for a 

configuration, which has a straight closed tube within the riser pipe. The investigation shows that, 

heat gain in the storage tank is lower for this model in comparison with the previous model. 

Hence, the performance of thermo-syphon is lower for the new model (model 2) as compared to 

the previous model (model 1). The results provided in this study regarding the effect of new 

model on the performance of a closed loop thermo-syphon solar water heating system can be used 

to improve the performance of thermo-syphon systems. 

 

9. To formulate the effect of a closed straight tube inside the riser pipe on the         

performance of thermo-syphon with smaller amount of working fluid  (model 3) 

A numerical investigation has been conducted to depict the effect of smaller amount of working 

fluid on the thermal performance of thermo-syphon with respect to the model 1, for a 

configuration, which has a straight closed tube within the riser pipe. The investigation shows that, 

heat gain in the storage tank is lower for this model in comparison with the model 1. Hence, the 

performance of thermo-syphon is lower for the new model (model 3) as compared to the model 1. 

The results provided in this study regarding the effect of new model on the performance of a 

closed loop thermo-syphon solar water heating system can be used to improve the performance of 

thermo-syphon systems. 

 

10. Development of semi-empirical correlations for the Nusselt number, Reynolds number, 

plate temperature and  temperature of working fluid at inlet and outlet of the collector  

Based on the numerical results obtained in the present study and after analysing the effects of 

various parameters, which are considered in this study, semi-empirical relationships have been 

developed for Nusselt number, Reynolds number, temperature plate of collector, inlet, and outlet 

temperature of working fluid within thermo-syphon loop. Multiple regression analysis has been 

used for the evaluation of effects of various parameters on the performance of a closed loop 

thermo-syphon solar water heating system. 
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11. Development of a design methodology for a thermo-syphon system based on optimum thermal 

performance and cost consideration  

Based on semi-empirical relationships, which have been developed in the present work, a 

methodology of design of a closed loop thermo-syphon solar water heating system has been 

developed. This methodology provides a detailed investigation regarding geometrical parameters 

of thermo-syphon loop, thermal and flow parameters of working fluid within thermo-syphon loop. 

Furthermore, this methodology of design can be widely used to estimate the geometrical 

parameters of thermo-syphon loop solar water heater system. Design charts have also been 

provided which can be easily used to design a closed loop thermo-syphon system. 

 

12. To analyse the experimental results on the performance of thermo-syphon 

The experimental investigations have been conducted to measure the temperature of water, 

temperature of working fluid and mass flow rate within the thermo-syphon loop. The mesured 

parameters shows similar trend for both traditional and new models. In addition, according to the 

experiment results the performance of the new model has been improved compared to traditional 

model. Furthermore, the experimental results have been used to verify the numerical results, 

which show a good agreement with the CFD results with a considerable amount of accuracy. 

Hence, Computational Fluid Dynamics can be used as an effective tool to analyse the performance 

of a thermo-syphon with reasonable accuracy. 

 

8.4. Thesis Contributions 

The major contributions of this research study are summarised below in which novelties of this 

research are described. 

Contribution # 1: 

The first contribution of the present study is a comprehensive investigation on local and global 

flow characteristics for working fluid within a closed loop thermo-syphon system. The available 

literature regarding the velocity and temperature distributions of working fluid within the riser 

pipes of thermo-syphon are severely limited. Hence, a Computational Fluid Dynamics code has 

been used to carry out extensive investigations on velocity and temperature distributions within 

the thermo-syphon system. Effects of various parameters such as, number of riser pipe and length 

to diameter ratio of riser pipe, transient heat flux, and thermal loadings have been enumerated. 

Furthermore, based on these parameters, new mathematical prediction models have been 

suggested for Nusselt number, Reynolds number, plate temperature, and temperature of working 

fluid at inlet and outlet of collector. The mathematical models have been developed based on the 

data generated from the extensive numerical investigations, which were validated through 
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experimental measurements. Hence, these equations can be used to estimate the thermal 

performance of thermo-syphon for wide range of geometrical parameters and operating conditions 

such as various heat fluxes, different thermal loadings, and time. Furthermore, these prediction 

models are a novel contribution to the knowledge that can be used to design a closed loop thermo-

syphon solar water heating system. 

Contribution # 2: 

The significant contribution of this study is the enhancement of the thermal performance of a 

thermo-syphon by increasing surface area of riser pipe. An attempt has been made to justify the 

improvement in thermal characteristics of the new geometries by keeping working fluid volume to 

be same so that only geometric effects are considered in the analysis.   In this study, an extensive 

study has been conducted on the velocity and temperature distributions within the thermo-syphon 

for various riser pipe configurations and volumes of working fluid, using CFD code. 

Investigations on various riser pipe configurations and amounts of working fluid have been 

conducted by comparing the performance of the proposed models with the traditional model to 

develop an optimised thermo-syphon model. The experimental results obtained on the proposed 

model confirm the numerical findings. Findings of this investigation on design modifications are 

novel contribution to the knowledge that can be used to enhance the amount of heat transfer and 

hence improve the thermal performance of a closed loop thermo-syphon solar water heating 

system. 

Contribution # 3: 

A closed loop thermo-syphon solar water heating system is becoming more popular to supply hot 

water. According to studies available in literature review, design methodology of thermo-syphon 

relies on many of the assumptions. In this study, a design methodology for a closed loop thermo-

syphon solar water heating system has been developed in order to reduce the number of 

assumptions and ease the designing process. This methodology is reliable for providing various 

geometrical parameters based on the input of the user such as, collector area, the diameter and the 

length of riser pipe and the distance between the centre to centre of riser pipes. Furthermore, this 

methodology is user friendly, robust and reliable to provide an optimal solution, for designing a 

closed loop thermo-syphon solar water heating system. Furthermore, this methodology can be 

adapted  for both the traditional and the new model, which have been considered in this study. 

 

8.5. Thesis Novelties 

The main novielites of the current study are presented below: 

1. Semi-empirical relationships have been developed for Nu number, Re number, Tp, Tin, 

and Tout 
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2. Enhancement in the thermal performance of thermo-syphon has been achieved by 

increasing the surface area of riser pipes maintaining the same amount of working fluid 

and collector area as in the traditional model  

3. Development of a novel design methodology has been accomplished for a thermo-syphon 

based on optimum thermal performance and optimum cost of system 

 

8.6. Recommendations for Future Work  

In order to bridge the knowledge gaps, which have been identified in the literature review section, 

operation and design of a closed loop thermo-syphon has been conducted in the current study. 

From the current investigations it has become obvious that there is a huge potential for further 

research and studies in the field of thermo-syphon. For further analysis in the design and 

improvement of the performance of thermo-syphon, following future works have been suggested. 

Recommendation # 1: A detailed investigation on the effect of using a closed pipe within the 

riser pipe on the performance of an active thermo-syphon system. Hence,  a comparison between 

the passive and active systems can be carried out  to develop a new optimum system. 

 

Recommendation # 2: To improve the performance of the thermo-syphon system, a study on the 

effect of different pipe materials and pipe locations within the riser pipe on the performance of 

thermo-syphon can be carried out. 

 

Recommendation # 3: A study of the effect on performance of thermo-syphon by implementing 

PCM within a closed pipe of riser pipe can potentially help to develop a new range of thermo-

syphons. The main aim of utilizing PCM is to store the heat during peak heat flux, which can be 

used later when there is shortage of heat flux.  

 

Recommendation # 4: A detailed investigation on the effects of using different working fluids on 

the thermal performance of thermo-syphon within a closed pipe within the riser pipe output can be 

carried out.  
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APPENDIX A 
 

1- Heat flux of 15
th
 of March and thermal loading of  weekday 

 

2- Heat flux of 15
th
 of June and thermal loading of weekday 
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3- Heat flux of 15
th
 of September and thermal loading of weekday 

 

4- Heat flux of 15
th
 of March and thermal loading of  weekend 
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APPENDIX B 
 

N=input('input the number of day N= '); 

M=input('input the site latitude M= '); 

AN=input('input the tilt angle AN= '); 

ST=input('input standard time ST= '); 

T=input('input atmospheric transmittance T= '); 

y=(360/365)*(N-81); 

E=9.87*sin(2*y*pi/180)-7.53*cos(y*pi/180)-1.5*sin(y*pi/180) 

W=abs((ST-12)*15) 

H=23.45*sin(((360/365)*(284+N))*pi/180) 

cosq2=sin((M-AN)*pi/180)*sin(H*pi/180)+cos((M-AN)*pi/180)*cos(H*pi/180)*cos(W*pi/180); 

q1=acosd(cosq2) 

sina=cos(M*pi/180)*cos(H*pi/180)*cos(W*pi/180)+sin(M*pi/180)*sin(H*pi/180); 

a1=asind(sina); 

A=1158*(1+ 0.066*cos((360/370)*N*pi/180)); 

B=0.175*(1-0.2*cos(0.9*N*pi/180))-0.0045*(1-cos(1.86*N*pi/180)); 

C=0.0965*(1-0.42*cos((360/370)*N*pi/180))-0.0075*(1-cos(1.95*N*pi/180)); 

IBN=A/exp(B/sin(a1*pi/180)); 

IB=IBN*cos(q1*pi/180); 

ID=IBN*C*(((1+cos(AN*pi/180))/2)); 

q2=asind(sin(q1*pi/180)/1.52); 

R1=(sin((q2*pi/180)-q1*pi/180))^2/(sin((q1*pi/180)+q2*pi/180)^2); 

R2=(tan((q2*pi/180)-q1*pi/180)^2)/(tan((q1*pi/180)+q2*pi/180)^2); 

R=(R1+R2)/2; 

IR=R*IBN*(sin(a1*pi/180)+C)*((1-cos(AN*pi/180))/2); 

IT=IB+ID+IR 

s=(1+0.033*cos((pi/180)*(360*N/365))) 

q=IT*s*T*((sin(H*pi/180)*sin((M-AN)*pi/180))+((cos(H*pi/180)*cos((M- 

AN)*pi/180))*cos(W*pi/180))) 
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APPENDIX C 
 

1- F-value 

In this thesis the F-value test is used to check whether the analytical data, experimental data 

and CFD against regression model results comes from populations with equal variance [138].  

 

2- Durbin-Watson statistic,   

It is used to check if the residual has an autocorrelation or not. For a precise mode, residuals 

should be a white noise which has a normal distribution [109].  

 

3- Standard error, 

The standard error of the estimate is a measure of the accuracy of predictions. Recall that the 

regression line is the line that minimizes the sum of squared deviations of prediction (also 

called the sum of squares error) [138]. 

 

4- T-Test value 

The t-test assesses whether the means of two groups are statistically different from each other 
[111]. 

 

5- Lilliefors test 

Test the normality of the residual (t.e the difference between the analytical data, experimental 

data and CFD against regression model results) [111]. 
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APPENDIX D 
 

 

Thermometer 

Thermocouple 
 Inlet 

collector 

Outlet 

collector 
Tank 

Inlet 

collector 

Outlet 

collector 
Tank 

97.5 97.72 97.75 97.78    

97 97.21 97.24 97.28    

96.5 96.38 96.33 96.32    

95.7 95.41 95.39 95.35    

95 94.88 94.81 94.84    

94.5 94.41 94.47 94.43    

94.3 94.28 94.25 94.22    

93.6 93.41 93.51 93.46    

93.1 92.91 92.87 92.85    

92.4 92.31 92.28 92.25    

Average value 94.96 94.892 94.89 94.87 0.0716 0.0737 0.0863 

 91 91.12 91.15 91.11    

 90.6 90.81 90.85 90.87    

 90 90.11 90.18 90.21    

 89.7 89.77 89.81 89.73    

 88.6 88.55 88.4 88.45    

 87.8 87.87 87.93 87.91    

 87.2 87.16 87.18 87.12    

 86.8 86.61 86.63 86.64    

 85.8 85.57 85.59 85.57    

 85.3 84.53 84.43 84.63    

Average value 88.28 88.21 88.215 88.224 0.0792 0.0736 0.0634 

Percentage error     0.0754 0.0736 0.0748 
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APPENDIX E 
 

1- After conducting parameters effect investigation by using the proposed CFD model, the 

acquired results have been classified according to the level of their effectives as shown in 

Appendix G. 

2- The above classification has been employed to obtain dimensionless equations through 

using several forms for the depended and independent variables, such as Nu, Re, q/qmax, 

L/d ...etc. 

3- In order to calculate the indices and factors for each term in the equation, different 

mathematical approaches that are adopted in the regression have been used such as log10, 

power, line ...etc. However it was found that log10 is the most accurate way as R
2
 scored 

the highest value in this case among the others. 

4- Microsoft excel was used as a tool to conduct the regression. The steps below explain how 

it can be used.  

  

 On the Data tab, click Data Analysis as shown in figure below 

 

 

 Select Regression and click OK as shown below 
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 Select the Y Range, which  is the dependent variable or predictor variable  

 Select the X Ranges which are independent variables  

 Check Labels 

 Chose an Output Range 

 Click OK 
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APPENDIX F 
 

Test No.1 traditional model with constant heat flux (five hours) 

Time 
(minutes) 

Outlet 
°C 

Inlet 
°C 

Tank 
°C 

Average wall 
°C 

0 24.16 24.01 23.99 25.055 

1 24.17 24 23.99 26.565 

2 24.45 23.98 23.95 31.01 

3 25.71 23.98 23.94 36.365 

4 28.29 24.04 23.91 41.36 

5 31.02 24.08 23.9 45.605 

6 33.73 24.09 23.87 49.06 

7 35.84 24.29 23.87 51.88 

8 37.63 25.01 23.89 54.205 

9 39.12 26.22 23.9 56.065 

10 40.09 27.35 23.89 57.59 

11 40.44 28.27 23.91 58.945 

12 40.61 29.09 23.95 59.97 

13 41.15 29.92 24 60.905 

14 42 30.61 24.02 61.73 

15 42.89 31.15 24.06 62.415 

16 43.62 31.69 24.09 63.045 

17 44.2 32.21 24.13 63.545 

18 44.68 32.74 24.15 63.95 

19 45.1 33.2 24.18 64.32 

20 45.45 33.6 24.23 64.635 

21 45.8 33.94 24.24 64.895 

22 46.13 34.21 24.24 65.135 

23 46.44 34.48 24.29 65.265 

24 46.71 34.79 24.35 65.515 

25 46.96 35.09 24.42 65.68 

26 47.19 35.35 24.49 65.925 

27 47.39 35.59 24.57 66.02 

28 47.59 35.81 24.58 66.2 

29 47.75 35.98 24.65 66.31 

30 47.9 36.15 24.71 66.43 

31 48.04 36.31 24.74 66.54 

32 48.17 36.45 24.78 66.615 

33 48.26 36.58 24.82 66.75 

34 48.37 36.7 24.88 66.835 
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35 48.45 36.79 24.93 67 

36 48.5 36.86 24.94 67.01 

37 48.58 36.95 24.99 66.955 

38 48.68 37.03 25.03 67.005 

39 48.76 37.11 25.09 67.06 

40 48.81 37.18 25.15 67.17 

41 48.88 37.24 25.2 67.14 

42 48.97 37.33 25.26 67.24 

43 49.05 37.41 25.28 67.23 

44 49.07 37.46 25.33 67.325 

45 49.1 37.51 25.37 67.315 

46 49.15 37.56 25.39 67.36 

47 49.21 37.61 25.45 67.455 

48 49.28 37.68 25.49 67.495 

49 49.32 37.73 25.58 67.575 

50 49.37 37.78 25.66 67.585 

51 49.4 37.84 25.7 67.62 

52 49.45 37.89 25.74 67.635 

53 49.5 37.93 25.79 67.73 

54 49.53 37.99 25.82 67.805 

55 49.56 38.04 25.87 67.825 

56 49.58 38.07 25.89 67.85 

57 49.61 38.12 25.92 67.98 

58 49.65 38.13 25.97 68.075 

59 49.68 38.16 26.02 68.01 

60 49.72 38.19 26.09 68.035 

61 49.76 38.24 26.13 67.945 

62 49.79 38.27 26.19 67.91 

63 49.81 38.31 26.23 67.835 

64 49.84 38.34 26.29 67.9 

65 49.88 38.39 26.38 67.9 

66 49.92 38.44 26.48 67.91 

67 49.98 38.51 26.57 68 

68 50.02 38.56 26.62 68.025 

69 50.05 38.6 26.68 68.095 

70 50.06 38.63 26.7 68.07 

71 50.1 38.66 26.73 68.17 

72 50.16 38.72 26.79 68.26 

73 50.19 38.76 26.83 68.31 

74 50.24 38.8 26.9 68.28 

75 50.28 38.82 26.97 68.165 

76 50.3 38.86 27.05 68.115 

77 50.34 38.87 27.12 68.16 
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78 50.37 38.87 27.13 68.21 

79 50.38 38.91 27.16 68.235 

80 50.42 38.96 27.22 68.26 

81 50.44 39 27.27 68.29 

82 50.47 39.03 27.32 68.31 

83 50.49 39.06 27.37 68.32 

84 50.53 39.1 27.43 68.32 

85 50.58 39.11 27.47 68.295 

86 50.62 39.13 27.55 68.335 

87 50.63 39.16 27.59 68.295 

88 50.62 39.17 27.57 68.31 

89 50.65 39.19 27.55 68.365 

90 50.66 39.2 27.57 68.405 

91 50.67 39.25 27.6 68.36 

92 50.67 39.28 27.66 68.255 

93 50.7 39.28 27.74 68.155 

94 50.7 39.29 27.75 68.225 

95 50.72 39.32 27.76 68.33 

96 50.75 39.37 27.8 68.385 

97 50.78 39.41 27.83 68.45 

98 50.83 39.45 27.9 68.475 

99 50.84 39.49 27.96 68.535 

100 50.88 39.54 28.02 68.655 

101 50.92 39.57 28.08 68.725 

102 51 39.6 28.12 68.71 

103 51.02 39.62 28.13 68.57 

104 51.02 39.65 28.14 68.395 

105 51 39.65 28.16 68.345 

106 51.01 39.68 28.19 68.46 

107 51.03 39.7 28.24 68.5 

108 51.05 39.71 28.3 68.585 

109 51.12 39.72 28.4 68.455 

110 51.16 39.73 28.48 68.475 

111 51.18 39.77 28.53 68.605 

112 51.19 39.84 28.56 68.695 

113 51.2 39.89 28.58 68.735 

114 51.24 39.94 28.62 68.79 

115 51.29 39.98 28.7 68.815 

116 51.34 40.01 28.77 68.71 

117 51.39 40.05 28.85 68.745 

118 51.39 40.07 28.84 68.67 

119 51.38 40.08 28.87 68.68 

120 51.39 40.1 28.92 68.765 
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121 51.43 40.12 28.96 68.87 

122 51.46 40.12 29 68.86 

123 51.5 40.16 29.03 68.845 

124 51.53 40.22 29.11 68.845 

125 51.56 40.25 29.15 68.89 

126 51.59 40.27 29.19 68.965 

127 51.65 40.32 29.25 68.99 

128 51.67 40.35 29.3 69.01 

129 51.73 40.38 29.36 68.98 

130 51.77 40.36 29.38 68.94 

131 51.78 40.39 29.42 68.94 

132 51.79 40.46 29.45 68.975 

133 51.82 40.51 29.52 69.035 

134 51.85 40.54 29.57 69.09 

135 51.89 40.51 29.58 69.08 

136 51.91 40.51 29.6 69.105 

137 51.9 40.48 29.61 68.98 

138 51.9 40.49 29.65 68.995 

139 51.89 40.51 29.72 68.86 

140 51.91 40.58 29.77 68.98 

141 51.94 40.64 29.81 69.09 

142 51.99 40.66 29.86 69.145 

143 52.03 40.66 29.85 69.09 

144 52.05 40.73 29.86 68.94 

145 52.03 40.76 29.86 68.94 

146 51.99 40.76 29.85 68.89 

147 51.94 40.73 29.83 68.86 

148 51.91 40.72 29.83 68.925 

149 51.93 40.73 29.87 69.15 

150 51.95 40.73 29.93 69.245 

151 52 40.72 30.02 69.115 

152 52.06 40.74 30.07 68.985 

153 52.08 40.75 30.06 69.005 

154 52.08 40.8 30.08 69.045 

155 52.06 40.82 30.1 69.02 

156 52.07 40.81 30.13 69.025 

157 52.11 40.87 30.14 69.13 

158 52.12 40.93 30.18 69.14 

159 52.13 40.97 30.21 69.2 

160 52.17 40.99 30.26 69.225 

161 52.14 40.98 30.23 69.225 

162 52.15 40.99 30.25 69.195 

163 52.17 41 30.29 69.255 
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164 52.21 41.04 30.32 69.375 

165 52.23 41.08 30.39 69.415 

166 52.26 41.12 30.42 69.42 

167 52.31 41.14 30.48 69.49 

168 52.31 41.15 30.52 69.48 

169 52.31 41.15 30.54 69.57 

170 52.32 41.17 30.52 69.515 

171 52.36 41.21 30.56 69.445 

172 52.37 41.23 30.61 69.52 

173 52.41 41.28 30.68 69.535 

174 52.47 41.3 30.79 69.585 

175 52.52 41.36 30.86 69.57 

176 52.54 41.41 30.89 69.56 

177 52.56 41.43 30.89 69.505 

178 52.56 41.45 30.89 69.435 

179 52.56 41.48 30.9 69.475 

180 52.58 41.49 30.92 69.565 

181 52.59 41.51 30.99 69.525 

182 52.62 41.54 31 69.535 

183 52.65 41.58 31.05 69.62 

184 52.66 41.59 31.08 69.56 

185 52.68 41.57 31.13 69.59 

186 52.69 41.56 31.21 69.325 

187 52.71 41.56 31.29 69.06 

188 52.75 41.6 31.35 69.07 

189 52.82 41.62 31.44 69.23 

190 52.85 41.6 31.48 69.275 

191 52.9 41.64 31.51 69.405 

192 52.93 41.72 31.55 69.49 

193 52.96 41.77 31.6 69.57 

194 52.99 41.78 31.65 69.52 

195 53 41.77 31.67 69.485 

196 52.99 41.82 31.72 69.48 

197 52.98 41.85 31.74 69.46 

198 53 41.85 31.74 69.395 

199 52.97 41.86 31.72 69.455 

200 52.95 41.87 31.7 69.58 

201 52.97 41.89 31.73 69.65 

202 53.01 41.96 31.78 69.715 

203 53.05 41.95 31.78 69.76 

204 53.08 41.99 31.81 69.77 

205 53.12 42 31.88 69.78 

206 53.17 41.99 31.95 69.685 
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207 53.21 41.97 32.02 69.555 

208 53.19 41.95 32.07 69.6 

209 53.2 41.99 32.13 69.6 

210 53.21 42.04 32.17 69.675 

211 53.24 42.09 32.21 69.575 

212 53.25 42.14 32.24 69.545 

213 53.24 42.12 32.3 69.58 

214 53.26 42.1 32.33 69.455 

215 53.27 42.12 32.34 69.475 

216 53.27 42.15 32.37 69.555 

217 53.29 42.18 32.43 69.555 

218 53.34 42.2 32.44 69.45 

219 53.37 42.23 32.46 69.54 

220 53.38 42.28 32.47 69.585 

221 53.37 42.3 32.49 69.525 

222 53.36 42.33 32.52 69.525 

223 53.38 42.33 32.53 69.575 

224 53.41 42.33 32.57 69.635 

225 53.44 42.33 32.63 69.655 

226 53.44 42.34 32.65 69.51 

227 53.44 42.38 32.66 69.46 

228 53.45 42.44 32.71 69.49 

229 53.48 42.44 32.73 69.505 

230 53.46 42.4 32.7 69.395 

231 53.46 42.44 32.68 69.38 

232 53.4 42.41 32.66 69.395 

233 53.39 42.38 32.73 69.45 

234 53.4 42.37 32.76 69.44 

235 53.43 42.41 32.75 69.375 

236 53.46 42.46 32.8 69.425 

237 53.46 42.52 32.81 69.41 

238 53.45 42.55 32.8 69.395 

239 53.47 42.55 32.85 69.38 

240 53.52 42.55 32.89 69.485 

241 53.53 42.58 32.94 69.535 

242 53.54 42.6 32.99 69.57 

243 53.56 42.65 33.02 69.615 

244 53.57 42.67 33.03 69.64 

245 53.56 42.68 33.05 69.725 

246 53.58 42.71 33.08 69.735 

247 53.6 42.74 33.11 69.725 

248 53.62 42.78 33.14 69.675 

249 53.65 42.77 33.2 69.675 
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250 53.67 42.77 33.23 69.63 

251 53.65 42.77 33.21 69.67 

252 53.67 42.82 33.22 69.6 

253 53.67 42.82 33.25 69.65 

254 53.66 42.82 33.3 69.58 

255 53.7 42.82 33.33 69.655 

256 53.77 42.81 33.38 69.745 

257 53.77 42.84 33.43 69.77 

258 53.77 42.89 33.44 69.745 

259 53.78 42.93 33.43 69.8 

260 53.81 42.93 33.47 69.855 

261 53.82 42.89 33.49 69.725 

262 53.81 42.89 33.51 69.685 

263 53.83 42.9 33.54 69.77 

264 53.86 42.97 33.62 69.875 

265 53.89 43.01 33.66 69.88 

266 53.94 43.01 33.71 69.865 

267 53.96 43.04 33.72 69.86 

268 53.98 43.07 33.75 69.9 

269 53.98 43.07 33.78 69.845 

270 53.97 43.02 33.82 69.825 

271 53.99 42.99 33.84 69.82 

272 54.03 43.01 33.86 69.8 

273 54.05 43.01 33.93 69.765 

274 54.03 43.06 33.94 69.855 

275 54.05 43.14 33.94 69.795 

276 54.08 43.2 33.97 69.81 

277 54.08 43.13 33.99 69.905 

278 54.12 43.12 34.02 70.02 

279 54.19 43.17 34.07 70.02 

280 54.2 43.22 34.09 69.965 

281 54.21 43.26 34.11 70 

282 54.21 43.29 34.13 69.935 

283 54.23 43.32 34.15 69.905 

284 54.26 43.32 34.17 69.97 

285 54.27 43.35 34.2 69.95 

286 54.29 43.37 34.24 69.98 

287 54.3 43.39 34.28 69.92 

288 54.33 43.4 34.3 70.02 

289 54.36 43.37 34.32 69.88 

290 54.4 43.37 34.37 69.825 

291 54.43 43.36 34.41 69.755 

292 54.4 43.4 34.45 69.545 
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293 54.38 43.4 34.48 69.665 

294 54.36 43.37 34.47 69.725 

295 54.37 43.43 34.48 69.765 

296 54.39 43.49 34.47 69.855 

297 54.43 43.52 34.48 69.865 

298 54.43 43.5 34.49 69.81 

299 54.43 43.52 34.49 69.98 

 

Test No.2 traditional model with constant heat flux (four hours) 

Time 

(minutes) 

Outlet 

°C 

Inlet 

°C 

Tank 

°C 

Average wall 

°C 

0 25.81 23.72 25.16 25.55 

1 25.81 23.78 25.16 26.515 

2 26.02 23.91 25.18 30.23 

3 27.05 24.06 25.2 35.195 

4 29.19 24.28 25.21 40.065 

5 31.47 24.5 25.22 44.36 

6 33.84 24.72 25.27 47.885 

7 35.85 25.03 25.29 50.735 

8 37.5 25.73 25.34 53.065 

9 38.82 26.87 25.39 54.87 

10 39.83 27.91 25.41 56.395 

11 40.46 28.75 25.44 57.695 

12 40.84 29.54 25.46 58.78 

13 41.32 30.43 25.49 59.73 

14 42.09 31.15 25.53 60.535 

15 42.91 31.67 25.57 61.28 

16 43.64 32.22 25.59 61.845 

17 44.26 32.76 25.64 62.36 

18 44.77 33.27 25.7 62.825 

19 45.2 33.74 25.75 63.21 

20 45.59 34.19 25.78 63.595 

21 45.96 34.58 25.84 63.89 

22 46.3 34.91 25.88 64.205 

23 46.62 35.18 25.92 64.455 

24 46.96 35.46 25.98 64.67 

25 47.21 35.71 26.04 64.86 

26 47.42 35.97 26.07 65.065 

27 47.64 36.2 26.09 65.27 

28 47.84 36.42 26.14 65.435 

29 48.03 36.63 26.23 65.665 
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30 48.2 36.81 26.3 65.76 

31 48.35 36.96 26.35 65.9 

32 48.47 37.09 26.37 66.005 

33 48.58 37.2 26.39 66.08 

34 48.69 37.32 26.45 66.16 

35 48.8 37.42 26.49 66.23 

36 48.9 37.51 26.54 66.455 

37 48.98 37.59 26.58 66.47 

38 49.06 37.69 26.63 66.605 

39 49.12 37.74 26.68 66.715 

40 49.2 37.82 26.69 66.75 

41 49.32 37.93 26.79 66.785 

42 49.37 37.99 26.81 66.77 

43 49.43 38.06 26.89 66.84 

44 49.5 38.14 26.92 66.925 

45 49.52 38.18 26.94 66.985 

46 49.55 38.22 26.97 66.97 

47 49.62 38.28 27.02 66.95 

48 49.67 38.35 27.08 66.995 

49 49.7 38.38 27.12 67.04 

50 49.76 38.42 27.17 67.16 

51 49.8 38.46 27.19 67.065 

52 49.86 38.52 27.27 67.09 

53 49.87 38.53 27.27 67.13 

54 49.88 38.56 27.29 67.185 

55 49.91 38.63 27.36 67.33 

56 49.95 38.66 27.4 67.28 

57 50.01 38.68 27.44 67.26 

58 50.06 38.72 27.48 67.37 

59 50.07 38.74 27.5 67.355 

60 50.07 38.77 27.52 67.32 

61 50.09 38.81 27.56 67.35 

62 50.13 38.86 27.63 67.395 

63 50.16 38.91 27.66 67.43 

64 50.18 38.93 27.67 67.39 

65 50.19 38.97 27.72 67.37 

66 50.19 38.94 27.77 67.465 

67 50.29 38.99 27.83 67.57 

68 50.36 39.06 27.89 67.65 

69 50.41 39.11 27.91 67.565 

70 50.39 39.12 27.94 67.535 

71 50.4 39.14 27.98 67.525 

72 50.36 39.14 28 67.475 
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73 50.4 39.18 28.05 67.475 

74 50.42 39.21 28.11 67.595 

75 50.46 39.27 28.17 67.645 

76 50.48 39.28 28.22 67.76 

77 50.48 39.28 28.22 67.72 

78 50.5 39.31 28.28 67.735 

79 50.51 39.32 28.3 67.755 

80 50.51 39.34 28.37 67.855 

81 50.55 39.37 28.39 67.825 

82 50.61 39.42 28.48 67.735 

83 50.64 39.44 28.48 67.685 

84 50.69 39.48 28.53 67.73 

85 50.67 39.47 28.56 67.825 

86 50.65 39.47 28.57 67.86 

87 50.7 39.51 28.63 67.96 

88 50.7 39.53 28.62 67.93 

89 50.73 39.58 28.67 67.94 

90 50.8 39.64 28.71 67.835 

91 50.82 39.67 28.77 67.825 

92 50.86 39.73 28.82 67.86 

93 50.9 39.78 28.85 67.94 

94 50.92 39.81 28.89 68.06 

95 50.97 39.83 28.97 68.035 

96 51.01 39.83 28.99 67.99 

97 51.06 39.87 29.03 68 

98 51.08 39.9 29.07 67.99 

99 51.13 39.96 29.14 67.94 

100 51.17 39.99 29.19 67.95 

101 51.18 40 29.22 67.945 

102 51.15 39.96 29.22 67.915 

103 51.13 39.96 29.21 68.08 

104 51.14 39.98 29.23 68.015 

105 51.11 39.99 29.22 67.95 

106 51.11 39.97 29.26 68.04 

107 51.12 39.98 29.27 68.135 

108 51.15 40.02 29.31 68.225 

109 51.17 40.03 29.3 68.095 

110 51.17 40.04 29.35 68.03 

111 51.23 40.09 29.41 68.105 

112 51.28 40.12 29.49 68.125 

113 51.34 40.17 29.57 67.975 

114 51.41 40.25 29.61 68.015 

115 51.43 40.27 29.67 68.145 
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116 51.44 40.29 29.73 68.1 

117 51.5 40.37 29.79 68.175 

118 51.53 40.42 29.81 68.19 

119 51.55 40.47 29.84 68.41 

120 51.59 40.49 29.87 68.46 

121 51.61 40.52 29.88 68.265 

122 51.68 40.54 29.94 68.38 

123 51.7 40.56 29.98 68.44 

124 51.71 40.59 30.05 68.32 

125 51.71 40.6 30.05 68.17 

126 51.69 40.61 30.07 68.265 

127 51.69 40.62 30.11 68.255 

128 51.71 40.65 30.15 68.365 

129 51.76 40.68 30.19 68.43 

130 51.78 40.72 30.22 68.41 

131 51.84 40.76 30.25 68.54 

132 51.89 40.81 30.3 68.615 

133 51.88 40.81 30.33 68.64 

134 51.91 40.84 30.42 68.64 

135 51.98 40.88 30.47 68.565 

136 52.03 40.93 30.51 68.525 

137 52.03 40.95 30.53 68.61 

138 52.04 40.96 30.56 68.75 

139 52.07 41 30.59 68.675 

140 52.11 41.02 30.67 68.635 

141 52.14 41.02 30.71 68.64 

142 52.17 41.03 30.75 68.72 

143 52.18 41.05 30.77 68.86 

144 52.2 41.12 30.79 68.89 

145 52.18 41.14 30.79 68.885 

146 52.19 41.17 30.8 68.685 

147 52.2 41.18 30.82 68.5 

148 52.23 41.2 30.87 68.525 

149 52.28 41.22 30.94 68.61 

150 52.26 41.2 30.97 68.63 

151 52.26 41.23 30.99 68.705 

152 52.28 41.26 31.04 68.625 

153 52.31 41.3 31.03 68.655 

154 52.3 41.32 31.06 68.815 

155 52.28 41.31 31.06 68.96 

156 52.27 41.29 31.08 68.925 

157 52.34 41.36 31.16 68.96 

158 52.41 41.4 31.19 69.045 
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159 52.43 41.43 31.19 69.01 

160 52.39 41.46 31.2 68.92 

161 52.4 41.47 31.25 68.725 

162 52.39 41.48 31.31 68.595 

163 52.39 41.51 31.35 68.6 

164 52.38 41.52 31.38 68.58 

165 52.42 41.5 31.39 68.62 

166 52.44 41.52 31.45 68.805 

167 52.48 41.51 31.51 68.84 

168 52.47 41.51 31.53 68.715 

169 52.51 41.53 31.56 68.72 

170 52.51 41.53 31.58 68.855 

171 52.56 41.59 31.61 68.845 

172 52.56 41.63 31.61 68.915 

173 52.6 41.67 31.65 68.945 

174 52.63 41.7 31.69 69.055 

175 52.64 41.69 31.72 68.94 

176 52.68 41.73 31.77 68.96 

177 52.7 41.75 31.8 69.025 

178 52.69 41.78 31.82 69.02 

179 52.68 41.78 31.83 69.05 

180 52.69 41.8 31.86 69.035 

181 52.7 41.83 31.87 69.135 

182 52.73 41.83 31.93 69.135 

183 52.74 41.84 31.98 69.255 

184 52.79 41.87 32 69.185 

185 52.8 41.9 32.01 69.04 

186 52.84 41.93 32.04 69.025 

187 52.88 41.96 32.1 69.125 

188 52.91 41.98 32.16 69.145 

189 52.95 42 32.2 68.96 

190 52.99 42.06 32.24 69.005 

191 52.98 42.06 32.27 69.03 

192 52.95 42.05 32.26 68.995 

193 52.94 42.05 32.26 68.925 

194 52.97 42.1 32.31 68.915 

195 53 42.15 32.35 68.93 

196 52.96 42.14 32.32 68.915 

197 52.96 42.13 32.33 68.915 

198 52.99 42.16 32.36 69.05 

199 53.01 42.19 32.39 69.005 

200 53.04 42.2 32.4 68.935 

201 53.06 42.18 32.44 68.81 
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202 53.08 42.2 32.49 68.705 

203 53.11 42.22 32.55 68.74 

204 53.11 42.29 32.6 68.84 

205 53.1 42.32 32.64 69.135 

206 53.1 42.29 32.65 69.28 

207 53.1 42.25 32.62 69.325 

208 53.15 42.28 32.68 69.095 

209 53.16 42.28 32.73 68.91 

210 53.19 42.32 32.76 68.94 

211 53.25 42.36 32.82 68.92 

212 53.23 42.37 32.83 68.945 

213 53.19 42.38 32.82 69.04 

214 53.19 42.41 32.8 69.185 

215 53.22 42.43 32.85 69.34 

216 53.25 42.45 32.9 69.295 

217 53.29 42.5 32.9 69.205 

218 53.3 42.51 32.93 69.31 

219 53.31 42.5 33.01 69.275 

220 53.3 42.51 32.98 69.32 

221 53.28 42.5 32.98 69.46 

222 53.3 42.51 32.99 69.34 

223 53.34 42.53 33.03 69.305 

224 53.37 42.57 33.1 69.38 

225 53.36 42.58 33.13 69.35 

226 53.39 42.63 33.16 69.28 

227 53.41 42.69 33.18 69.33 

228 53.42 42.71 33.21 69.25 

229 53.43 42.72 33.23 69.29 

230 53.48 42.74 33.28 69.3 

231 53.49 42.74 33.3 69.255 

232 53.5 42.72 33.35 69.41 

233 53.54 42.72 33.36 69.375 

234 53.55 42.76 33.38 69.25 

235 53.54 42.8 33.38 69.36 

236 53.52 42.81 33.39 69.355 

237 53.55 42.82 33.45 69.445 

238 53.62 42.81 33.5 69.445 

239 53.64 42.82 33.5 69.49 

240 53.59 42.82 33.46 69.58 
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Test No.3 traditional model with various heat fluxes (seven hours) 

Time 

(minutes) 

Inlet °C Outlet 

°C 

Tank 

°C 

Average wall 

°C 

0 22.21 22.44 22.86 26 

1 22.23 22.61 22.88 27.29 

2 22.28 23.3 22.9 31.225 

3 22.37 24.95 22.93 36.095 

4 22.47 27.55 22.95 40.665 

5 22.64 30.19 22.98 44.56 

6 22.8 32.71 23 47.675 

7 23.1 34.5 23.02 50.135 

8 24.03 36.16 23.02 52.085 

9 25.32 37.53 23.06 53.68 

10 26.39 38.48 23.11 55.015 

11 27.21 38.92 23.15 56.105 

12 27.96 39.13 23.18 57.11 

13 28.78 39.6 23.24 57.915 

14 29.64 40.38 23.31 58.66 

15 30.13 41.25 23.36 59.295 

16 30.55 42 23.42 59.835 

17 31.07 42.61 23.46 60.37 

18 31.6 43.12 23.52 60.825 

19 32.06 43.54 23.56 61.175 

20 32.46 43.91 23.6 61.475 

21 32.83 44.26 23.65 61.795 

22 33.19 44.62 23.71 62.095 

23 33.49 44.96 23.79 62.3 

24 33.79 45.25 23.83 62.43 

25 34.06 45.51 23.88 62.655 

26 34.29 45.74 23.94 62.955 

27 34.49 45.95 24 62.99 

28 34.68 46.14 24.06 63.07 

29 34.85 46.29 24.08 63.235 

30 35.01 46.43 24.15 63.44 

31 35.13 46.56 24.21 63.555 

32 35.27 46.7 24.28 63.475 

33 35.39 46.82 24.34 63.535 

34 35.5 46.94 24.39 63.43 

35 35.64 47.06 24.5 63.57 

36 35.78 47.17 24.58 63.885 

37 35.87 47.24 24.61 63.87 

38 35.95 47.3 24.63 64.015 
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39 36.05 47.39 24.68 64.02 

40 36.14 47.48 24.72 63.98 

41 36.21 47.55 24.77 64.17 

42 36.27 47.61 24.82 64.385 

43 36.32 47.63 24.86 64.38 

44 36.38 47.69 24.9 64.495 

45 36.46 47.76 24.97 64.52 

46 36.53 47.8 25.01 64.6 

47 36.6 47.84 25.07 64.68 

48 36.64 47.87 25.09 64.64 

49 36.7 47.93 25.12 64.7 

50 36.78 48 25.2 64.78 

51 36.84 48.04 25.25 64.84 

52 36.88 48.09 25.28 65.055 

53 36.93 48.15 25.33 65.175 

54 36.99 48.22 25.36 65.3 

55 37.06 48.3 25.44 65.4 

56 37.13 48.34 25.49 65.355 

57 37.2 48.4 25.55 65.415 

58 37.25 48.44 25.59 65.455 

59 37.31 48.5 25.64 65.45 

60 37.38 48.54 25.68 65.435 

61 37.43 48.6 25.72 65.445 

62 37.49 48.64 25.78 65.575 

63 37.51 48.67 25.8 65.635 

64 37.56 48.7 25.83 65.7 

65 37.59 48.72 25.88 65.725 

66 37.6 48.75 25.94 65.76 

67 37.64 48.82 25.99 65.855 

68 37.71 48.87 26.04 65.87 

69 37.74 48.9 26.12 65.975 

70 37.77 48.91 26.14 65.99 

71 37.82 48.94 26.19 66.05 

72 37.88 48.98 26.22 66.16 

73 37.93 49.03 26.26 66.045 

74 37.97 49.06 26.33 65.975 

75 38 49.08 26.36 65.995 

76 38.05 49.13 26.41 66.115 

77 38.08 49.18 26.5 66.26 

78 38.11 49.21 26.52 66.22 

79 38.16 49.22 26.56 66.145 

80 38.18 49.25 26.6 66.135 

81 38.22 49.25 26.66 66.125 
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82 38.25 49.27 26.68 66.175 

83 38.28 49.29 26.73 66.11 

84 38.31 49.29 26.75 66.13 

85 38.33 49.33 26.79 66.2 

86 38.36 49.35 26.82 66.19 

87 38.39 49.38 26.86 66.29 

88 38.42 49.42 26.96 66.475 

89 38.46 49.51 27.04 66.445 

90 38.45 49.44 27.06 65.54 

91 38.45 48.9 27.11 61.95 

92 38.36 47.75 27.15 57.53 

93 38.06 46.25 27.18 53.455 

94 37.6 44.73 27.18 49.98 

95 37.04 43.31 27.2 47.11 

96 36.41 42.06 27.21 44.745 

97 35.75 41.01 27.22 42.775 

98 35.1 40.1 27.2 41.11 

99 34.47 39.28 27.19 39.71 

100 33.93 38.51 27.2 38.515 

101 33.4 37.77 27.23 37.445 

102 32.93 37.1 27.24 36.52 

103 32.49 36.42 27.23 35.645 

104 32.1 35.79 27.22 34.875 

105 31.74 35.23 27.23 34.87 

106 31.37 34.91 27.25 37.585 

107 30.99 35.27 27.26 41.83 

108 30.66 36.43 27.26 46.045 

109 30.52 38.03 27.26 49.69 

110 30.7 39.79 27.31 52.675 

111 31.1 41.18 27.3 55.04 

112 31.67 42.18 27.29 56.985 

113 32.31 42.92 27.31 58.6 

114 32.84 43.41 27.35 59.8 

115 33.43 43.84 27.38 60.795 

116 33.96 44.38 27.39 61.585 

117 34.39 44.96 27.42 62.245 

118 34.81 45.54 27.48 62.875 

119 35.23 46.06 27.53 63.43 

120 35.64 46.52 27.54 64.02 

121 36.04 46.92 27.57 64.44 

122 36.37 47.28 27.66 64.875 

123 36.68 47.63 27.73 65.195 

124 37 47.97 27.8 65.52 
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125 37.29 48.25 27.86 65.77 

126 37.53 48.51 27.88 65.985 

127 37.76 48.74 27.96 66.235 

128 37.94 48.95 28.01 66.37 

129 38.13 49.16 28.03 66.65 

130 38.31 49.36 28.09 66.795 

131 38.49 49.52 28.13 66.79 

132 38.67 49.65 28.17 66.9 

133 38.81 49.77 28.21 67.08 

134 38.95 49.9 28.27 67.24 

135 39.04 50.01 28.33 67.33 

136 39.13 50.12 28.38 67.36 

137 39.27 50.2 28.4 67.355 

138 39.37 50.27 28.42 67.355 

139 39.43 50.33 28.46 67.415 

140 39.47 50.37 28.52 67.44 

141 39.51 50.43 28.57 67.44 

142 39.57 50.51 28.63 67.525 

143 39.61 50.55 28.65 67.61 

144 39.64 50.61 28.69 67.65 

145 39.7 50.69 28.76 67.725 

146 39.75 50.76 28.8 67.765 

147 39.81 50.79 28.82 67.8 

148 39.84 50.83 28.85 67.85 

149 39.87 50.88 28.9 67.875 

150 39.95 50.95 28.98 67.865 

151 40.02 50.99 29.03 67.865 

152 40.09 51 29.05 67.87 

153 40.13 51.02 29.06 67.99 

154 40.15 51.05 29.08 67.985 

155 40.2 51.08 29.14 68.02 

156 40.26 51.12 29.17 68.045 

157 40.29 51.14 29.2 68.05 

158 40.35 51.18 29.25 68.065 

159 40.39 51.2 29.26 68.08 

160 40.41 51.23 29.27 68.115 

161 40.42 51.25 29.34 68.185 

162 40.45 51.31 29.46 68.245 

163 40.48 51.37 29.5 68.305 

164 40.51 51.43 29.57 68.355 

165 40.5 51.44 29.57 68.38 

166 40.54 51.48 29.6 68.36 

167 40.6 51.5 29.64 68.41 
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168 40.64 51.5 29.65 68.415 

169 40.65 51.53 29.69 68.365 

170 40.66 51.57 29.74 68.5 

171 40.71 51.63 29.81 68.51 

172 40.76 51.66 29.86 68.53 

173 40.79 51.68 29.88 68.495 

174 40.81 51.7 29.89 68.45 

175 40.86 51.75 29.96 68.435 

176 40.91 51.77 29.98 68.47 

177 40.93 51.78 30.02 68.48 

178 40.95 51.81 30.08 68.455 

179 40.98 51.82 30.13 68.34 

180 41 51.82 30.15 68.32 

181 41 51.83 30.18 68.18 

182 41.03 51.81 30.21 68.125 

183 41.06 51.79 30.23 68.015 

184 41.06 51.78 30.28 67.905 

185 41.06 51.76 30.34 67.905 

186 41.04 51.77 30.4 67.925 

187 41.03 51.78 30.4 67.985 

188 41.05 51.81 30.45 68 

189 41.06 51.85 30.52 67.955 

190 41.07 51.83 30.56 68 

191 41.08 51.84 30.57 68.015 

192 41.1 51.87 30.59 67.89 

193 41.14 51.86 30.63 67.855 

194 41.14 51.86 30.68 67.95 

195 41.12 51.79 30.73 67.2 

196 41.1 51.21 30.71 63.475 

197 40.98 50.03 30.7 59.025 

198 40.69 48.56 30.74 54.905 

199 40.19 47.01 30.72 51.395 

200 39.59 45.54 30.7 48.49 

201 38.9 44.22 30.66 46.065 

202 38.21 43.11 30.67 44.09 

203 37.54 42.15 30.65 42.425 

204 36.92 41.28 30.63 41 

205 36.33 40.47 30.62 39.755 

206 35.79 39.7 30.6 38.685 

207 35.28 38.96 30.59 37.78 

208 34.84 38.28 30.57 36.955 

209 34.42 37.63 30.56 36.23 

210 34.05 37.07 30.57 36.2 
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211 33.71 36.75 30.58 38.835 

212 33.37 37.11 30.6 42.98 

213 33.06 38.3 30.62 47.235 

214 32.94 39.83 30.63 50.865 

215 33.04 41.59 30.66 53.79 

216 33.34 43.01 30.68 56.075 

217 33.85 44.07 30.72 57.96 

218 34.53 44.84 30.73 59.43 

219 35.13 45.29 30.72 60.545 

220 35.66 45.61 30.7 61.415 

221 36.17 46.09 30.73 62.34 

222 36.62 46.67 30.76 63.135 

223 37.01 47.23 30.78 63.72 

224 37.43 47.75 30.8 64.295 

225 37.81 48.24 30.85 64.765 

226 38.17 48.65 30.92 65.15 

227 38.51 49 30.99 65.49 

228 38.79 49.31 31.04 65.795 

229 39.07 49.62 31.09 66.055 

230 39.35 49.89 31.13 66.23 

231 39.59 50.11 31.12 66.37 

232 39.79 50.33 31.14 66.525 

233 39.98 50.52 31.19 66.675 

234 40.16 50.67 31.22 66.765 

235 40.32 50.82 31.26 66.985 

236 40.45 50.99 31.3 67.07 

237 40.57 51.13 31.35 67.13 

238 40.68 51.27 31.4 67.14 

239 40.8 51.35 31.41 67.12 

240 40.92 51.41 31.42 67.18 

241 40.99 51.46 31.42 67.255 

242 41.07 51.53 31.48 67.36 

243 41.11 51.57 31.48 67.43 

244 41.2 51.64 31.49 67.515 

245 41.25 51.69 31.52 67.585 

246 41.31 51.73 31.53 67.615 

247 41.34 51.81 31.54 67.7 

248 41.42 51.88 31.59 67.765 

249 41.48 51.91 31.62 67.79 

250 41.51 51.95 31.68 67.825 

251 41.52 51.99 31.7 67.79 

252 41.57 52.04 31.69 67.755 

253 41.59 52.06 31.72 67.885 
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254 41.6 52.07 31.76 67.95 

255 41.66 52.11 31.8 68.005 

256 41.7 52.17 31.85 67.985 

257 41.74 52.19 31.86 67.995 

258 41.78 52.21 31.88 68.045 

259 41.8 52.24 31.91 68.02 

260 41.83 52.28 31.98 68.12 

261 41.86 52.39 32.06 68.09 

262 41.88 52.46 32.12 68.025 

263 41.91 52.47 32.16 68 

264 41.96 52.48 32.17 67.995 

265 41.97 52.49 32.18 68.085 

266 42.01 52.51 32.19 68.075 

267 42.04 52.54 32.23 68.12 

268 42.08 52.55 32.26 68.14 

269 42.11 52.55 32.25 68.135 

270 42.14 52.56 32.26 68.13 

271 42.17 52.54 32.27 68.17 

272 42.19 52.57 32.26 68.15 

273 42.21 52.58 32.29 68.165 

274 42.24 52.6 32.33 68.15 

275 42.27 52.62 32.36 68.13 

276 42.29 52.65 32.4 68.195 

277 42.31 52.66 32.42 68.24 

278 42.34 52.7 32.47 68.355 

279 42.35 52.75 32.53 68.44 

280 42.37 52.81 32.61 68.445 

281 42.42 52.85 32.67 68.38 

282 42.44 52.88 32.72 68.415 

283 42.46 52.9 32.73 68.395 

284 42.51 52.92 32.76 68.48 

285 42.53 52.93 32.78 68.5 

286 42.54 52.95 32.78 68.505 

287 42.56 52.95 32.8 68.53 

288 42.56 52.97 32.83 68.535 

289 42.58 52.98 32.86 68.6 

290 42.58 52.98 32.88 68.57 

291 42.61 52.99 32.91 68.58 

292 42.63 53.01 32.92 68.59 

293 42.64 53.01 32.96 68.605 

294 42.65 53.03 33.02 68.615 

295 42.64 53.05 33.06 68.555 

296 42.66 53.11 33.1 68.39 
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297 42.69 53.12 33.12 68.495 

298 42.72 53.12 33.13 68.57 

299 42.77 53.12 33.15 68.525 

300 42.77 53.04 33.16 67.745 

301 42.74 52.48 33.15 64.155 

302 42.63 51.32 33.15 59.78 

303 42.32 49.85 33.13 55.755 

304 41.84 48.32 33.12 52.32 

305 41.27 46.88 33.12 49.445 

306 40.66 45.61 33.14 47.045 

307 40.03 44.51 33.16 45.06 

308 39.39 43.55 33.15 43.395 

309 38.77 42.67 33.12 41.99 

310 38.18 41.87 33.13 40.79 

311 37.66 41.15 33.13 39.745 

312 37.19 40.48 33.15 38.805 

313 36.76 39.83 33.17 37.975 

314 36.37 39.21 33.16 37.245 

315 35.99 38.63 33.14 37.225 

316 35.63 38.28 33.16 39.885 

317 35.29 38.58 33.18 44.05 

318 34.95 39.86 33.18 48.26 

319 34.8 41.33 33.18 51.875 

320 34.86 43.07 33.2 54.9 

321 35.15 44.53 33.23 57.28 

322 35.7 45.62 33.25 59.135 

323 36.33 46.4 33.26 60.665 

324 36.97 46.91 33.3 61.91 

325 37.51 47.29 33.31 62.88 

326 38.02 47.78 33.33 63.74 

327 38.5 48.36 33.34 64.425 

328 38.91 48.92 33.34 64.925 

329 39.31 49.43 33.37 65.355 

330 39.71 49.88 33.41 65.815 

331 40.06 50.25 33.45 66.225 

332 40.39 50.59 33.47 66.52 

333 40.71 50.89 33.49 66.82 

334 40.98 51.19 33.52 67.06 

335 41.21 51.44 33.53 67.195 

336 41.42 51.7 33.56 67.45 

337 41.64 51.93 33.59 67.67 

338 41.81 52.1 33.6 67.825 

339 41.95 52.25 33.6 67.885 
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340 42.11 52.41 33.61 67.915 

341 42.25 52.56 33.66 67.985 

342 42.39 52.68 33.71 68.095 

343 42.5 52.8 33.74 68.21 

344 42.61 52.9 33.76 68.26 

345 42.68 52.98 33.79 68.255 

346 42.75 53.07 33.82 68.33 

347 42.83 53.16 33.84 68.295 

348 42.89 53.22 33.87 68.285 

349 42.96 53.27 33.91 68.39 

350 43.01 53.32 33.96 68.44 

351 43.06 53.36 34.01 68.405 

352 43.09 53.4 34.02 68.515 

353 43.13 53.45 34.03 68.545 

354 43.17 53.49 34.05 68.62 

355 43.21 53.53 34.07 68.665 

356 43.21 53.54 34.1 68.765 

357 43.25 53.58 34.13 68.815 

358 43.3 53.63 34.12 68.8 

359 43.31 53.66 34.14 68.83 

360 43.33 53.68 34.15 68.735 

361 43.35 53.67 34.17 68.7 

362 43.4 53.68 34.2 68.645 

363 43.43 53.71 34.23 68.715 

364 43.41 53.73 34.28 68.715 

365 43.41 53.75 34.32 68.8 

366 43.42 53.79 34.39 68.795 

367 43.45 53.8 34.44 68.72 

368 43.49 53.82 34.46 68.615 

369 43.52 53.83 34.48 68.65 

370 43.56 53.83 34.48 68.66 

371 43.57 53.83 34.5 68.635 

372 43.58 53.85 34.53 68.69 

373 43.6 53.87 34.54 68.725 

374 43.61 53.87 34.55 68.65 

375 43.63 53.86 34.57 68.68 

376 43.64 53.85 34.58 68.645 

377 43.66 53.89 34.62 68.68 

378 43.69 53.92 34.67 68.745 

379 43.69 53.95 34.7 68.855 

380 43.66 53.98 34.71 68.895 

381 43.67 53.99 34.76 68.82 

382 43.72 54.01 34.79 68.795 
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383 43.74 54.01 34.8 68.805 

384 43.78 54.02 34.83 68.86 

385 43.82 54.04 34.85 68.84 

386 43.8 54.04 34.85 68.855 

387 43.78 54.07 34.88 68.82 

388 43.8 54.07 34.89 68.825 

389 43.77 54.09 34.9 68.95 

390 43.77 54.11 34.95 68.87 

391 43.81 54.12 34.99 68.855 

392 43.83 54.13 35.01 68.92 

393 43.83 54.15 35.05 68.91 

394 43.84 54.17 35.08 68.93 

395 43.85 54.19 35.12 68.935 

396 43.89 54.19 35.18 68.935 

397 43.93 54.18 35.17 68.835 

398 43.95 54.16 35.17 68.69 

399 43.95 54.16 35.19 68.7 

400 43.94 54.16 35.21 68.825 

401 43.92 54.16 35.21 68.81 

402 43.93 54.19 35.25 68.825 

403 43.93 54.2 35.23 68.66 

404 43.89 54.17 35.22 68.74 

405 43.88 54.1 35.24 68.045 

406 43.85 53.5 35.24 64.465 

407 43.73 52.34 35.23 60.045 

408 43.43 50.87 35.22 56.005 

409 42.96 49.38 35.21 52.57 

410 42.41 47.96 35.23 49.705 

411 41.78 46.66 35.24 47.365 

412 41.17 45.55 35.24 45.43 

413 40.55 44.58 35.23 43.75 

414 39.97 43.71 35.19 42.335 

415 39.42 42.89 35.16 41.135 

416 38.88 42.13 35.15 40.1 

417 38.38 41.41 35.14 39.205 

418 37.91 40.76 35.14 38.405 

419 37.52 40.13 35.13 37.67 
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Test No.4 traditional model with various heat fluxes (five hours) 

Time 

(minutes) 

Outlet 

°C 

Inlet 

°C 

Tank 

°C 

Average wall 

°C 

0 22.22 22.06 22.89 22.425 

1 22.25 22.09 22.92 23.46 

2 22.36 22.14 22.96 27.21 

3 23.18 22.19 23 32.5 

4 25.21 22.26 23.04 37.825 

5 28.1 22.38 23.08 42.455 

6 30.88 22.6 23.12 46.26 

7 33.41 22.78 23.14 49.315 

8 35.41 23.18 23.15 51.77 

9 37.13 24.27 23.18 53.7 

10 38.42 25.58 23.22 55.285 

11 39.22 26.66 23.23 56.675 

12 39.54 27.52 23.28 57.805 

13 39.87 28.36 23.32 58.755 

14 40.53 29.22 23.4 59.6 

15 41.43 29.9 23.48 60.415 

16 42.32 30.46 23.52 61.105 

17 43.03 31.02 23.54 61.64 

18 43.63 31.6 23.6 62.17 

19 44.15 32.15 23.71 62.63 

20 44.57 32.63 23.8 62.96 

21 44.94 33.07 23.87 63.355 

22 45.33 33.48 23.93 63.7 

23 45.69 33.82 23.99 64 

24 46.02 34.14 24.05 64.295 

25 46.35 34.46 24.09 64.405 

26 46.6 34.71 24.16 64.525 

27 46.84 34.94 24.23 64.7 

28 47.05 35.17 24.31 64.885 

29 47.25 35.37 24.4 64.985 

30 47.41 35.54 24.45 65.21 

31 47.6 35.71 24.52 65.395 

32 47.73 35.87 24.6 65.57 

33 47.87 36.03 24.62 65.625 

34 47.99 36.18 24.66 65.715 

35 48.11 36.3 24.73 65.815 

36 48.22 36.4 24.79 65.895 

37 48.33 36.51 24.88 65.855 

38 48.48 36.63 25 65.79 
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39 48.59 36.71 25.06 65.755 

40 48.67 36.8 25.12 65.815 

41 48.71 36.89 25.16 66.055 

42 48.74 36.93 25.19 66.16 

43 48.76 36.97 25.2 66.195 

44 48.8 37.03 25.2 66.24 

45 48.86 37.09 25.29 66.465 

46 48.94 37.13 25.32 66.46 

47 49 37.19 25.34 66.35 

48 49.05 37.25 25.38 66.215 

49 49.09 37.31 25.44 66.185 

50 49.11 37.37 25.52 66.3 

51 49.11 37.37 25.57 66.32 

52 49.17 37.44 25.61 66.41 

53 49.26 37.52 25.67 66.505 

54 49.28 37.55 25.7 66.635 

55 49.31 37.56 25.75 66.73 

56 49.38 37.61 25.82 66.73 

57 49.38 37.63 25.84 66.695 

58 49.41 37.67 25.9 66.635 

59 49.45 37.73 25.95 66.49 

60 49.47 37.79 26.01 66.48 

61 49.49 37.82 26.03 66.575 

62 49.47 37.81 26.05 66.73 

63 49.47 37.82 26.09 66.8 

64 49.54 37.9 26.14 66.93 

65 49.59 37.95 26.23 66.845 

66 49.6 37.99 26.29 66.74 

67 49.66 38.05 26.35 66.725 

68 49.66 38.08 26.37 66.865 

69 49.7 38.11 26.43 67.095 

70 49.72 38.11 26.49 67.04 

71 49.79 38.13 26.53 67.005 

72 49.86 38.18 26.58 67.08 

73 49.9 38.2 26.63 67.175 

74 49.92 38.23 26.67 67.165 

75 49.95 38.28 26.73 67.13 

76 50.02 38.35 26.79 67.33 

77 50.08 38.4 26.85 67.445 

78 50.13 38.43 26.9 67.355 

79 50.16 38.51 26.92 67.19 

80 50.2 38.58 26.97 67.14 

81 50.24 38.63 27.03 67.12 
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82 50.24 38.64 27.07 67.125 

83 50.27 38.67 27.12 67.12 

84 50.28 38.69 27.16 67.285 

85 50.31 38.73 27.22 67.26 

86 50.3 38.77 27.28 67.225 

87 50.32 38.75 27.32 67.355 

88 50.38 38.73 27.36 67.465 

89 50.45 38.78 27.45 67.39 

90 50.49 38.83 27.49 67.435 

91 50.48 38.85 27.51 67.435 

92 50.48 38.9 27.51 67.32 

93 50.54 39 27.6 67.375 

94 50.58 39.06 27.66 67.355 

95 50.6 39.07 27.65 67.305 

96 50.61 39.1 27.68 67.345 

97 50.63 39.1 27.69 67.44 

98 50.67 39.12 27.74 67.595 

99 50.7 39.11 27.77 67.56 

100 50.71 39.15 27.81 67.495 

101 50.73 39.19 27.84 67.475 

102 50.74 39.24 27.87 67.475 

103 50.76 39.28 27.93 67.515 

104 50.78 39.32 28.02 67.565 

105 50.83 39.33 28.11 67.73 

106 50.86 39.33 28.15 67.845 

107 50.86 39.33 28.17 67.97 

108 50.9 39.35 28.23 68.01 

109 50.91 39.37 28.25 67.95 

110 50.94 39.43 28.27 68.065 

111 50.97 39.44 28.33 68.205 

112 51 39.44 28.38 68.215 

113 51.04 39.46 28.42 68.075 

114 51.07 39.52 28.47 67.89 

115 51.08 39.56 28.46 67.915 

116 51.13 39.62 28.51 67.96 

117 51.15 39.65 28.56 67.955 

118 51.17 39.67 28.58 67.88 

119 51.18 39.69 28.59 67.835 

120 51.22 39.74 28.61 67.885 

121 51.23 39.76 28.65 68.04 

122 51.25 39.78 28.74 67.985 

123 51.27 39.8 28.78 68.12 

124 51.28 39.79 28.86 68.085 
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125 51.28 39.8 28.91 68.065 

126 51.3 39.83 28.92 68 

127 51.32 39.85 28.96 68.065 

128 51.35 39.87 29.05 68.15 

129 51.4 39.91 29.07 68.32 

130 51.44 39.96 29.08 68.425 

131 51.47 40.02 29.1 68.49 

132 51.49 40.07 29.13 68.59 

133 51.54 40.11 29.2 68.59 

134 51.54 40.16 29.24 68.76 

135 51.58 40.19 29.27 68.835 

136 51.61 40.21 29.32 68.8 

137 51.65 40.23 29.37 68.69 

138 51.7 40.28 29.42 68.585 

139 51.75 40.31 29.44 68.57 

140 51.76 40.36 29.44 68.4 

141 51.78 40.38 29.47 68.375 

142 51.8 40.41 29.5 68.48 

143 51.78 40.4 29.53 68.53 

144 51.78 40.41 29.51 68.565 

145 51.8 40.43 29.57 68.795 

146 51.83 40.45 29.61 68.855 

147 51.84 40.46 29.66 68.925 

148 51.88 40.5 29.72 68.785 

149 51.91 40.52 29.76 68.88 

150 51.9 40.55 29.75 68.955 

151 51.91 40.61 29.8 68.995 

152 51.98 40.66 29.89 69.125 

153 52.02 40.67 29.94 69.015 

154 52.05 40.73 29.99 69.025 

155 52.1 40.79 30.02 69.13 

156 52.11 40.78 30.04 69.115 

157 52.11 40.76 30.07 69.22 

158 52.1 40.76 30.09 69.165 

159 52.12 40.82 30.12 69.115 

160 52.14 40.88 30.16 69.105 

161 52.18 40.93 30.22 69.19 

162 52.23 40.95 30.26 69.145 

163 52.28 40.98 30.32 69.07 

164 52.31 41.03 30.35 69.23 

165 52.35 41.07 30.38 69.335 

166 52.39 41.12 30.41 69.305 

167 52.41 41.13 30.42 69.34 
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168 52.41 41.17 30.47 69.415 

169 52.44 41.19 30.5 69.39 

170 52.45 41.21 30.55 69.335 

171 52.49 41.25 30.63 69.445 

172 52.53 41.27 30.67 69.465 

173 52.57 41.3 30.74 69.465 

174 52.56 41.32 30.75 69.5 

175 52.58 41.31 30.79 69.525 

176 52.59 41.29 30.79 69.54 

177 52.62 41.34 30.85 69.54 

178 52.68 41.4 30.89 69.47 

179 52.7 41.47 30.92 69.49 

180 52.73 41.47 30.92 69.535 

181 52.74 41.49 30.93 69.53 

182 52.75 41.54 30.98 69.57 

183 52.77 41.54 31.04 69.565 

184 52.8 41.55 31.1 69.5 

185 52.81 41.59 31.16 69.525 

186 52.83 41.63 31.16 69.53 

187 52.82 41.67 31.18 69.465 

188 52.85 41.69 31.24 69.49 

189 52.87 41.69 31.28 69.57 

190 52.88 41.71 31.27 69.5 

191 52.89 41.72 31.26 69.63 

192 52.91 41.75 31.28 69.65 

193 52.89 41.75 31.3 69.72 

194 52.91 41.78 31.36 69.715 

195 52.96 41.8 31.44 69.78 

196 52.99 41.81 31.5 69.795 

197 53.04 41.85 31.57 69.795 

198 53.08 41.89 31.59 69.815 

199 53.12 41.92 31.6 69.745 

200 53.15 41.95 31.64 69.79 

201 53.16 41.99 31.66 69.825 

202 53.11 41.93 31.66 69.695 

203 53.1 41.91 31.64 69.715 

204 53.13 41.94 31.65 69.73 

205 53.12 41.97 31.68 69.665 

206 53.11 41.99 31.73 69.56 

207 53.12 41.99 31.77 69.6 

208 53.11 42 31.81 69.695 

209 53.17 42.07 31.87 69.66 

210 53.23 42.12 31.93 69.78 
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211 53.27 42.14 31.98 69.9 

212 53.28 42.15 32.01 69.98 

213 53.29 42.19 32.04 69.845 

214 53.32 42.19 32.09 69.82 

215 53.34 42.22 32.09 69.8 

216 53.34 42.22 32.1 69.715 

217 53.39 42.22 32.11 69.79 

218 53.39 42.25 32.14 69.845 

219 53.42 42.29 32.22 70.04 

220 53.43 42.33 32.24 69.97 

221 53.47 42.37 32.28 69.85 

222 53.47 42.38 32.3 69.865 

223 53.48 42.36 32.33 69.88 

224 53.47 42.38 32.34 69.985 

225 53.45 42.4 32.31 69.935 

226 53.47 42.43 32.33 69.905 

227 53.49 42.46 32.36 69.945 

228 53.51 42.47 32.38 69.96 

229 53.51 42.48 32.42 69.88 

230 53.51 42.49 32.45 69.865 

231 53.52 42.54 32.47 69.96 

232 53.54 42.56 32.51 70.02 

233 53.54 42.56 32.54 70.03 

234 53.6 42.59 32.61 70.075 

235 53.65 42.62 32.68 70.01 

236 53.69 42.63 32.73 69.975 

237 53.72 42.67 32.76 69.94 

238 53.75 42.7 32.77 70.07 

239 53.7 42.67 32.76 70.165 

240 53.7 42.65 32.73 70.02 

241 53.63 42.59 32.73 69.11 

242 53.02 42.56 32.77 65.38 

243 51.73 42.45 32.77 60.92 

244 50.18 42.18 32.86 56.77 

245 48.64 41.71 32.95 53.185 

246 47.12 41.07 32.89 50.13 

247 45.84 40.38 32.88 47.61 

248 44.76 39.73 32.89 45.53 

249 43.78 39.08 32.9 43.805 

250 42.93 38.45 32.95 42.32 

251 42.1 37.85 32.95 41.04 

252 41.32 37.33 32.92 39.95 

253 40.58 36.84 32.9 38.96 
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254 39.93 36.39 32.92 38.105 

255 39.26 35.93 32.89 37.34 

256 38.59 35.47 32.83 36.655 

257 38.01 35.1 32.83 36.05 

258 37.47 34.75 32.83 35.495 

259 36.94 34.42 32.81 34.965 

260 36.45 34.11 32.77 34.49 

261 36.01 33.82 32.73 34.04 

262 35.59 33.54 32.7 33.645 

263 35.21 33.28 32.66 33.25 

264 34.88 33.04 32.64 32.91 

265 34.56 32.82 32.63 32.59 

266 34.25 32.61 32.6 32.265 

267 34 32.43 32.59 31.995 

268 33.76 32.26 32.61 31.74 

269 33.53 32.1 32.62 31.51 

270 33.31 31.93 32.61 31.29 

271 33.07 31.74 32.57 31.06 

272 32.88 31.58 32.55 30.855 

273 32.72 31.41 32.54 30.66 

274 32.61 31.25 32.53 30.505 

275 32.5 31.1 32.52 30.345 

276 32.37 30.92 32.52 30.175 

277 32.24 30.73 32.5 30.01 

278 32.11 30.55 32.49 29.85 

279 32.03 30.39 32.51 29.72 

280 31.96 30.21 32.51 29.59 

281 31.89 30.03 32.5 29.48 

282 31.8 29.84 32.47 29.345 

283 31.7 29.64 32.44 29.205 

284 31.62 29.5 32.46 29.115 

285 31.53 29.33 32.46 29.01 

286 31.41 29.16 32.44 28.87 

287 31.3 29 32.42 28.76 

288 31.21 28.87 32.42 28.68 

289 31.1 28.76 32.42 28.61 

290 31.02 28.65 32.41 28.545 

291 30.94 28.55 32.42 28.47 

292 30.81 28.41 32.38 28.36 

293 30.7 28.31 32.37 28.285 

294 30.61 28.22 32.35 28.205 

295 30.52 28.12 32.35 28.145 

296 30.47 28.07 32.37 28.09 
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297 30.39 27.98 32.35 28.015 

298 30.31 27.9 32.35 27.955 

299 30.23 27.82 32.35 27.9 

  

Test No.5 new model with constant heat fluxes (five hours) 

Time 

(minutes) 

Inlet 

°C 

Outlet 

°C 

Tank 

°C 

Average wall 

°C 

0 23.37 24.03 24.05 24.565 

1 23.39 24.06 24.05 26.4 

2 23.43 24.23 24.04 31.79 

3 23.5 24.76 24.05 37.835 

4 23.66 25.88 24.09 43.235 

5 23.85 27.96 24.1 47.745 

6 24 31.21 24.11 51.475 

7 24.15 34.29 24.15 54.475 

8 24.42 36.42 24.18 56.88 

9 25.18 38.29 24.17 58.905 

10 26.45 39.87 24.2 60.555 

11 27.76 41.13 24.27 62.005 

12 28.9 42.15 24.31 63.345 

13 29.86 42.94 24.33 64.555 

14 30.72 43.65 24.41 65.595 

15 31.47 44.29 24.45 66.405 

16 32.12 44.97 24.46 67.19 

17 32.73 45.69 24.51 67.875 

18 33.29 46.35 24.52 68.49 

19 33.81 46.94 24.56 69.045 

20 34.33 47.5 24.57 69.52 

21 34.83 48 24.61 69.935 

22 35.31 48.47 24.66 70.305 

23 35.71 48.91 24.73 70.645 

24 36.04 49.29 24.8 70.83 

25 36.4 49.68 24.87 71.065 

26 36.75 49.97 24.93 71.3 

27 37.07 50.26 25 71.545 

28 37.4 50.6 25.16 71.765 

29 37.65 50.87 25.23 71.83 

30 37.95 51.14 25.31 72.03 

31 38.21 51.39 25.41 72.27 

32 38.43 51.62 25.51 72.46 

33 38.61 51.83 25.57 72.68 
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34 38.77 52 25.69 72.965 

35 38.95 52.17 25.76 73.18 

36 39.08 52.32 25.79 73.25 

37 39.21 52.51 25.82 73.305 

38 39.36 52.65 25.92 73.335 

39 39.46 52.75 26 73.42 

40 39.56 52.83 26.08 73.405 

41 39.65 52.91 26.12 73.39 

42 39.75 52.98 26.11 73.455 

43 39.81 53.04 26.09 73.52 

44 39.79 53 26.09 73.495 

45 39.88 53.08 26.19 73.47 

46 39.91 53.1 26.24 73.54 

47 39.96 53.16 26.27 73.555 

48 39.97 53.21 26.32 73.415 

49 40.01 53.24 26.4 73.345 

50 40.05 53.25 26.46 73.455 

51 40.09 53.27 26.5 73.46 

52 40.12 53.3 26.53 73.405 

53 40.18 53.35 26.6 73.45 

54 40.21 53.37 26.68 73.54 

55 40.19 53.38 26.68 73.64 

56 40.23 53.41 26.68 73.65 

57 40.32 53.45 26.74 73.68 

58 40.4 53.52 26.8 73.765 

59 40.44 53.6 26.89 73.795 

60 40.5 53.63 26.95 73.825 

61 40.54 53.66 27 73.815 

62 40.56 53.7 27.05 73.85 

63 40.56 53.7 27.02 73.795 

64 40.61 53.74 27.09 73.81 

65 40.65 53.79 27.18 73.79 

66 40.65 53.81 27.24 73.795 

67 40.64 53.81 27.3 73.745 

68 40.67 53.78 27.33 73.615 

69 40.74 53.82 27.39 73.655 

70 40.79 53.86 27.43 73.74 

71 40.78 53.91 27.46 73.73 

72 40.84 53.95 27.49 73.775 

73 40.9 54 27.53 73.98 

74 40.92 54.04 27.59 74.125 

75 41.01 54.1 27.66 74.245 

76 41.11 54.17 27.76 74.255 
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77 41.16 54.21 27.8 74.28 

78 41.19 54.29 27.86 74.315 

79 41.27 54.34 27.93 74.285 

80 41.33 54.4 27.99 74.325 

81 41.4 54.45 28 74.445 

82 41.42 54.5 28.06 74.47 

83 41.47 54.52 28.08 74.5 

84 41.53 54.55 28.14 74.56 

85 41.59 54.6 28.17 74.61 

86 41.6 54.65 28.25 74.7 

87 41.63 54.69 28.3 74.825 

88 41.66 54.71 28.36 74.845 

89 41.69 54.76 28.41 74.9 

90 41.69 54.78 28.48 74.92 

91 41.7 54.81 28.52 74.925 

92 41.68 54.81 28.58 74.885 

93 41.69 54.81 28.65 74.865 

94 41.7 54.83 28.74 74.78 

95 41.75 54.88 28.78 74.795 

96 41.81 54.9 28.79 74.885 

97 41.83 54.92 28.82 74.985 

98 41.86 54.95 28.87 75.065 

99 41.88 54.97 28.88 75.045 

100 41.92 54.99 28.93 74.99 

101 41.95 55.02 29.02 74.92 

102 41.99 55.09 29.02 74.99 

103 42.01 55.12 29.08 75.155 

104 42.03 55.14 29.09 75.11 

105 42.11 55.17 29.12 75.005 

106 42.16 55.2 29.18 75.01 

107 42.2 55.22 29.2 75.015 

108 42.23 55.2 29.23 75.07 

109 42.25 55.23 29.27 75.195 

110 42.28 55.27 29.33 75.215 

111 42.28 55.3 29.4 75.18 

112 42.3 55.37 29.49 75.3 

113 42.33 55.41 29.57 75.39 

114 42.38 55.46 29.64 75.425 

115 42.44 55.5 29.7 75.445 

116 42.48 55.5 29.69 75.475 

117 42.54 55.53 29.71 75.52 

118 42.58 55.54 29.74 75.635 

119 42.6 55.56 29.79 75.675 
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120 42.62 55.58 29.84 75.59 

121 42.62 55.63 29.87 75.56 

122 42.65 55.67 29.98 75.48 

123 42.66 55.7 30.03 75.42 

124 42.7 55.73 30.06 75.535 

125 42.76 55.78 30.1 75.65 

126 42.83 55.82 30.13 75.715 

127 42.89 55.84 30.19 75.735 

128 42.92 55.88 30.26 75.695 

129 42.95 55.92 30.3 75.645 

130 42.96 55.94 30.32 75.585 

131 42.98 55.94 30.38 75.585 

132 43 55.95 30.45 75.575 

133 43.02 55.97 30.5 75.55 

134 43.03 56 30.52 75.57 

135 43.01 55.99 30.55 75.495 

136 42.97 55.98 30.6 75.405 

137 42.97 56.01 30.66 75.505 

138 43.03 56.02 30.7 75.55 

139 43.06 56.03 30.76 75.43 

140 43.04 56.02 30.79 75.355 

141 43.03 56.02 30.86 75.405 

142 43 56 30.86 75.435 

143 43.01 55.98 30.85 75.495 

144 43.04 55.98 30.89 75.5 

145 43.01 55.97 30.94 75.425 

146 42.94 55.98 30.94 75.315 

147 42.99 56.01 31.05 75.26 

148 43.03 56.05 31.12 75.25 

149 43.07 56.07 31.19 75.245 

150 43.06 56.08 31.23 75.28 

151 43.11 56.1 31.28 75.335 

152 43.16 56.12 31.3 75.395 

153 43.18 56.15 31.31 75.445 

154 43.25 56.22 31.37 75.46 

155 43.27 56.3 31.46 75.48 

156 43.3 56.35 31.52 75.525 

157 43.39 56.36 31.54 75.535 

158 43.44 56.33 31.57 75.455 

159 43.43 56.34 31.58 75.475 

160 43.39 56.35 31.6 75.495 

161 43.42 56.34 31.6 75.485 

162 43.45 56.38 31.64 75.545 
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163 43.49 56.41 31.69 75.56 

164 43.47 56.42 31.73 75.63 

165 43.48 56.43 31.74 75.635 

166 43.47 56.44 31.8 75.62 

167 43.5 56.47 31.88 75.655 

168 43.55 56.5 31.95 75.65 

169 43.56 56.52 31.95 75.685 

170 43.57 56.49 31.94 75.645 

171 43.57 56.48 31.98 75.62 

172 43.56 56.5 32.01 75.535 

173 43.58 56.54 32.05 75.47 

174 43.66 56.57 32.13 75.56 

175 43.68 56.55 32.14 75.6 

176 43.79 56.62 32.22 75.695 

177 43.88 56.67 32.22 75.77 

178 43.9 56.7 32.29 75.75 

179 43.94 56.73 32.35 75.79 

180 43.92 56.71 32.37 75.795 

181 43.91 56.74 32.44 75.795 

182 43.93 56.79 32.49 75.805 

183 44 56.85 32.55 75.92 

184 44.01 56.87 32.57 75.935 

185 43.95 56.85 32.6 75.965 

186 43.96 56.86 32.61 75.93 

187 43.99 56.9 32.67 75.98 

188 44.05 56.94 32.72 75.955 

189 44.05 56.94 32.73 75.935 

190 44.05 56.94 32.76 75.82 

191 44.06 56.94 32.84 75.76 

192 44.08 56.97 32.94 75.85 

193 44.15 57.01 32.98 75.885 

194 44.22 57.02 32.98 75.935 

195 44.27 57.05 32.97 75.985 

196 44.3 57.08 33.02 76.08 

197 44.34 57.12 33.06 76.055 

198 44.39 57.16 33.14 76.02 

199 44.44 57.2 33.19 76.045 

200 44.48 57.21 33.23 76.19 

201 44.52 57.25 33.26 76.18 

202 44.56 57.26 33.28 76.155 

203 44.57 57.3 33.35 76.185 

204 44.6 57.35 33.46 76.265 

205 44.58 57.36 33.49 76.24 
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206 44.6 57.41 33.58 76.145 

207 44.65 57.43 33.61 76.08 

208 44.69 57.49 33.65 76.07 

209 44.69 57.53 33.67 76.055 

210 44.7 57.58 33.71 76.105 

211 44.73 57.61 33.75 76.175 

212 44.72 57.59 33.8 76.2 

213 44.73 57.58 33.86 76.155 

214 44.78 57.61 33.87 76.085 

215 44.82 57.63 33.91 76.12 

216 44.79 57.63 33.93 76.215 

217 44.82 57.66 33.97 76.24 

218 44.83 57.65 33.99 76.18 

219 44.89 57.67 34.03 76.3 

220 44.9 57.64 34.08 76.26 

221 44.95 57.65 34.16 76.23 

222 44.97 57.67 34.15 76.28 

223 45 57.68 34.15 76.31 

224 45.05 57.7 34.16 76.35 

225 45.12 57.72 34.22 76.405 

226 45.11 57.73 34.3 76.38 

227 45.16 57.78 34.34 76.39 

228 45.19 57.84 34.41 76.42 

229 45.24 57.88 34.41 76.385 

230 45.26 57.9 34.43 76.39 

231 45.27 57.91 34.46 76.425 

232 45.24 57.91 34.51 76.405 

233 45.21 57.92 34.54 76.38 

234 45.21 57.94 34.63 76.285 

235 45.23 57.97 34.69 76.32 

236 45.25 57.99 34.72 76.375 

237 45.28 58.03 34.74 76.455 

238 45.33 58.05 34.76 76.355 

239 45.35 58.04 34.79 76.235 

240 45.35 58.03 34.77 76.235 

241 45.36 58.01 34.77 76.28 

242 45.44 58.03 34.82 76.37 

243 45.45 58.04 34.91 76.405 

244 45.44 58.07 34.97 76.505 

245 45.42 58.1 35.02 76.545 

246 45.44 58.15 35.09 76.605 

247 45.48 58.19 35.14 76.63 

248 45.46 58.2 35.18 76.55 
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249 45.45 58.22 35.21 76.515 

250 45.48 58.24 35.21 76.48 

251 45.49 58.24 35.2 76.455 

252 45.54 58.28 35.22 76.485 

253 45.61 58.29 35.26 76.515 

254 45.67 58.31 35.26 76.62 

255 45.71 58.36 35.28 76.645 

256 45.72 58.4 35.3 76.69 

257 45.7 58.4 35.34 76.62 

258 45.66 58.39 35.38 76.68 

259 45.65 58.4 35.39 76.69 

260 45.71 58.45 35.44 76.765 

261 45.69 58.46 35.5 76.745 

262 45.73 58.48 35.52 76.72 

263 45.82 58.5 35.53 76.795 

264 45.91 58.53 35.57 76.895 

265 45.89 58.54 35.61 76.87 

266 45.88 58.58 35.67 76.845 

267 45.91 58.61 35.7 76.87 

268 45.96 58.65 35.77 76.835 

269 46.01 58.68 35.83 76.81 

270 46.02 58.7 35.87 76.83 

271 46.09 58.72 35.88 76.865 

272 46.16 58.72 35.91 76.8 

273 46.19 58.75 35.93 76.87 

274 46.14 58.76 35.95 76.905 

275 46.1 58.75 35.95 76.925 

276 46.13 58.79 36 76.915 

277 46.16 58.8 36.04 76.85 

278 46.19 58.8 36.09 76.68 

279 46.2 58.82 36.14 76.67 

280 46.23 58.85 36.15 76.84 

281 46.22 58.82 36.16 76.905 

282 46.18 58.79 36.08 76.845 

283 46.2 58.8 36.14 76.88 

284 46.24 58.82 36.18 76.85 

285 46.24 58.83 36.2 76.795 

286 46.2 58.81 36.21 76.81 

287 46.23 58.82 36.23 76.74 

288 46.25 58.8 36.24 76.735 

289 46.26 58.82 36.27 76.72 

290 46.27 58.83 36.33 76.775 

291 46.25 58.82 36.32 76.77 
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292 46.23 58.8 36.34 76.74 

293 46.28 58.81 36.35 76.8 

294 46.34 58.86 36.39 76.86 

295 46.33 58.86 36.43 76.825 

296 46.3 58.83 36.45 76.72 

297 46.34 58.85 36.49 76.73 

298 46.35 58.89 36.51 76.745 

299 46.39 58.89 36.55 76.745 

 

Test No.6 new model with constant heat fluxes (seven hours) 

Time 

(minutes) 

Inlet 

°C 

Outlet 

°C 

Tank 

°C 

Average wall 

°C 

0 23.64 23.98 24.04 26.71 

1 23.65 24.04 24.06 28.755 

2 23.71 24.33 24.09 34.715 

3 23.78 25.02 24.14 40.86 

4 23.83 26.42 24.17 46.06 

5 23.95 29.26 24.2 50.315 

6 24.09 32.74 24.21 53.735 

7 24.22 35.58 24.22 56.445 

8 24.67 37.78 24.22 58.665 

9 25.68 39.57 24.24 60.6 

10 27.05 40.99 24.28 62.23 

11 28.35 42.05 24.33 63.645 

12 29.47 42.9 24.38 64.895 

13 30.43 43.64 24.43 65.99 

14 31.26 44.33 24.46 66.905 

15 31.96 45.04 24.46 67.765 

16 32.6 45.68 24.5 68.405 

17 33.17 46.39 24.54 69.04 

18 33.76 47.16 24.62 69.7 

19 34.28 47.75 24.67 70.03 

20 34.73 48.26 24.72 70.48 

21 35.22 48.74 24.79 70.825 

22 35.65 49.14 24.84 71.23 

23 36.04 49.49 24.9 71.595 

24 36.4 49.87 24.98 71.92 

25 36.77 50.22 25.04 72.21 

26 37.12 50.55 25.09 72.43 

27 37.42 50.83 25.13 72.645 

28 37.68 51.09 25.2 72.8 
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29 37.9 51.33 25.25 72.94 

30 38.09 51.68 25.3 73.055 

31 38.25 52.03 25.36 73.07 

32 38.38 52.16 25.41 73.12 

33 38.56 52.31 25.47 73.23 

34 38.7 52.45 25.53 73.395 

35 38.83 52.58 25.62 73.58 

36 38.96 52.71 25.71 73.64 

37 39.1 52.79 25.75 73.7 

38 39.19 52.81 25.75 73.715 

39 39.29 52.85 25.78 73.765 

40 39.4 52.91 25.82 73.855 

41 39.49 53.01 25.95 74.04 

42 39.54 53.11 26.03 74.065 

43 39.61 53.2 26.13 74.035 

44 39.67 53.29 26.14 74.015 

45 39.75 53.35 26.21 74.035 

46 39.81 53.39 26.31 74.13 

47 39.86 53.45 26.32 74.155 

48 39.89 53.52 26.34 74.15 

49 39.92 53.6 26.42 74.19 

50 40.02 53.79 26.47 74.185 

51 40.11 53.8 26.53 74.21 

52 40.17 53.79 26.62 74.27 

53 40.21 53.83 26.67 74.31 

54 40.22 53.83 26.71 74.29 

55 40.25 53.87 26.75 74.305 

56 40.27 53.9 26.83 74.355 

57 40.3 53.94 26.89 74.375 

58 40.33 53.95 27.01 74.435 

59 40.37 53.94 27.03 74.51 

60 40.37 54 27.08 74.525 

61 40.38 54 27.12 74.59 

62 40.39 54.05 27.16 74.6 

63 40.43 54.13 27.24 74.62 

64 40.47 54.15 27.3 74.605 

65 40.43 54.18 27.35 74.63 

66 40.47 54.31 27.4 74.635 

67 40.52 54.39 27.43 74.635 

68 40.55 54.44 27.48 74.65 

69 40.6 54.53 27.58 74.535 

70 40.63 54.51 27.63 74.645 

71 40.69 54.52 27.7 74.745 
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72 40.73 54.58 27.7 74.825 

73 40.74 54.62 27.83 74.875 

74 40.75 54.68 27.89 74.885 

75 40.78 54.69 27.9 74.91 

76 40.85 54.75 27.95 74.935 

77 40.87 54.74 28.01 74.96 

78 40.86 54.78 28.05 75.075 

79 40.85 54.83 28.1 75.135 

80 40.88 54.88 28.15 75.155 

81 40.94 54.93 28.2 75.175 

82 40.97 54.99 28.24 75.125 

83 40.97 55.01 28.31 75.095 

84 40.97 54.98 28.35 75.025 

85 40.95 54.93 28.35 74.995 

86 40.96 54.96 28.38 75.02 

87 40.99 55.02 28.36 75.075 

88 41.07 55.09 28.47 75.155 

89 41.14 55.11 28.52 75.215 

90 41.19 55.18 28.62 75.19 

91 41.23 55.22 28.66 75.205 

92 41.27 55.23 28.72 75.285 

93 41.33 55.27 28.72 75.315 

94 41.37 55.33 28.74 75.37 

95 41.42 55.38 28.84 75.245 

96 41.44 55.39 28.92 75.25 

97 41.47 55.47 28.99 75.355 

98 41.49 55.49 29.06 75.43 

99 41.53 55.54 29.11 75.425 

100 41.58 55.54 29.13 75.33 

101 41.63 55.56 29.18 75.265 

102 41.68 55.63 29.24 75.345 

103 41.72 55.66 29.3 75.405 

104 41.7 55.67 29.32 75.475 

105 41.72 55.69 29.38 75.575 

106 41.76 55.76 29.47 75.61 

107 41.81 55.82 29.53 75.595 

108 41.83 55.88 29.58 75.62 

109 41.85 55.87 29.66 75.755 

110 41.87 55.89 29.69 75.805 

111 41.92 55.92 29.69 75.83 

112 41.96 55.94 29.74 75.915 

113 41.99 55.98 29.81 75.975 

114 42.05 55.95 29.8 75.95 
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115 42.11 56.02 29.85 75.98 

116 42.12 56.05 29.91 75.985 

117 42.14 56.09 30.01 76.03 

118 42.17 56.14 30.05 76.03 

119 42.17 56.14 30.1 76 

120 42.16 56.14 30.09 75.99 

121 42.2 56.16 30.12 75.995 

122 42.25 56.16 30.23 75.96 

123 42.28 56.19 30.24 76.015 

124 42.32 56.22 30.28 76.045 

125 42.38 56.29 30.35 76.11 

126 42.41 56.3 30.38 76.135 

127 42.44 56.35 30.43 76.15 

128 42.46 56.41 30.49 76.13 

129 42.49 56.4 30.48 76.125 

130 42.52 56.42 30.55 76.23 

131 42.59 56.43 30.59 76.21 

132 42.62 56.41 30.64 76.215 

133 42.64 56.44 30.71 76.22 

134 42.66 56.43 30.7 76.19 

135 42.69 56.35 30.74 76.265 

136 42.71 56.34 30.81 76.3 

137 42.73 56.37 30.85 76.195 

138 42.71 56.48 30.92 76.13 

139 42.71 56.56 30.96 76.125 

140 42.74 56.59 31.03 76.15 

141 42.74 56.64 31.03 76.1 

142 42.75 56.7 31.07 76.11 

143 42.78 56.73 31.1 76.14 

144 42.8 56.73 31.15 76.165 

145 42.84 56.74 31.23 76.21 

146 42.87 56.75 31.29 76.275 

147 42.89 56.78 31.29 76.4 

148 42.94 56.83 31.35 76.405 

149 43.01 56.79 31.38 76.305 

150 43.07 56.84 31.4 76.385 

151 43.09 56.89 31.43 76.47 

152 43.13 56.91 31.48 76.495 

153 43.15 56.95 31.55 76.495 

154 43.18 56.99 31.6 76.46 

155 43.21 57.01 31.65 76.47 

156 43.23 57.03 31.68 76.47 

157 43.21 57.04 31.69 76.5 
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158 43.2 57.05 31.69 76.5 

159 43.23 57.08 31.75 76.44 

160 43.29 57.09 31.81 76.39 

161 43.33 57.08 31.8 76.37 

162 43.36 57.08 31.83 76.425 

163 43.35 57.19 31.88 76.48 

164 43.35 57.24 31.97 76.38 

165 43.33 57.26 32.03 76.31 

166 43.35 57.28 32.06 76.39 

167 43.4 57.3 32.11 76.385 

168 43.43 57.32 32.14 76.335 

169 43.45 57.35 32.19 76.335 

170 43.49 57.36 32.18 76.41 

171 43.5 57.38 32.23 76.4 

172 43.52 57.38 32.33 76.42 

173 43.52 57.39 32.4 76.465 

174 43.51 57.4 32.49 76.485 

175 43.49 57.34 32.49 76.395 

176 43.48 57.27 32.43 76.28 

177 43.51 57.27 32.43 76.245 

178 43.48 57.24 32.48 76.215 

179 43.46 57.24 32.5 76.285 

180 43.51 57.28 32.56 76.26 

181 43.54 57.3 32.61 76.295 

182 43.57 57.3 32.64 76.35 

183 43.57 57.3 32.65 76.335 

184 43.61 57.32 32.66 76.305 

185 43.66 57.37 32.71 76.345 

186 43.68 57.42 32.77 76.365 

187 43.68 57.46 32.83 76.42 

188 43.73 57.5 32.91 76.45 

189 43.75 57.52 32.92 76.43 

190 43.77 57.54 32.97 76.46 

191 43.75 57.54 33.04 76.5 

192 43.78 57.57 33.09 76.525 

193 43.8 57.58 33.09 76.45 

194 43.81 57.6 33.15 76.385 

195 43.81 57.61 33.18 76.405 

196 43.84 57.62 33.22 76.445 

197 43.91 57.62 33.23 76.495 

198 43.94 57.65 33.29 76.55 

199 43.91 57.65 33.32 76.52 

200 43.92 57.68 33.37 76.48 
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201 43.93 57.66 33.41 76.465 

202 43.96 57.65 33.46 76.385 

203 44.01 57.66 33.47 76.365 

204 44.05 57.65 33.49 76.41 

205 44.04 57.65 33.51 76.445 

206 44.06 57.68 33.57 76.52 

207 44.04 57.66 33.57 76.5 

208 44.06 57.7 33.58 76.415 

209 44.2 57.82 33.61 76.35 

210 44.64 57.51 33.65 76.32 

211 44.55 57.5 33.72 76.335 

212 44.2 57.71 33.76 76.375 

213 44.1 57.92 33.79 76.36 

214 44.07 58.08 33.82 76.365 

215 44.16 58.23 33.86 76.445 

216 44.27 58.32 33.89 76.49 

217 44.33 58.3 33.94 76.51 

218 44.35 58.28 33.95 76.55 

219 44.42 58.3 34.06 76.55 

220 44.48 58.35 34.1 76.55 

221 44.53 58.37 34.11 76.56 

222 44.54 58.4 34.13 76.54 

223 44.52 58.42 34.18 76.435 

224 44.56 58.46 34.19 76.455 

225 44.63 58.51 34.19 76.45 

226 44.69 58.56 34.23 76.45 

227 44.69 58.58 34.28 76.445 

228 44.73 58.55 34.31 76.45 

229 44.76 58.6 34.34 76.555 

230 44.78 58.6 34.38 76.555 

231 44.8 58.63 34.41 76.52 

232 44.81 58.64 34.41 76.54 

233 44.83 58.66 34.45 76.56 

234 44.86 58.69 34.5 76.605 

235 44.91 58.68 34.49 76.595 

236 44.92 58.7 34.51 76.61 

237 44.93 58.73 34.58 76.645 

238 44.97 58.79 34.67 76.68 

239 44.96 58.82 34.7 76.755 

240 44.96 58.86 34.73 76.745 

241 45.02 58.89 34.75 76.775 

242 45.01 58.87 34.74 76.79 

243 45.09 58.89 34.76 76.785 
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244 45.15 58.9 34.78 76.72 

245 45.16 58.9 34.8 76.75 

246 45.15 58.97 34.86 76.845 

247 45.11 58.96 34.9 76.845 

248 45.09 58.94 34.92 76.78 

249 45.11 58.96 34.96 76.755 

250 45.13 58.97 34.97 76.705 

251 45.12 58.99 35.05 76.7 

252 45.15 59.08 35.11 76.715 

253 45.2 59.11 35.16 76.73 

254 45.21 59.12 35.19 76.795 

255 45.19 59.07 35.2 76.71 

256 45.17 59.05 35.18 76.645 

257 45.19 59.09 35.26 76.65 

258 45.22 59.11 35.32 76.565 

259 45.28 59.16 35.37 76.495 

260 45.33 59.15 35.34 76.57 

261 45.37 59.17 35.38 76.73 

262 45.41 59.19 35.45 76.765 

263 45.48 59.23 35.48 76.705 

264 45.5 59.24 35.51 76.685 

265 45.56 59.25 35.54 76.705 

266 45.53 59.2 35.54 76.7 

267 45.55 59.22 35.58 76.81 

268 45.54 59.27 35.64 76.885 

269 45.58 59.3 35.65 76.805 

270 45.61 59.31 35.64 76.725 

271 45.64 59.28 35.67 76.7 

272 45.61 59.28 35.7 76.8 

273 45.62 59.3 35.74 76.94 

274 45.62 59.34 35.75 76.935 

275 45.62 59.34 35.78 77 

276 45.66 59.39 35.8 77.09 

277 45.74 59.43 35.83 77.065 

278 45.78 59.47 35.85 77.035 

279 45.81 59.5 35.91 77.14 

280 45.84 59.52 35.98 77.175 

281 45.85 59.55 35.97 77.22 

282 45.88 59.58 36.02 77.315 

283 45.89 59.63 36.04 77.28 

284 45.9 59.67 36.01 77.225 

285 45.92 59.69 36.02 77.24 

286 45.97 59.72 36.07 77.27 
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287 45.98 59.73 36.1 77.29 

288 45.98 59.77 36.14 77.385 

289 45.95 59.82 36.19 77.35 

290 45.96 59.85 36.27 77.275 

291 45.99 59.86 36.32 77.325 

292 46.01 59.88 36.34 77.37 

293 46.06 59.91 36.35 77.475 

294 46.13 59.95 36.42 77.52 

295 46.18 59.97 36.47 77.55 

296 46.15 59.99 36.47 77.485 

297 46.16 59.98 36.5 77.45 

298 46.16 59.99 36.52 77.51 

299 46.16 60.01 36.56 77.515 

300 46.21 60.03 36.62 77.565 

301 46.26 60.02 36.65 77.545 

302 46.3 60.01 36.62 77.56 

303 46.3 60.02 36.66 77.575 

304 46.27 60.02 36.7 77.43 

305 46.27 60.03 36.72 77.285 

306 46.32 60.08 36.78 77.27 

307 46.36 60.11 36.83 77.255 

308 46.36 60.1 36.87 77.255 

309 46.36 60.07 36.84 77.26 

310 46.37 60.1 36.88 77.245 

311 46.42 60.09 36.92 77.075 

312 46.43 60.06 36.91 77.07 

313 46.42 60.05 36.95 77.16 

314 46.44 60.07 36.98 77.28 

315 46.47 60.1 37 77.365 

316 46.47 60.1 37 77.4 

317 46.5 60.15 37.07 77.4 

318 46.51 60.19 37.12 77.43 

319 46.54 60.22 37.15 77.43 

320 46.58 60.23 37.15 77.405 

321 46.61 60.26 37.18 77.465 

322 46.62 60.27 37.21 77.495 

323 46.62 60.28 37.24 77.485 

324 46.63 60.28 37.25 77.485 

325 46.63 60.3 37.27 77.365 

326 46.67 60.3 37.3 77.4 

327 46.69 60.3 37.33 77.455 

328 46.69 60.32 37.35 77.415 

329 46.7 60.35 37.39 77.395 
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330 46.71 60.37 37.42 77.45 

331 46.76 60.39 37.46 77.475 

332 46.78 60.42 37.5 77.53 

333 46.81 60.43 37.54 77.59 

334 46.84 60.45 37.57 77.585 

335 46.86 60.48 37.58 77.48 

336 46.9 60.52 37.62 77.405 

337 46.87 60.55 37.64 77.46 

338 46.89 60.58 37.69 77.46 

339 46.96 60.53 37.67 77.455 

340 47 60.51 37.68 77.455 

341 46.99 60.55 37.71 77.46 

342 46.95 60.57 37.79 77.485 

343 46.96 60.58 37.83 77.52 

344 46.98 60.61 37.87 77.515 

345 47.05 60.6 37.91 77.49 

346 47.07 60.63 37.94 77.54 

347 47.09 60.67 37.97 77.575 

348 47.12 60.7 37.98 77.645 

349 47.12 60.68 38 77.65 

350 47.14 60.7 38.04 77.67 

351 47.17 60.71 38.05 77.685 

352 47.16 60.72 38.06 77.65 

353 47.18 60.74 38.09 77.62 

354 47.2 60.75 38.12 77.655 

355 47.21 60.77 38.09 77.615 

356 47.22 60.77 38.1 77.6 

357 47.24 60.79 38.12 77.68 

358 47.22 60.79 38.15 77.7 

359 47.18 60.8 38.21 77.64 

360 47.15 60.79 38.29 77.565 

361 47.17 60.77 38.28 77.55 

362 47.21 60.84 38.26 77.615 

363 47.24 60.85 38.27 77.63 

364 47.25 60.85 38.3 77.59 

365 47.26 60.86 38.37 77.63 

366 47.25 60.84 38.39 77.655 

367 47.23 60.78 38.4 77.74 

368 47.22 60.72 38.38 77.76 

369 47.28 60.74 38.39 77.775 

370 47.31 60.77 38.41 77.87 

371 47.35 60.8 38.45 77.87 

372 47.38 60.81 38.47 77.835 
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373 47.39 60.81 38.49 77.795 

374 47.39 60.83 38.51 77.78 

375 47.41 60.84 38.54 77.735 

376 47.43 60.85 38.54 77.715 

377 47.43 60.88 38.56 77.79 

378 47.46 60.89 38.58 77.815 

379 47.49 60.93 38.66 77.79 

380 47.49 60.93 38.69 77.795 

381 47.49 60.93 38.67 77.775 

382 47.5 60.94 38.68 77.845 

383 47.51 60.93 38.69 77.835 

384 47.52 60.92 38.67 77.795 

385 47.52 60.93 38.68 77.86 

386 47.54 60.92 38.74 77.845 

387 47.54 60.94 38.76 77.75 

388 47.57 60.98 38.78 77.75 

389 47.59 61.01 38.82 77.725 

390 47.64 61.04 38.82 77.68 

391 47.65 61.05 38.84 77.82 

392 47.65 61.08 38.92 77.835 

393 47.68 61.1 38.97 77.815 

394 47.69 61.13 38.99 77.805 

395 47.72 61.13 38.96 77.8 

396 47.73 61.09 38.96 77.78 

397 47.74 61.05 38.97 77.695 

398 47.74 61.07 38.97 77.805 

399 47.75 61.13 39.01 77.88 

400 47.76 61.17 39.04 77.955 

401 47.76 61.21 39.09 78 

402 47.75 61.22 39.13 78.005 

403 47.74 61.22 39.17 77.99 

404 47.75 61.26 39.19 77.995 

405 47.81 61.29 39.22 78.06 

406 47.87 61.27 39.21 78.045 

407 47.91 61.24 39.16 78.025 

408 47.89 61.25 39.19 78.02 

409 47.89 61.23 39.21 78.04 

410 47.92 61.22 39.21 78.07 

411 47.95 61.24 39.2 78.105 

412 47.93 61.24 39.2 78.15 

413 47.94 61.26 39.23 78.215 

414 47.96 61.32 39.26 78.33 

415 47.98 61.35 39.26 78.425 
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416 48 61.36 39.24 78.51 

417 48.02 61.43 39.29 78.525 

418 48.05 61.47 39.35 78.495 

419 48.09 61.5 39.39 78.39 

 

Test No.7 new model with various heat fluxes (seven hours) 

Time 
(minutes) 

Inlet 
°C 

Outlet 
°C 

Tank 
°C 

wall-1 
°C 

0 22.20 22.37 22.40 24.99 

1 22.25 22.41 22.44 28.63 

2 22.33 22.71 22.51 35.90 

3 22.41 23.54 22.55 42.13 

4 22.52 25.20 22.61 47.08 

5 22.66 28.01 22.65 50.95 

6 22.79 31.47 22.70 53.85 

7 22.92 34.27 22.73 56.09 

8 23.29 36.22 22.74 57.89 

9 24.25 38.03 22.74 59.37 

10 25.61 39.60 22.77 60.63 

11 26.94 40.90 22.84 61.74 

12 28.09 41.92 22.90 62.75 

13 29.09 42.65 22.99 63.69 

14 29.98 43.42 23.10 64.57 

15 30.79 44.10 23.19 65.23 

16 31.49 44.84 23.28 65.91 

17 32.10 45.64 23.34 66.46 

18 32.68 46.16 23.43 66.99 

19 33.23 46.72 23.50 67.52 

20 33.75 47.32 23.59 67.93 

21 34.20 47.82 23.65 68.14 

22 34.66 48.28 23.77 68.45 

23 35.13 48.70 23.82 68.85 

24 35.55 49.02 23.93 69.18 

25 35.93 49.40 24.02 69.51 

26 36.27 49.75 24.06 69.77 

27 36.59 50.09 24.13 69.97 

28 36.86 50.39 24.23 70.16 

29 37.08 50.64 24.31 70.33 

30 37.34 50.88 24.38 70.44 

31 37.59 51.12 24.45 70.76 

32 37.81 51.35 24.57 70.94 
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33 38.03 51.54 24.63 70.97 

34 38.22 51.72 24.71 71.02 

35 38.42 51.90 24.83 71.14 

36 38.59 52.06 24.88 71.34 

37 38.71 52.18 24.96 71.44 

38 38.83 52.30 25.07 71.56 

39 38.94 52.46 25.14 71.74 

40 39.05 52.61 25.19 71.82 

41 39.18 52.74 25.27 71.88 

42 39.26 52.85 25.37 72.01 

43 39.36 52.97 25.41 72.06 

44 39.46 53.07 25.43 72.21 

45 39.51 53.13 25.48 72.19 

46 39.59 53.18 25.58 72.04 

47 39.71 53.27 25.67 72.00 

48 39.79 53.35 25.75 72.04 

49 39.84 53.41 25.78 72.14 

50 39.92 53.47 25.89 72.23 

51 39.99 53.48 26.00 72.27 

52 40.07 53.52 25.98 72.27 

53 40.14 53.60 26.05 72.52 

54 40.18 53.69 26.15 72.50 

55 40.21 53.76 26.23 72.41 

56 40.25 53.80 26.35 72.16 

57 40.31 53.92 26.50 72.29 

58 40.39 53.95 26.52 72.43 

59 40.46 54.01 26.53 72.55 

60 40.53 54.04 26.53 72.62 

61 40.58 54.05 26.55 72.70 

62 40.64 54.11 26.62 72.78 

63 40.71 54.12 26.66 72.75 

64 40.75 54.16 26.70 72.71 

65 40.80 54.20 26.75 72.83 

66 40.84 54.28 26.81 72.98 

67 40.86 54.29 26.88 73.02 

68 40.89 54.33 26.89 73.13 

69 40.96 54.42 26.98 73.19 

70 41.00 54.47 27.05 73.18 

71 41.05 54.54 27.11 73.09 

72 41.10 54.54 27.14 73.15 

73 41.11 54.60 27.20 73.07 

74 41.11 54.69 27.29 73.13 

75 41.14 54.72 27.34 73.30 
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76 41.18 54.77 27.44 73.36 

77 41.20 54.80 27.49 73.35 

78 41.20 54.80 27.50 73.33 

79 41.25 54.83 27.56 73.26 

80 41.31 54.86 27.62 73.25 

81 41.36 54.88 27.66 73.25 

82 41.41 54.95 27.73 73.38 

83 41.46 55.03 27.87 73.53 

84 41.52 55.09 27.93 73.63 

85 41.55 55.09 27.97 73.64 

86 41.58 55.17 28.08 73.73 

87 41.60 55.22 28.12 73.57 

88 41.64 55.25 28.16 73.50 

89 41.71 55.27 28.21 73.63 

90 41.73 55.29 28.25 72.01 

91 41.71 54.87 28.28 65.61 

92 41.65 53.77 28.33 59.39 

93 41.41 52.22 28.35 54.35 

94 40.94 50.64 28.33 50.42 

95 40.32 49.08 28.40 47.42 

96 39.58 47.69 28.40 44.95 

97 38.81 46.40 28.43 42.99 

98 38.07 45.21 28.49 41.40 

99 37.30 44.08 28.46 40.06 

100 36.62 43.11 28.47 38.88 

101 36.02 42.18 28.49 37.85 

102 35.41 41.29 28.48 36.98 

103 34.84 40.47 28.46 36.21 

104 34.36 39.74 28.46 35.48 

105 33.92 39.03 28.48 36.80 

106 33.48 38.55 28.49 42.94 

107 33.02 38.60 28.50 48.99 

108 32.70 39.32 28.53 53.84 

109 32.50 40.67 28.55 57.45 

110 32.53 42.37 28.59 60.25 

111 32.80 43.75 28.63 62.37 

112 33.29 45.05 28.66 63.97 

113 33.95 46.25 28.69 65.26 

114 34.66 47.16 28.69 66.48 

115 35.33 47.98 28.72 67.45 

116 35.94 48.65 28.77 68.17 

117 36.51 49.21 28.84 68.88 

118 37.05 49.76 28.89 69.57 
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119 37.49 50.30 28.90 70.00 

120 37.89 50.78 28.93 70.42 

121 38.30 51.22 28.97 70.88 

122 38.67 51.62 28.99 71.21 

123 39.03 52.01 29.04 71.60 

124 39.31 52.34 29.09 71.84 

125 39.64 52.66 29.13 72.06 

126 39.95 52.96 29.19 72.22 

127 40.20 53.24 29.28 72.61 

128 40.39 53.50 29.31 72.62 

129 40.62 53.76 29.35 72.71 

130 40.87 53.94 29.45 72.84 

131 41.09 54.13 29.53 73.01 

132 41.26 54.30 29.56 73.08 

133 41.44 54.46 29.61 73.26 

134 41.59 54.59 29.65 73.43 

135 41.71 54.72 29.69 73.40 

136 41.79 54.84 29.72 73.38 

137 41.88 54.99 29.79 73.33 

138 41.94 55.10 29.83 73.22 

139 42.03 55.19 29.87 73.35 

140 42.12 55.25 29.91 73.52 

141 42.21 55.34 29.96 73.71 

142 42.35 55.44 30.03 73.80 

143 42.45 55.53 30.09 73.87 

144 42.56 55.61 30.16 73.89 

145 42.63 55.68 30.24 74.05 

146 42.70 55.76 30.26 74.21 

147 42.70 55.76 30.30 74.19 

148 42.71 55.75 30.28 74.12 

149 42.81 55.81 30.36 74.09 

150 42.90 55.88 30.43 74.19 

151 42.97 55.95 30.48 74.24 

152 43.03 56.00 30.52 74.39 

153 43.09 56.08 30.57 74.44 

154 43.18 56.16 30.64 74.51 

155 43.24 56.22 30.72 74.26 

156 43.27 56.24 30.72 74.26 

157 43.29 56.26 30.76 74.30 

158 43.33 56.30 30.81 74.36 

159 43.38 56.38 30.90 74.46 

160 43.40 56.44 30.92 74.39 

161 43.44 56.43 31.00 74.45 
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162 43.49 56.46 31.07 74.45 

163 43.54 56.52 31.13 74.52 

164 43.58 56.57 31.21 74.56 

165 43.65 56.63 31.26 74.49 

166 43.70 56.67 31.33 74.43 

167 43.70 56.71 31.39 74.45 

168 43.75 56.75 31.43 74.42 

169 43.80 56.79 31.44 74.64 

170 43.85 56.83 31.51 74.68 

171 43.88 56.87 31.57 74.65 

172 43.91 56.90 31.65 74.77 

173 43.96 56.95 31.75 74.74 

174 44.03 56.99 31.74 74.78 

175 44.08 57.02 31.81 74.84 

176 44.08 57.01 31.84 74.75 

177 44.10 57.03 31.83 74.75 

178 44.13 57.03 31.88 74.84 

179 44.14 57.04 31.91 74.84 

180 44.16 57.07 31.96 74.81 

181 44.23 57.13 32.06 74.87 

182 44.25 57.14 32.10 74.85 

183 44.24 57.14 32.09 74.80 

184 44.22 57.14 32.11 74.79 

185 44.28 57.15 32.16 74.81 

186 44.32 57.16 32.19 74.78 

187 44.34 57.21 32.25 74.98 

188 44.38 57.27 32.34 75.00 

189 44.43 57.32 32.37 74.95 

190 44.44 57.33 32.42 74.94 

191 44.41 57.33 32.46 75.05 

192 44.43 57.34 32.45 75.14 

193 44.51 57.37 32.55 75.03 

194 44.55 57.41 32.61 75.00 

195 44.54 57.40 32.63 73.16 

196 44.53 56.89 32.66 66.78 

197 44.49 55.85 32.69 60.67 

198 44.20 54.40 32.71 55.66 

199 43.71 52.81 32.74 51.78 

200 43.04 51.24 32.76 48.72 

201 42.29 49.74 32.74 46.25 

202 41.51 48.42 32.72 44.27 

203 40.70 47.14 32.68 42.65 

204 39.98 46.07 32.70 41.34 
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205 39.30 45.04 32.69 40.19 

206 38.67 44.10 32.72 39.20 

207 38.10 43.22 32.72 38.30 

208 37.59 42.40 32.71 37.54 

209 37.13 41.65 32.73 36.84 

210 36.65 40.94 32.73 37.99 

211 36.23 40.47 32.74 44.08 

212 35.81 40.46 32.74 50.29 

213 35.41 41.12 32.72 55.24 

214 35.15 42.41 32.70 58.83 

215 35.18 44.12 32.75 61.46 

216 35.43 45.90 32.79 63.51 

217 35.94 47.23 32.83 65.11 

218 36.59 48.12 32.85 66.37 

219 37.28 48.98 32.86 67.44 

220 37.93 49.77 32.89 68.42 

221 38.52 50.42 32.92 69.23 

222 39.08 51.01 32.94 69.88 

223 39.54 51.53 32.92 70.51 

224 39.99 52.09 32.95 71.00 

225 40.41 52.59 33.01 71.40 

226 40.84 53.10 33.05 71.79 

227 41.20 53.52 33.03 72.14 

228 41.54 53.92 33.06 72.49 

229 41.85 54.28 33.10 72.77 

230 42.12 54.61 33.12 72.93 

231 42.39 54.91 33.16 73.13 

232 42.65 55.19 33.26 73.26 

233 42.88 55.42 33.30 73.46 

234 43.10 55.68 33.32 73.49 

235 43.29 55.86 33.34 73.58 

236 43.47 56.04 33.34 73.79 

237 43.64 56.23 33.37 73.88 

238 43.79 56.39 33.38 74.04 

239 43.90 56.49 33.40 74.06 

240 44.01 56.60 33.41 74.20 

241 44.09 56.71 33.43 74.33 

242 44.18 56.79 33.46 74.32 

243 44.25 56.89 33.52 74.40 

244 44.33 56.98 33.58 74.46 

245 44.38 57.04 33.62 74.44 

246 44.45 57.11 33.64 74.46 

247 44.55 57.19 33.71 74.38 
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248 44.60 57.27 33.74 74.49 

249 44.66 57.35 33.75 74.54 

250 44.73 57.41 33.80 74.58 

251 44.78 57.44 33.81 74.57 

252 44.87 57.48 33.83 74.54 

253 44.94 57.50 33.86 74.56 

254 44.99 57.54 33.92 74.67 

255 45.02 57.57 33.95 74.63 

256 45.02 57.61 33.99 74.77 

257 44.97 57.66 34.03 74.64 

258 44.99 57.70 34.05 74.57 

259 45.04 57.74 34.08 74.56 

260 45.11 57.77 34.13 74.60 

261 45.13 57.80 34.16 74.56 

262 45.14 57.83 34.19 74.50 

263 45.20 57.85 34.25 74.65 

264 45.25 57.87 34.30 74.75 

265 45.30 57.92 34.35 74.71 

266 45.35 57.97 34.42 74.73 

267 45.35 57.98 34.46 74.88 

268 45.35 58.02 34.50 74.97 

269 45.36 58.06 34.54 75.01 

270 45.43 58.08 34.53 74.96 

271 45.50 58.12 34.59 75.00 

272 45.54 58.16 34.67 75.02 

273 45.55 58.16 34.69 75.02 

274 45.51 58.16 34.69 74.88 

275 45.50 58.13 34.68 74.92 

276 45.52 58.13 34.70 74.82 

277 45.56 58.14 34.73 74.88 

278 45.58 58.17 34.77 74.89 

279 45.60 58.19 34.82 74.96 

280 45.62 58.24 34.89 75.06 

281 45.65 58.27 34.93 75.05 

282 45.67 58.29 34.95 75.05 

283 45.72 58.31 34.96 75.07 

284 45.77 58.34 34.98 75.09 

285 45.79 58.38 35.04 75.05 

286 45.81 58.40 35.13 75.05 

287 45.82 58.43 35.20 75.20 

288 45.83 58.45 35.25 75.17 

289 45.87 58.46 35.31 75.00 

290 45.88 58.47 35.37 74.90 
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291 45.91 58.50 35.42 74.84 

292 45.97 58.51 35.42 74.93 

293 46.00 58.50 35.43 74.97 

294 46.02 58.48 35.44 74.92 

295 46.03 58.50 35.44 74.92 

296 46.05 58.53 35.47 75.04 

297 46.08 58.57 35.51 75.07 

298 46.11 58.60 35.54 75.24 

299 46.11 58.62 35.58 75.30 

300 46.11 58.59 35.58 73.35 

301 46.04 58.05 35.60 66.98 

302 45.93 56.93 35.60 60.68 

303 45.63 55.49 35.62 55.67 

304 45.13 53.91 35.61 51.84 

305 44.50 52.35 35.62 48.84 

306 43.78 50.88 35.62 46.47 

307 43.06 49.56 35.63 44.50 

308 42.33 48.31 35.63 42.95 

309 41.60 47.16 35.62 41.62 

310 40.90 46.13 35.62 40.44 

311 40.26 45.18 35.61 39.44 

312 39.69 44.30 35.60 38.56 

313 39.19 43.51 35.61 37.88 

314 38.70 42.72 35.59 37.21 

315 38.23 41.97 35.57 38.47 

316 37.80 41.50 35.58 44.55 

317 37.38 41.48 35.56 50.66 

318 36.98 42.04 35.53 55.40 

319 36.74 43.26 35.50 58.91 

320 36.67 44.95 35.51 61.59 

321 36.84 46.85 35.52 63.48 

322 37.29 48.26 35.57 65.08 

323 37.92 49.12 35.60 66.47 

324 38.59 50.10 35.58 67.56 

325 39.26 50.88 35.63 68.52 

326 39.88 51.55 35.66 69.42 

327 40.43 52.11 35.66 70.12 

328 40.94 52.63 35.68 70.77 

329 41.39 53.16 35.72 71.27 

330 41.79 53.67 35.75 71.75 

331 42.19 54.14 35.76 72.17 

332 42.57 54.58 35.80 72.48 

333 42.89 55.00 35.81 72.77 
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334 43.21 55.37 35.83 73.08 

335 43.51 55.72 35.85 73.50 

336 43.77 56.02 35.86 73.78 

337 44.03 56.32 35.89 73.93 

338 44.27 56.61 35.91 74.09 

339 44.50 56.86 35.97 74.34 

340 44.71 57.07 36.02 74.54 

341 44.90 57.29 36.04 74.60 

342 45.06 57.50 36.08 74.56 

343 45.20 57.65 36.11 74.62 

344 45.34 57.77 36.10 74.69 

345 45.49 57.91 36.12 74.88 

346 45.60 58.05 36.15 75.01 

347 45.71 58.15 36.17 74.95 

348 45.81 58.22 36.15 75.04 

349 45.93 58.33 36.21 75.11 

350 46.02 58.42 36.27 75.15 

351 46.08 58.48 36.30 75.14 

352 46.15 58.58 36.36 75.20 

353 46.21 58.69 36.39 75.33 

354 46.30 58.75 36.42 75.42 

355 46.37 58.81 36.47 75.54 

356 46.42 58.89 36.52 75.64 

357 46.47 58.96 36.57 75.62 

358 46.52 58.99 36.58 75.47 

359 46.52 58.97 36.60 75.52 

360 46.58 59.00 36.62 75.61 

361 46.63 59.04 36.65 75.56 

362 46.68 59.07 36.69 75.57 

363 46.72 59.13 36.74 75.76 

364 46.73 59.17 36.73 75.63 

365 46.77 59.20 36.74 75.62 

366 46.81 59.25 36.78 75.62 

367 46.80 59.26 36.79 75.55 

368 46.78 59.28 36.82 75.58 

369 46.80 59.30 36.84 75.55 

370 46.80 59.28 36.84 75.68 

371 46.81 59.28 36.86 75.69 

372 46.85 59.32 36.90 75.55 

373 46.91 59.35 36.93 75.54 

374 46.92 59.38 36.97 75.65 

375 46.95 59.44 37.01 75.59 

376 46.96 59.48 37.06 75.71 
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377 46.98 59.50 37.10 75.72 

378 47.01 59.50 37.13 75.64 

379 47.02 59.50 37.17 75.45 

380 47.05 59.50 37.21 75.54 

381 47.06 59.49 37.24 75.51 

382 47.07 59.46 37.26 75.57 

383 47.11 59.47 37.30 75.69 

384 47.10 59.51 37.39 75.72 

385 47.13 59.56 37.42 75.66 

386 47.18 59.61 37.50 75.59 

387 47.19 59.62 37.53 75.71 

388 47.18 59.63 37.55 75.56 

389 47.21 59.63 37.57 75.56 

390 47.22 59.62 37.63 75.52 

391 47.23 59.65 37.64 75.58 

392 47.22 59.66 37.64 75.66 

393 47.20 59.67 37.65 75.52 

394 47.22 59.66 37.65 75.47 

395 47.21 59.67 37.68 75.30 

396 47.20 59.68 37.71 75.30 

397 47.23 59.71 37.73 75.43 

398 47.26 59.73 37.75 75.53 

399 47.24 59.68 37.79 75.62 

400 47.21 59.68 37.80 75.54 

401 47.25 59.73 37.83 75.48 

402 47.28 59.76 37.86 75.51 

403 47.35 59.77 37.87 75.50 

404 47.39 59.77 37.92 75.50 

405 47.38 59.70 37.92 73.66 

406 47.37 59.18 37.95 67.34 

407 47.23 58.10 37.98 61.24 

408 46.87 56.67 37.98 56.25 

409 46.36 55.12 37.96 52.31 

410 45.72 53.54 37.96 49.28 

411 45.03 52.07 37.96 46.93 

412 44.33 50.68 37.95 45.08 

413 43.59 49.40 37.96 43.55 

414 42.90 48.25 37.92 42.21 

415 42.25 47.19 37.92 41.05 

416 41.61 46.24 37.94 40.07 

417 41.03 45.34 37.92 39.19 

418 40.47 44.48 37.88 38.37 

419 39.96 43.69 37.85 37.68 
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APPENDIX G 
 

 

To calculate Nussult number, it can be used the equation below 

   
   

 
 

Where D is inner diameter of the riser pipe, k is thermal conductivity of working fluid and h is 

heat transfer coefficient which calculate as below 
 

  
 

       
 

Where q is heat flux,    is collector temperature and      is reference temperature of working 

fluid which calculate as below 

     
        

 
 

Where     and      are temperature of working fluid at the inlet and outlet of collector 

respectively. 
 

Nu (CFD) q/qmax TL/Tlavr np L/d Time/non Nu (Equation) 

0.851845 0.72497 2.409953 5 50 0.833333 0.798595 

0.924957 0.92619 2.244076 5 50 0.916667 0.900366 

0.966407 1 2.127962 5 50 1 0.937298 

0.925486 0.92722 1.829384 5 50 1.083333 0.916824 

0.832319 0.725818 1.829384 5 50 1.166667 0.818225 

0.631881 0.450903 1.779621 5 50 1.25 0.657431 

0.411685 0.194735 1.779621 5 50 1.333333 0.445079 

0.869849 0.72497 2.409953 5 75 0.833333 0.839562 

0.944056 0.92619 2.244076 5 75 0.916667 0.946553 

1.014452 1 2.127962 5 75 1 0.98538 

0.968555 0.92722 1.829384 5 75 1.083333 0.963855 

0.848052 0.725818 1.829384 5 75 1.166667 0.860199 

0.662463 0.450903 1.779621 5 75 1.25 0.691156 

0.437938 0.194735 1.779621 5 75 1.333333 0.467911 

0.882682 0.72497 2.409953 5 100 0.833333 0.869897 

0.972895 0.92619 2.244076 5 100 0.916667 0.980754 

1.072501 1 2.127962 5 100 1 1.020983 

1.025407 0.92722 1.829384 5 100 1.083333 0.998681 

0.859406 0.725818 1.829384 5 100 1.166667 0.891279 

0.767968 0.450903 1.779621 5 100 1.25 0.716129 
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0.44208 0.194735 1.779621 5 100 1.333333 0.484817 

1.102705 0.72497 2.409953 7 75 0.833333 1.140791 

1.221681 0.92619 2.244076 7 75 0.916667 1.286169 

1.330399 1 2.127962 7 75 1 1.338926 

1.307273 0.92722 1.829384 7 75 1.083333 1.309679 

1.112307 0.725818 1.829384 7 75 1.166667 1.168831 

1.012009 0.450903 1.779621 7 75 1.25 0.939138 

0.652101 0.194735 1.779621 7 75 1.333333 0.635793 

1.311635 0.72497 2.409953 9 75 0.833333 1.434363 

1.466941 0.92619 2.244076 9 75 0.916667 1.617154 

1.626426 1 2.127962 9 75 1 1.683487 

1.611159 0.92722 1.829384 9 75 1.083333 1.646714 

1.346156 0.725818 1.829384 9 75 1.166667 1.46962 

1.309391 0.450903 1.779621 9 75 1.25 1.180817 

1.028859 0.194735 1.779621 9 75 1.333333 0.799409 

0.944421 0.747775 2.409953 5 100 0.833333 0.882506 

1.047739 0.932345 2.244076 5 100 0.916667 0.983777 

1.136692 1 2.127962 5 100 1 1.020983 

1.09911 0.933576 1.829384 5 100 1.083333 1.001856 

0.928777 0.748849 1.829384 5 100 1.166667 0.904309 

0.753129 0.494542 1.779621 5 100 1.25 0.747534 

0.551945 0.252317 1.779621 5 100 1.333333 0.546824 

0.825947 0.729945 2.409953 5 100 0.833333 0.872666 

0.909375 0.927646 2.244076 5 100 0.916667 0.98147 

0.985312 1 2.127962 5 100 1 1.020983 

0.961265 0.92838 1.829384 5 100 1.083333 0.999261 

0.813611 0.730544 1.829384 5 100 1.166667 0.893971 

0.677549 0.460631 1.779621 5 100 1.25 0.723266 

0.469925 0.209161 1.779621 5 100 1.333333 0.501185 

0.883527 0.72497 2.075914 5 100 0.833333 0.881148 

0.967261 0.92619 2.154639 5 100 0.916667 0.984196 

1.078866 1 2.154639 5 100 1 1.019888 

1.030333 0.92722 2.141518 5 100 1.083333 0.985222 

0.852524 0.725818 1.970947 5 100 1.166667 0.885576 

0.730423 0.450903 1.806935 5 100 1.25 0.71519 

0.489832 0.194735 1.695408 5 100 1.333333 0.486846 

 

To calculate Reynolds number, it can be used the equation below 

   
     

 
 

  ̇
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Where  ̇ is mass flow rate of working fluid within the thermo-syphon loop, D is inner diameter of 

the riser pipe,   is dynamic viscosity of working fluid 

Re q/qmax TL/Tlavr np L/d Time/non Re (Equation) 

260.0752 0.72497 2.409953 5 50 0.833333 270.9043 

297.0083 0.92619 2.244076 5 50 0.916667 291.6195 

308.3416 1 2.127962 5 50 1 302.1865 

300.893 0.92722 1.829384 5 50 1.083333 295.1933 

284.3843 0.725818 1.829384 5 50 1.166667 285.8301 

256.4761 0.450903 1.779621 5 50 1.25 260.2389 

225.0523 0.194735 1.779621 5 50 1.333333 218.6559 

324.993 0.72497 2.409953 5 75 0.833333 335.8747 

371.5053 0.92619 2.244076 5 75 0.916667 361.5579 

376.8585 1 2.127962 5 75 1 374.6592 

366.4997 0.92722 1.829384 5 75 1.083333 365.9889 

347.201 0.725818 1.829384 5 75 1.166667 354.3801 

312.9246 0.450903 1.779621 5 75 1.25 322.6514 

272.9301 0.194735 1.779621 5 75 1.333333 271.0957 

381.2591 0.72497 2.409953 5 100 0.833333 391.2175 

440.5178 0.92619 2.244076 5 100 0.916667 421.1326 

438.1195 1 2.127962 5 100 1 436.3926 

426.3695 0.92722 1.829384 5 100 1.083333 426.2937 

410.4011 0.725818 1.829384 5 100 1.166667 412.7721 

368.71 0.450903 1.779621 5 100 1.25 375.8153 

329.0882 0.194735 1.779621 5 100 1.333333 315.7647 

330.228 0.72497 2.409953 7 75 0.833333 342.5192 

380.2494 0.92619 2.244076 7 75 0.916667 368.7105 

388.3415 1 2.127962 7 75 1 382.0709 

372.2348 0.92722 1.829384 7 75 1.083333 373.2291 

356.1328 0.725818 1.829384 7 75 1.166667 361.3907 

318.5655 0.450903 1.779621 7 75 1.25 329.0343 

274.4935 0.194735 1.779621 7 75 1.333333 276.4587 

335.7087 0.72497 2.409953 9 75 0.833333 347.5677 

388.945 0.92619 2.244076 9 75 0.916667 374.145 

393.538 1 2.127962 9 75 1 387.7023 

378.4541 0.92722 1.829384 9 75 1.083333 378.7302 

367.904 0.725818 1.829384 9 75 1.166667 366.7173 

329.7088 0.450903 1.779621 9 75 1.25 333.884 

285.4956 0.194735 1.779621 9 75 1.333333 280.5334 

417.568 0.747775 2.409953 5 100 0.833333 394.0528 

471.9984 0.932345 2.244076 5 100 0.916667 421.7834 

465.9522 1 2.127962 5 100 1 436.3926 

451.8269 0.933576 1.829384 5 100 1.083333 426.9731 
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440.2482 0.748849 1.829384 5 100 1.166667 415.7893 

404.24 0.494542 1.779621 5 100 1.25 383.9973 

360.1413 0.252317 1.779621 5 100 1.333333 335.4234 

352.8815 0.729945 2.409953 5 100 0.833333 391.8419 

407.0265 0.927646 2.244076 5 100 0.916667 421.2869 

413.0555 1 2.127962 5 100 1 436.3926 

396.6042 0.92838 1.829384 5 100 1.083333 426.4179 

381.2558 0.730544 1.829384 5 100 1.166667 413.3971 

347.4916 0.460631 1.779621 5 100 1.25 377.6901 

307.1569 0.209161 1.779621 5 100 1.333333 321.0699 

381.1717 0.72497 2.075914 5 100 0.833333 378.8125 

441.0414 0.92619 2.154639 5 100 0.916667 417.4499 

436.4257 1 2.154639 5 100 1 437.5683 

424.2619 0.92722 2.141518 5 100 1.083333 441.0463 

408.9949 0.725818 1.970947 5 100 1.166667 419.47 

369.7997 0.450903 1.806935 5 100 1.25 377.0536 

320.3036 0.194735 1.695408 5 100 1.333333 312.4761 

 

To calculate reference temperature of working fluid, it can be used equation below 

     
     

 
 

Where     and      are temperature of working fluid at the inlet and outlet of collector 
respectively 

Tw/Tref 

(CFD) q/qmax 
TL/Tlavr np L/d 

Time/non 

Tw/Tref 

(Equation) 

1.20917 0.72497 2.409953 5 50 0.833333 1.197976 

1.19795 0.92619 2.244076 5 50 0.916667 1.191634 

1.186707 1 2.127962 5 50 1 1.181825 

1.179069 0.92722 1.829384 5 50 1.083333 1.171349 

1.15383 0.725818 1.829384 5 50 1.166667 1.15434 

1.125536 0.450903 1.779621 5 50 1.25 1.133167 

1.086768 0.194735 1.779621 5 50 1.333333 1.103668 

1.168322 0.72497 2.409953 5 75 0.833333 1.162735 

1.155631 0.92619 2.244076 5 75 0.916667 1.156579 

1.145727 1 2.127962 5 75 1 1.147059 

1.139964 0.92722 1.829384 5 75 1.083333 1.136891 

1.123567 0.725818 1.829384 5 75 1.166667 1.120383 

1.097161 0.450903 1.779621 5 75 1.25 1.099833 

1.065398 0.194735 1.779621 5 75 1.333333 1.071201 

1.142202 0.72497 2.409953 5 100 0.833333 1.138361 

1.126729 0.92619 2.244076 5 100 0.916667 1.132335 
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1.11726 1 2.127962 5 100 1 1.123014 

1.11174 0.92722 1.829384 5 100 1.083333 1.11306 

1.103517 0.725818 1.829384 5 100 1.166667 1.096897 

1.070774 0.450903 1.779621 5 100 1.25 1.076778 

1.053352 0.194735 1.779621 5 100 1.333333 1.048746 

1.129393 0.72497 2.409953 7 75 0.833333 1.129037 

1.116287 0.92619 2.244076 7 75 0.916667 1.12306 

1.107612 1 2.127962 7 75 1 1.113815 

1.100003 0.92722 1.829384 7 75 1.083333 1.103942 

1.09129 0.725818 1.829384 7 75 1.166667 1.087912 

1.061459 0.450903 1.779621 7 75 1.25 1.067958 

1.042078 0.194735 1.779621 7 75 1.333333 1.040155 

1.106402 0.72497 2.409953 9 75 0.833333 1.104506 

1.093849 0.92619 2.244076 9 75 0.916667 1.098659 

1.0855 1 2.127962 9 75 1 1.089615 

1.07827 0.92722 1.829384 9 75 1.083333 1.079957 

1.072988 0.725818 1.829384 9 75 1.166667 1.064275 

1.045934 0.450903 1.779621 9 75 1.25 1.044754 

1.025651 0.194735 1.779621 9 75 1.333333 1.017556 

1.141293 0.747775 2.409953 5 100 0.833333 1.139129 

1.126528 0.932345 2.244076 5 100 0.916667 1.132498 

1.11818 1 2.127962 5 100 1 1.123014 

1.110368 0.933576 1.829384 5 100 1.083333 1.113225 

1.104002 0.748849 1.829384 5 100 1.166667 1.097643 

1.083662 0.494542 1.779621 5 100 1.25 1.078946 

1.057879 0.252317 1.779621 5 100 1.333333 1.054679 

1.141632 0.729945 2.409953 5 100 0.833333 1.138531 

1.126577 0.927646 2.244076 5 100 0.916667 1.132374 

1.118081 1 2.127962 5 100 1 1.123014 

1.110793 0.92838 1.829384 5 100 1.083333 1.11309 

1.102242 0.730544 1.829384 5 100 1.166667 1.097052 

1.076386 0.460631 1.779621 5 100 1.25 1.077278 

1.050343 0.209161 1.779621 5 100 1.333333 1.050379 

1.14205 0.72497 2.075914 5 100 0.833333 1.14149 

1.127153 0.92619 2.154639 5 100 0.916667 1.133182 

1.119399 1 2.154639 5 100 1 1.122756 

1.114865 0.92722 2.141518 5 100 1.083333 1.109839 

1.108001 0.725818 1.970947 5 100 1.166667 1.095394 

1.076993 0.450903 1.806935 5 100 1.25 1.076476 

1.050064 0.194735 1.695408 5 100 1.333333 1.049682 
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