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Abstract 

Storage tanks based on helical coil heat exchangers are an integral part of solar water 

heating (SWH) systems and require optimal design configuration to achieve maximum 

heat transfer and a longer storage period. This study is focused on thermal analysis of a 

vertical helical coil-based water storage tank and derivation of inner and outer Nusselt 

number correlations by considering the storage tank as well as helical coil and catering to 

both forced and natural convection effects.  A fluid-fluid conjugate heat transfer transient 

state model is validated with experiments performed with 50/50% water-glycol mixture 

as HTF at flow rates of 2 and 3 L/minute in a solar water heating system, while water 

remains at static flow condition inside the tank. To reduce the computational cost, a 

symmetrical downsized model is also designed and validated, which showed a mean 

absolute percentage error of 3.25%.  In order to derive the mathematical correlations, 

alterations were made to the validated model by using coils with curvature ratios ranging 

from 0.09-0.184 with HTF flow rates in laminar flow regimes, ranging from 30 to 100 

liters per hour at temperatures from 40oC to 80oC. Furthermore, Nui mathematical 

correlations based on M number, curvature ratio, and Prandtl number showed good 

agreement with correlations derived by past investigators. Similarly, the outer Nusselt 

number of the coil was related to Rayleigh’s number and the derived relations showed 

good agreement with the past studies, while Nuo= 0.1996 (Rado
0.326) showed the least error 

of 2.06%. Later on, thermal stratification analysis helped to understand that coil position 

and aspect ratio determine the thermocline developed inside the storage tank and hot water 

storage for longer periods. Finally, a comparative study was carried out to determine the 

variation in inner and outer HTC with different geometric parameters of helical coil. 

Keywords: Thermal Energy Storage (TES), Nusselt Number, Helical Coil, 

Computational Fluid Dynamics (CFD), Thermal Stratification 
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Chapter 1: Introduction 

1.1 Motivation 

For centuries, people have relied upon expending conventional energy sources to harvest 

energy, but in today’s world burning off non-renewable fuels such as oil, gas, and coal for 

energy needs is turning out to be a problem. Ecological change is one of the best 

characteristic troubles that we have ever stood up to, and the essential driver behind it is 

our dependence on petroleum derivatives. Utilizing coal, oil and other oil-based goods is 

the fundamental method by which we produce power, however, it likewise stimulates 

overwhelming centralizations of pollutants in our air and water. 

Currently, there is a worldwide requisite for clean and sustainable power sources, since 

fossil fuels are non-renewable and require limited resources, which are gradually 

diminishing because of high cost and ecologically damaging retrieval practices. For the 

recent few decades, we have come to depend progressively more on the world's supply of 

petroleum derivatives, and that supply is quickly running out. As the enthusiasm for non-

renewable energy sources has extended, the cost of using them has moreover extended 

and consistently we end up with greater and greater energy bills. In this manner, the 

prerequisite for reasonable and achievable assets is colossally required. Powerful and 

increasingly practical elective choices are geothermal energy, biomass and biofuels, 

sunlight-based energy, hydro-energy, and wind energy, in contrast to non-renewable 

energy sources these sources of energy never run out. With a much lower effect on the 

earth, using supportable power protects our planet by essentially diminishing the 

aggregate of carbon discharges that we produce. By utilizing economical power sources, 

we likewise decrease our dependence on non-sustainable power sources, for example, gas 

and oil which suggests that we can avoid the expanding cost of energy charges and grow 

our energy security. 

1.2 Solar Energy 

Solar power is energy in the form of heat from the sun and radiant light that is further 

transformed into thermal and electrical energy. It is one of the cleanest and abundant 

renewable energy sources available. In the upper atmosphere, the earth receives around 
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174 petawatts (PW) of solar radiation [1]. Around 70% of the solar radiation gets absorbed 

while the rest is reflected back to space. The majority of the earth’s population lives in 

areas where solar irradiance levels are 150 to 300 watts/m2, or 3.5 to 70 kWh/m2 per day 

[2]. In 2000, World Energy Council published an estimate for the global solar potential to 

be around 1600 to 49800 exajoules per annum [3]. Therefore, solar technologies utilize 

this energy for different applications, which varies from proving light for a conducive 

inner environment to the generation of electricity. It is also used for heating water for 

different domestic and industrial applications. 

1.3 Solar energy potential in Pakistan 

As the interest in energy continues developing far and wide, countries are using various 

sources to produce and disseminate capacity to customers. Ongoing numbers demonstrate 

that nations meet as much as 80 percent of their energy prerequisite from non-renewable 

energy sources, for example, oil, natural gas and coal while the remaining 20% necessities 

are met by nuclear (5.8%), hydro (2.5%), wind, sun-powered, biofuel, wood and biogas 

(10.8%). Over the most recent five years, there has been a solid move from the utilization 

of non-renewable energy sources to renewable sources for power production with about 

66% of new generation investment going in renewables [4]. 

In Pakistan, the total installed power generation capacity is about 25,000 MW. In 2017, 

Pakistan acquired just about one-third of power from gas, almost 31% from furnace oil 

and 26% from hydel, followed by approximately 6% from nuclear and just 2% from 

sustainable sources. Production from hydel is occasional in nature, resulting in more 

dependence on non-renewable energy sources amid the cooler months of the year [5]. 

Also, because of the absence of local fossil fuel resources and high rates of these fuels in 

the global markets, the nation is confronting challenges of power shortage. All these 

obstacles together have adversely influenced industrial development in the country. As a 

result, the country’s economy has been continually deteriorating. For emerging countries 

such as Pakistan, exploring renewable energy resources represents a great alternative for 

power production [6]. 

Pakistan is blessed with huge solar energy potential. It is situated on the sunny belt where 

days are mostly sunny, long with high solar radiation. Some locations even have an annual 
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Figure 1-1  Annual solar radiations of Pakistan [10] 

average sunshine duration of 8-8.5 hrs [7]. The daily mean global irradiation falling on a 

horizontal surface is around 200-250 watt/m2[8]. A research was conducted by the 

Alternative Energy Development Board of Pakistan (AEDB) in collaboration with the 

National Renewable Energy Laboratory (NERL), USA to determine the approximate solar 

energy potential of Pakistan. The solar potential was estimated to be around 1.6 TWh per 

year [9]. Furthermore, from Figure 1-1 it can be observed that some of the southern parts 

of Pakistan had solar irradiance above 5 kWh/m2 per day, which is considered ideal for 

solar technologies [10]. Solar irradiance for Islamabad is quite reasonable and as 

investigated by I. Ulfat et al [11], in the region, solar energy can be efficiently utilized for 

decreasing the dependence on conventional fuels. 

 

 

 

 

 

 

 

 

 

1.4 Types of solar technologies 

There are generally 3 major technologies through which solar energy is utilized: 

1. Photovoltaic (PV) module 

2. Concentrated solar power (CSP) 

3. Solar thermal collectors 



4 

 

Figure 1-2  Solar cell, PV module and Solar array [12] 

 1.4.1   Photovoltaic (PV) module 

Photovoltaic (PV) module or solar panel is photovoltaic cells assembled on a structure for 

installation. Photovoltaic modules use photons from sunlight to produce DC electricity 

through the photovoltaic effect. PV modules usually use thin-film cell or crystalline 

silicon-based cells, and the back layer or the top layer act as a load-carrying element. 

Initially, PV modules constructed were rigid, but now thin-film-based semi-flexible 

modules are also available. Cells of the modules are connected in parallel to achieve the 

desired current and connected in series to get the necessary voltage. The power of the PV 

module is determined by taking the product of voltage and current. An assembly of 

photovoltaic modules is called a Photovoltaic panel, and a collection of interconnected 

PV panels is called a solar array as shown in Figure 1-2 [12]. Solar cell's first major 

application was to be used as an alternative power source for a satellite in 1958. 

Nowadays, with advancement in technologies, it could be a major contributor to 

decreasing our dependency on fossil fuel. 

 

 

 

 

 

 

 

1.4.2   Concentrated solar power (CSP) 

Concentrated solar power technology generates electricity by concentrating sunlight from 

a large area onto a receiver as seen in Figure 1-3. Thermal energy at the receiver is used 

to drive a heat engine which is further connected to an electrical generator to generate 

electricity. This thermal energy could also be used to facilitate a thermochemical reaction. 

Solar energy from such a large area is concentrated with help of mirrors and a tracking 

system. Concentrated solar power plants with thermal storage use synthetic oil or molten 

salt as a medium for storing thermal energy. These thermal energy storage mediums are 
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Figure 1-3  Concentrated solar power plant [13] 

further stored in insulated tanks. Later, when required, oil or molten salt is used for 

generating steam in the boiler, then the steam is used for driving the turbine to generate 

electricity. CSP plants with thermal energy storage are dispatchable and also self-

sustainable just like conventional power plants and also without pollution. CSP plants 

with thermal energy storage systems also operate on the Brayton cycle using air instead 

of steam for producing electricity [13]. 

 

 

 

 

 

 

 

 

 

1.4.3   Solar thermal collectors 

Solar thermal collector gathers thermal energy from sunlight. It consists of an aperture 

area and an absorber area. The aperture area size is approximately the same as the absorber 

area and it is the part that receives the solar radiation, while the absorber area is the part 

that absorbs the solar radiation. Furthermore, thermal energy from the absorber is 

collected through cooling pipes that contain water, glycol, or a mixture of water and glycol 

as a working fluid. Afterward, working fluid is flown through the thermal energy storage 

unit so that heat gets transferred from the working fluid to the thermal energy storage for 

later use. Solar thermal collectors are of different types such as flat plate collectors, 

evacuated tube collectors, and evacuated flat plate collectors. 

 

 



6 

 

Figure 1-4  Evacuated flat plate solar thermal collector [14] 

 

 

 

 

 

 

 

 

Evacuated flat plate collector (EFPC), in Figure 1-4 [14], is one of the most efficient 

thermal collectors. A vacuum is induced between the glass cover and the absorber area so 

that the heat losses from the absorber to the environment due to convection could be 

prevented. Moreover, the bottom part of the absorber is padded with a thermal insulator 

so that the heat loss from the bottom of the collector could also be prevented. EFPC is the 

collector further used in our research. 

Although solar energy is quite useful in overcoming lot of energy related challenges, but 

it also has its share of disadvantages. Amount of solar energy to be consumed is directly 

related to space required which prompts the requirement of large spaces for installation 

of solar projects. Weather dependency and lack of solar energy during night-time is one 

of the major challenges. Which leads to its dependency on different energy storage 

technologies, that causes increase in capital cost for solar projects. 

1.5 Thermal energy storage (TES) 

At present thermal energy storage (TES) is an active field in applied energy [15]. It 

encompasses energy efficiency and conservation. It affects the efficiency by shifting the 

load to the off-peak hours and reduce the expenditure effectively. In the case of solar 

energy, it conserves energy during the daytime and uses the same during the night. It also 

helps in reducing the intermittence behaviour of renewable sources [16]. The main 

advantage of the thermal energy storage system is its integration with the existing system, 
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Figure 1-5  Schematic of thermal energy storage system [17] 

Figure 1-6  Types of thermal energy storage systems 

and this alone can save a lot of the cost of retrofitting. The basic working principle of the 

TES systems is shown below in Figure 1-5 [17]. 

 

 

 

 

 

 

 

 

The figure above shows a simple TES system. The system is charged with a source during 

the charging phase. The source can be solar thermal, electric, or natural gas. After the 

system is fully charged the energy is stored in a storage tank and is sent to the load/ sink 

when required, which can be seen in the graph.  
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Figure 1-7  (a) Double pipe, (b) Shell and tube, (c) Flat plate heat exchanger [20] 

TES systems can be further divided into many categories as per the applications or the 

material used for storage. The different kind of thermal storage is shown in Figure 1-6. 

TES systems can broadly be classified into two major categories one is known as physical 

storage that does not involve the chemical changes of the substance and the other is known 

as chemical or thermochemical storage that involve the chemical changes of the substance 

during each thermal cycle and hence reduces the durability of the system. Physical storage 

is further divided into two major categories i.e., Sensible (which does not change phase 

during the thermal cycle) and Latent (which changes phase during the thermal cycle, 

solid-liquid, liquid-gas, etc.). In our research, sensible heat storage medium water is used, 

because it could be directly used in hot water applications for winters, and in summers it 

could be used as a source of heat for any due thermal process. 

1.6 Heat Exchangers 

A heat exchanger is a system that is used for the transfer of thermal energy in the form of 

heat from one medium to another. The phenomenon of heat exchange takes place between 

two or more fluids. Heat exchangers are used in heating as well as cooling operations [18]. 

Fluids between which the phenomenon of heat exchange take place are usually separated 

employing a solid wall to prevent the mixing of the fluids. But in some applications fluids 

also come in direct contact [19]. Heat exchangers have enormous applications in HVAC, 

power plants, process plants, manufacturing industries, etc. 
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Figure 1-8  Shell and coiled tube heat exchanger [21] 

Heat exchangers are of many types but the most common types are double pipe heat, shell 

and tube, and flat plate heat exchanger as shown in below Figure 1-7 [20]. If heat 

exchangers are classified based on the fluid flow, they are primarily divided into 3 types. 

Parallel flow, counterflow, and cross-flow heat exchanger. In a parallel-flow heat 

exchanger, hot and cold fluid both enters from the same side and flows in parallel to one 

another during heat transfer. In a counter-flow heat exchanger, both fluids enter from the 

opposite side and travel anti-parallel to one another. While in crossflow, both fluids flow 

perpendicular to one another in the exchanger. 

 

 

 

 

 

 

 

 

 

In the case of thermal energy storage, when water is used as the medium for energy 

storage, a shell and coiled tube heat exchanger are normally used. Water remains in the 

tank (also be assumed as a shell), while the coiled tube with the running hot fluid is 

immersed inside the tank. Hot fluid flows through the top of the coil and exits from the 

bottom. At the time of charging water remains inside the tank at the static position while 

in the dynamic state water inlet is from the bottom part of the tank and the outlet is from 

the top in this state it also acts as a counter-flow heat exchanger as shown in Figure 1-8 

[21]. Coiled tube heat exchangers are used because they are more compact with high area 

density [22]. It can be used anywhere with requirements of greater heat transfer with a 

lesser volume of the exchanger available. 
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In this research a CFD based analysis is performed to deduce a mathematical corelation 

for inner and outer Nusselt numbers for vertical helical coil-based storage by using 

50/50% water glycol solution as a heat transfer fluid. 

1.7   Aims and objectives 

In reference to the current energy situation in Pakistan, research is necessary to be 

accomplished to achieve an efficient system and develop a proper design procedure for 

the energy devices and equipment. To address this major issue and achieve the desired 

goals, this research aims to achieve the following purposes. 

First, an experimental setup of solar collectors and TES needs to be established. Then, 

data is needed to be extracted from the TES tank at different dates. A CFD-based model 

is to be created, whose results are in agreement with the experimental results.  After 

validation, more simulations would be run on the same model by altering its geometric 

parameters, and mathematical correlation for the inner Nusselt number with 50% water-

glycol solution as a working fluid would be extracted. In the same way, a mathematical 

correlation for the outer Nusselt number would also be extracted and both correlations 

would be compared with the correlations present in the literature. Moreover, analysis on 

how the different positions of the coil affect the thermal profile of the storage tank. Lastly, 

a parametric analysis on variation in inner and external HTC of helical coil with geometric 

parameters are studied.  

1.8 Scope and limitations 

The scope of this study is to create a validated CFD-based model for helical coil-based 

storage tank and derive inner and outer Nusselt number relations based on simulations. 

Later on, parametric analysis of storage tank on the basis of position of coil and relation 

of HTC with different geometric parameters of helical coil are discussed. 

The limitation in this study is that only 50/50% water-glycol solution is used as heat 

transfer fluid, and the Nusselt number mathematical relations derived are only for the 

laminar flow regime. Moreover, thermal properties of the materials used in the 

simulations are taken constant. 
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1.9   Thesis outline 

The detailed sections of this study are summarized below. 

Chapter 2: - This chapter will summarize the work done on the deducing the Nusselt 

number correlations for helical coiled based heat exchanger for different fluids in the past. 

Furthermore, studies carried on thermal stratification inside the storage tank and how 

different aspects affect the thermocline.  

Chapter 3: - In this chapter, details on the methodology of the research is initially defined. 

Furthermore, establishment of the experimental setup, specifications of variety of 

equipment’s used and also the procedure followed for extracting the data are elaborated. 

Chapter 4: - In this chapter, the whole CFD aspect of the research is discussed. From the 

modelling of the storage tank to defining the thermal properties and the boundary 

conditions are explained. Lastly, results of the initial simulation and its validation with 

the experimental data is studied. 

Chapter 5: - This chapter will sum up the results of the CFD analysis. Mathematical 

correlations for inner and outer Nusselt number will be deduced and the correlations will 

further be validated with the correlations produced by the past investigators. Finally, 

thermal stratification analysis will be carried out and some outcomes would be discussed. 

Chapter 6: - This chapter will be comprised of conclusion, recommendation and the work 

which could be carried out in the future. 

 

 

 

 

 

 



12 

 

Summary 

For a growing economy of a world, it is a necessary requirement to have a sustainable 

with reliable source of cheap energy. Renewable energy particularly solar energy has 

shown a huge potential to meet that demand. Pakistan possesses promising solar energy 

potential to meet up their energy requirements which is elaborated in this chapter. This 

chapter include brief and basic details related to Solar power systems. This describes basic 

technologies that are used for using solar source of energy. Furthermore, different thermal 

energy storage medium that can be used for storing the solar thermal energy are discussed. 

Moreover, different types of heat exchangers that are normally used for transferring heat 

energy from one medium to another are elaborated in this chapter. 
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[19] S. (Sadık) Kakaç, H. Liu, Heat exchangers : selection, rating, and thermal design, 

(2002) 501. 

[20] Central States Industrial, Types of Heat Exchangers, (2022). 

https://www.csidesigns.com/blog/articles/types-of-heat-exchangers. 



15 

 

[21] S. Bahrehmand, A. Abbassi, Heat transfer and performance analysis of nanofluid 

flow in helically coiled tube heat exchangers, Chem. Eng. Res. Des. 109 (2016) 

628–637. https://doi.org/10.1016/J.CHERD.2016.03.022. 

[22] U.E. Inyang, I.J. Uwa, U.E. Inyang, I.J. Uwa, Heat Transfer in Helical Coil Heat 

Exchanger, Adv. Chem. Eng. Sci. 12 (2021) 26–39. 

https://doi.org/10.4236/ACES.2022.121003. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 

 

Chapter 2: Literature Review 

2.1   Outline 

Solar energy is a renewable and clean source of energy that can also be scaled to our 

requirements. Moreover, it is largely applied in the industrial as well as domestic sectors. 

According to a study, Pakistan has a solar potential of 1600,000 MW annually [1]. By 

keeping in consideration of the energy crisis Pakistan facing right now, solar energy could 

be a definite solution. Solar collectors absorb solar energy, in form of radiation, and then 

the absorbed energy is used for heating water. Water is usually stored in a tank, which 

ultimately acts as energy storage. However, water is heated inside the tank with the help 

of a helical coil-based heat exchanger. Helically coiled tubes have a better heat transfer 

coefficient as compared to a heat exchanger with straight tubes because helical coiled-

based heat exchangers are more compact and have a large surface area to volume ratio 

which results in a high volumetric heat rating. They are also cheap, easy to manufacture, 

and could easily be integrated with the storage tank. The hot fluid is passed through the 

coil, and water inside the tank gets heated up due to natural convection, and the total 

amount of heat transfer from the hot fluid to the water inside the tank mainly depends 

upon the internal and external convection, conduction through the pipe also plays a 

significant role in the heat transfer process. Subsequently, inner and outer heat transfer 

coefficients greatly influence the amount of heat transferred. It has been observed through 

the literature review that there is ample evidence to support the notion that a helical tube 

augments the inner heat transfer coefficient [2]. Whenever a fluid is passed through the 

helical coil, despite just the main flow, as in the straight pipes, there also exist a secondary 

flow inside the helical tubes and this secondary flow is due to the centrifugal forces. The 

longitudinal pressure gradient inside the pipe gives rise to a secondary flow pattern which 

leads to a higher internal heat transfer coefficient. Streamline flows in the straight pipe 

converts into curved streamlines which in result delivers comparatively a higher rate of 

heat transfer. Henceforth, this results in large applications of the helical coiled-based heat 

exchanger from domestic to industrial sector. In domestic applications, a water tank is 

generally heated through hot water from a boiler, solar setup, or electric heater [3]. If the 

hot fluid is used as the source of heat, helically coiled tubes are mainly used as heat 
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exchangers inside the tank. Furthermore, in industrial applications, helical coiled-based 

heat exchangers are used in HVAC applications, power plants, process industries, waste 

heat recovery plants, and different thermal processing industries [4] such as: (1) In many 

HVAC applications refrigerants are condensed in helical coils by transferring heat with 

ambient or with another cold fluid passing through the shell and helical tube heat 

exchanger, (2) Vertical counterflow shell and helical coil heat exchanger based steam 

generators are used in nuclear power plants for the production of steam to drive the turbine 

[5]. (3) In chemical industries, polyethylene is produced by the oxidation of ethylene, and 

to remove the heat of reaction, helical coil-based heat exchangers are used. 

2.2   Helical coil-based heat exchanger 

2.2.1   Inner Nusselt number of helical coils 

Most of the research done in the past practiced simplified boundary conditions, for 

investigating heat transfer coefficients. For example, using constant heat flux or constant 

temperature as boundary condition [6–9] conducted CFD analysis on helical tubes and 

studied the influence of different geometric parameters of a helical coil, pitch coil 

diameter, and pitch tube diameter. Eventually, concluded that parameters like heat transfer 

coefficients and Nusselt number of a straight tube in a tube are less than the helical tube 

in tube heat exchangers. Schmidt [10] did a comparison between straight pipe with the 

coiled tube, and studied the effects of curvature on the heat transfer. Lastly, they came up 

with mathematical correlations, through experimentation. 

𝑵𝒖 = 𝟑. 𝟔𝟓 + 𝟎. 𝟎𝟖[𝟏 + 𝟎. 𝟖(𝛅𝟎.𝟗)]𝑹𝒆[𝟎.𝟓+𝟎.𝟐𝟗𝟎𝟑 𝛅𝟎.𝟏𝟗𝟒]𝑷𝒓
𝟏

𝟑            (1) 

0.0123 < d/D < 0.203, 100 < Re < Recr 

𝑵𝒖 = 𝟎. 𝟎𝟐𝟑 [𝟏 + 𝟏𝟒. 𝟖(𝟏 + 𝛅) (𝛅
𝟏

𝟑)] 𝑹𝒆[𝟎.𝟖−𝟎.𝟐𝟐 𝛅𝟎.𝟏]                 (2) 

0.0123 < d/D < 0.203, Recr < Re < 22000 

Xin & Ebadian [11] carried out experimentation on helical tubes. They used 3 different 

types of working fluids: ethylene glycol, water, and air. Experimentations were performed 

on uniformly heated 5 helical tubes. No considerable ramifications were observed due to 



18 

 

the variation of coil pitch and torsion. Moreover, new correlations were developed from 

the set of data achieved through experimentation. 

      𝑵𝒖 = (𝟐. 𝟏𝟓𝟑 + 𝟎. 𝟑𝟏𝟖𝑫𝒆𝟎.𝟔𝟒𝟑)𝑷𝒓𝟎.𝟏𝟕𝟕                              (3) 

20 < De < 2000, 0.7 < Pr < 175, 0.0267 < d/D < 0.0884 

𝑵𝒖 = 𝟎. 𝟎𝟎𝟔𝟏𝟗 𝑹𝒆𝟎.𝟗𝟐𝑷𝒓𝟎.𝟒(𝟏 + 𝟑. 𝟒𝟓𝟓 𝜹)                           (4) 

5 x 103 < Re < 105 

0.7 < Pr < 5, 0.0267 < d/D < 0.0884 

Jayakumar [12] analyzed the helical coil-based heat exchanger by using water as a heat 

transportation media. Analyses of the heat exchanger were done by considering 

temperature-dependent properties of water, and conjugate heat transfer. Experimental 

results were compared with simulated results by using FLUENT 6.2. Furthermore, a 

mathematical co-relation was established to predict the inner heat transfer coefficient of 

the coil. Jayakumar [13] also conducted a CFD-based analysis by flowing a single-phase 

fluid from the helical tubes. Hot water as a working fluid, they changed the coil parameters 

such as pitch, diameter of the pipe, and diameter of the coil, and studied their effects on 

heat transfer. Moreover, a correlation was deduced from the experimental data to predict 

the Nusselt number. The ranges of the parameters used in the correlation are described as  

𝑵𝒖 = 𝟎. 𝟏𝟏𝟔𝑹𝒆𝟎.𝟕𝟏𝑷𝒓𝟎.𝟒𝜹𝟎.𝟏𝟏                                     (5) 

14000 < Re < 70000, 3000 < De < 22000 

3.0 < Pr < 5.0, 0.05 < δ < 0.2 

Mahmoudi et al. [14] Investigated that utilization of TiO2/water nanofluid as heat transfer 

fluid leads to an increase in Nusselt number. Further, an increase in the curvature ratio of 

the coil subsequently leads to an increase in Dean number, which causes improvement in 

the heat transfer, even at fixed Reynolds number. Xu et al. [15] Experimentally studied 

the heat transfer in the helical coil by using supercritical CO2 as the working fluid. In 

addition, the experiment was studied based on exergy analysis. Different parameters such 

as the diameter of the tube, heat flux, and mass flux were examined to determine their 

effects on dimensionless exergy destruction. Thus, results delineate that dimensionless 
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exergy losses caused by flow friction are quite less than the dimensionless exergy 

destruction due to the irreversibilities of heat transfer. 

2.2.2   Outer Nusselt number of helical coils 

Considerable work has been done on the inner heat transfer coefficient of the helical coil 

but the same trend is not observed for outer heat transfer coefficients. Ali [16] 

experimented by submersing a vertical coil in the water and flowing hot water through 

the helical coil. Furthermore, external heat transfer coefficients were calculated and 

correlations were developed between the Nusselt number and Rayleigh number. Co 

relations were devised by taking height and length as the characteristic length. 

 𝑵𝒖𝑳 = 𝟎. 𝟔𝟖𝟓 (𝑹𝒂𝑳)𝟎.𝟐𝟗𝟓                                         (6) 

do = 0.012m, 3 x 1012 ≤ RaL ≤ 8 x 1014 

𝑵𝒖𝑳 = 𝟎. 𝟎𝟎𝟎𝟒𝟒 (𝑹𝒂𝑳)𝟎.𝟓𝟏𝟔                                       (7) 

do = 0.008m, 6 x 1011 ≤ RaL ≤ 1 x 1014 

𝑵𝒖𝑯 = 𝟎. 𝟐𝟓𝟕 (𝑹𝒂𝑯)𝟎.𝟑𝟐𝟑                                          (8) 

do = 0.012m, 6 x 108 ≤ RaH ≤ 3 x 1011 

Furthermore, studies were carried out on heat transfer by steady-state natural convection 

[17]. Coiled tubes of various curvature ratios and number of turns were submerged in oil. 

Subsequently, based on heat transfer data and by using coil length as a characteristic 

length, numerous correlations were developed. Finally, a general correlation was 

formulated based on the present and past research heat transfer data. 

𝐍𝐮𝐋 = 𝟎. 𝟐𝟖𝟕 (𝐑𝐚𝐋)𝟎.𝟑𝟐𝟑                                           (9) 

δ = 0.03, 7.35 x 1011 ≤ RaL ≤ 5.5 x 1014 

𝐍𝐮𝐋 = 𝟏. 𝟕𝟑𝟑 (𝐑𝐚𝐋)𝟎.𝟐𝟔𝟒                                         (10) 

δ = 0.01, 4.37 x 1010 ≤ RaL ≤ 2.24 x 1013 

𝐍𝐮𝐋 = 𝟎. 𝟕𝟏𝟒 (𝐑𝐚𝐋)𝟎.𝟐𝟗𝟒                                        (11) 

4.35 x 1010 ≤ RaL ≤ 8.0 x 1014 
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Fernandez & Seara [3] did a thermal analysis of a coil submerged in a domestic water 

storage tank. Two experimental arrangements were investigated. In the initial 

configuration, the coil was placed at the bottom of the tank, and in the second 

configuration, the coil was placed at the top of the tank. Results were extracted from the 

experimental setup and co-relations were developed by considering the diameter of the 

pipe, length of the tube, and coil height as characteristic length. 

𝑵𝒖𝒅𝒐 = 𝟎. 𝟒𝟗𝟗𝟖 (𝑹𝒂𝒅𝒐)𝟎.𝟐𝟔𝟑𝟑                                (12) 

4.67 x 106 ≤ Rado ≤ 3.54 x 107 

𝑵𝒖𝑳 = 𝟏. 𝟕𝟎𝟗 (𝑹𝒂𝑳)𝟎.𝟐𝟔𝟑𝟑                                      (13) 

1.97 x 1014 ≤ RaL ≤ 1.49 x 1015 

𝑵𝒖𝑯 = 𝟎. 𝟖𝟏𝟖 (𝑹𝒂𝑯)𝟎.𝟐𝟔𝟑𝟑                                     (14) 

5.31 x 109 ≤ RaH ≤ 4.02 x 1010 

Thermal stratification of hot water in the storage has been studied experimentally [18]. 

Data were extracted for tanks with different aspect ratios, mass flow rates. Effects of 

different configurations of inlet and outlet on the thermal stratification were also 

investigated. Finally, the data were correlated to propose a relation for the design of an 

optimized hot water-based thermal energy storage tank. 

The whole purpose of thermal stratification is to prevent mixing during the dynamic as 

well as the static condition of the tank. Different models were studied in the paper [19], 

and different geometrical parameters of the tank were studied. And a survey was done in 

order to study the performance improvement of different methods and how performance 

was quantified. 

A studied was carried out to determine the major factors which affect the performance of 

stratified thermal energy storage systems [20]. The aspect ratio of the tank, inlet velocity, 

and temperature difference between inlet of hot fluid and water were taken into 

consideration. Results were deduced that thermal stratification improves by lowering inlet 

velocities and with increased temperature differences. 
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Figure 2-1  Geometry of helical pipe 

2.2.3   Characteristics of coil 

Figure 2-1 represents the basic geometry of the helical pipe. The inner diameter of the 

pipe is di and the outer diameter of the pipe is do. Similarly, the diameter of the coil is Dc, 

which is measured from the center of the pipe. The diameter of the coil is also known as 

pitch circle diameter (PCD). If the coil is being projected, the angle made by the turn of 

the coil with respect to the plane perpendicular to the axis of the coil is known as the 

helical angle, α. 

 

 

 

 

 

 

 

 

Furthermore, the gap between two consecutive turns of the coil is called pitch, P. Lastly, 

the Ratio of pipe internal diameter to coil diameter is known as the inner curvature ratio, 

δi. And, the ratio of pipe external diameter to coil diameter is known as the outer curvature 

ratio, δo. 

2.3   Dimensionless numbers 

As Reynolds number is mainly used for the study of fluid flow in straight pipes, Dean 

number is applicable for the study of fluid flow in curved channels and pipes. Dean 

number is defined as, 

𝑫𝒆 = 𝑹𝒆 √
𝒅𝒊

𝑫
                                                   (15) 



22 

 

While, Reynolds number is, 𝑹𝒆 =  
𝝆𝒗𝑳𝒄

𝝁
 

Researchers have already identified better heat transfer in coils due to complex flow 

patterns. The effects of centrifugal forces on the fluid depending upon the curvature of the 

coil, while torsional effects on the fluid are governed by the helix angle or the pitch of the 

coil. Moreover, the transition from laminar to turbulent flow in a coil is not the same as 

the transition of the hydrodynamic nature of the fluid in a straight pipe. So, the critical 

Reynolds number of a coil is not similar to a straight pipe, hence, it depends on the 

geometric parameters. Schmidt [10] advised a correlation for determining the critical 

Reynolds number of the coil. 

𝑹𝒆𝒄𝒓 = 𝟐𝟑𝟎𝟎 [𝟏 + 𝟖. 𝟔 (
𝒓𝒊

𝑹𝒄
)

𝟎.𝟒𝟓

]                                (16) 

Due to complex flow patterns, the determination of the hydrodynamic nature of working 

fluid in the helical coils is different from straight pipes, so more work is done to sort out 

this problem. Hence, based on experimental results and considering the effects of 

curvature ratio on fluid flow, Mujawar et al. [21]deduced a new dimensionless number 

‘M’. Lastly, criteria were also derived to determine lamina flow in a coil with any 

curvature ratio. 

𝑴 =  
𝑹𝒆𝟎.𝟔𝟒

𝟎.𝟐𝟔 (
𝒓𝒊
𝑹𝒄

)𝟎.𝟏𝟖
 ≤ 𝟐𝟏𝟎𝟎                                        (17) 

 In heat transfer problems and applications another dimensionless number that have great 

significance is the Prandtl number. It is the ratio of momentum diffusivity and thermal 

diffusivity [22].  

𝑷𝒓 =  
𝝂

𝜶
                                                       (18) 

This dimensionless number does not contain any length scale, instead, it is a number that 

relied on the fluid and its state. When Pr values are very small (Pr << 1) it means thermal 

diffusivity is dominant in the working fluid, and in the case of very large values (Pr >> 1) 

momentum diffusivity is the dominant behavior.  
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In the field of fluid mechanics, a dimensionless number related to natural convection (or 

buoyancy-driven flow) is Rayleigh’s number. Arithmetically, it is defined as the product 

of Grashof number and Prandtl number. In the same way, it can also be interpreted as the 

ratio of buoyancy forces and viscosity forces multiplied by the ratio of momentum 

diffusivity and thermal diffusivity. 

𝑹𝒂 =
𝒈𝜷𝑳𝒄

𝟑(𝑻𝒔−𝑻𝒘)

𝝂𝜶
                                              (19) 

2.4   Numerical modelling 

Numerical methods are defined by John D. Anderson as: 

“CFD is the skill, which replaces the governing partial differential equations of fluid flow 

with numbers and then these numbers in space and/or time is used to get the whole flow 

field of the analysis. The final result of CFD is just a combination of numbers[23]” 

This part of the chapter presents the governing equations with numerical approximation 

according to the current research. The fluid motion can be completely described by the 

partial differential equations for the conservation of mass, energy, and momentum in fluid 

flows. These equations are combinedly referred to as Navier-Stokes equations. These 

equations describe continuum fluid flow, which is explained by the classic work of 

Schlichting [24]. Considered Continuum, meaning that flow quantities such as pressure 

and temperature are approximately uniform within fluid elements [25]. The set of 

equations is known as the compressible Navier Stokes equations: 

Continuity equation [26]: 

𝝏𝑼

𝝏𝒙
+  

𝝏𝑽

𝝏𝒚
+  

𝝏𝑾

𝝏𝒛
= 𝟎                                             (20) 

x- Momentum [26]: 

𝝏𝑼

𝝏𝒕
+ 𝑼

𝝏𝑼

𝝏𝒙
+ 𝑽

𝝏𝑼

𝝏𝒚
+ 𝑾

𝝏𝑼

𝝏𝒛
=  𝝂 (

𝝏𝟐𝑼

𝝏𝒙𝟐 +  
𝝏𝟐𝑼

𝝏𝒚𝟐 +  
𝝏𝟐𝑼

𝝏𝒛𝟐 ) −
𝝏𝑷

𝝏𝒙

𝟏

𝝆
              (21) 

y- Momentum: 

𝝏𝑽

𝝏𝒕
+ 𝑼

𝝏𝑽

𝝏𝒙
+ 𝑽

𝝏𝑽

𝝏𝒚
+ 𝑾

𝝏𝑽

𝝏𝒛
=  𝜷𝒈(𝑻 − 𝑻𝒐) + 𝝂 (

𝝏𝟐𝑽

𝝏𝒙𝟐
+ 

𝝏𝟐𝑽

𝝏𝒚𝟐
+ 

𝝏𝟐𝑽

𝝏𝒛𝟐
) −

𝝏𝑷

𝝏𝒚

𝟏

𝝆
     (22) 
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z- Momentum: 

𝝏𝑾

𝝏𝒕
+ 𝑼

𝝏𝑾

𝝏𝒙
+ 𝑽

𝝏𝑾

𝝏𝒚
+ 𝑾

𝝏𝑾

𝝏𝒛
=  𝝂 (

𝝏𝟐𝑾

𝝏𝒙𝟐
+ 

𝝏𝟐𝑾

𝝏𝒚𝟐
+  

𝝏𝟐𝑾

𝝏𝒛𝟐
) −

𝝏𝑷

𝝏𝒛

𝟏

𝝆
           (23) 

Energy Equation [26]: 

𝝏𝑻

𝝏𝒕
+ 𝑼

𝝏𝑻

𝝏𝒙
+ 𝑽

𝝏𝑻

𝝏𝒚
+ 𝑾

𝝏𝑻

𝝏𝒛
=  𝜶 (

𝝏𝟐𝑻

𝝏𝒙𝟐 + 
𝝏𝟐𝑻

𝝏𝒚𝟐 +  
𝝏𝟐𝑻

𝝏𝒛𝟐)                   (24) 

 

Equation (20) presents the conservation of mass, while the equation (21-24) represents 

the momentum conservation of the fluid volume. 

2.5   Boussinesq Model 

The Boussinesq approximation is used in the field of fluid dynamics. This method is 

normally used for free convection where buoyancy effects come into play. It ignores any 

change in the density, besides where it comes in multiples of g [27]. It caters to the change 

in density just in the buoyancy term of the momentum equation. The purpose of using this 

model is that it leads to quick convergence as compared to simulations in which fluid 

density is used as a function of temperature. 

(𝝆 − 𝝆𝟎)𝒈 ≈  −𝝆𝟎𝜷(𝑻 − 𝑻𝟎)𝒈                                 (25) 

β is a thermal expansion coefficient. Boussinesq approximation holds true when changes 

in density are small. It is valid when β(T-T0) << 1. 

In this research work a CFD based analysis is carried out to validate a downsized model 

with the experimental data. Furthermore, new models are to be created by varying their 

geometric parameters, and simulated further on different boundary conditions. Later, 

mathematical corelations for inner and outer Nusselt numbers are to be deduced and 

further validated with the past studies to determine its authenticity. Lastly, the relationship 

between different geometric parameters and heat transfer coefficient of the helical coil is 

to be established. 
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Summary 

The chapter 2 includes the details of literature review related to the past research done on 

helical coil-based heat exchangers. Studies done on heat exchangers of different 

configurations and orientation are discussed in this chapter. Furthermore, this chapter 

includes the details of mathematical correlations derived in past for inner and outer 

Nusselt numbers. This chapter also elaborates the unique characteristic of helical coil and 

its effects on the flowing fluid. Moreover, details of unique dimensionless number used 

for the helical coils are also discussed. Lastly, use of Boussinesq equation model for 

determining the effects of free convection is explored in this chapter. 
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Chapter 3: Methodology & Experimental 

Setup 

3.1 Research methodology 

This chapter will mainly cover the step-by-step research methodology followed during 

the research. As shown in Figure 3-1, first a comprehensive literature review was 

conducted. 
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Figure 3-1  Flow sheet diagram of research methodology 
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In the next section, the experimental setup and procedure of experimentation are 

illustrated. Afterward, the system under consideration was modelled and its CFD-based 

analysis is carried out followed by the comparison of simulated data with experimental 

results. Subsequently, after validation of the CFD model, geometric alternations were 

performed on the model and the new model was further passed through a grid 

independence test. Later, more simulations were executed and co-relations for internal 

and external heat transfer coefficients were devised from the extracted data. Lastly, these 

co-relations were compared with relations present in past papers, and their percentage 

errors were also calculated. No considerable work was done in the past that shows 

transient state CFD-based simulations were carried on the tank, where 50% water-glycol 

solution in the coil is dynamic and water inside the tank is in static flow condition, while 

the only changes inside the tank are due to natural convection. Lastly, thermal 

stratification analysis of the tank was studied and observed results were registered. 

3.2   Experimental setup & procedure 

3.2.1   Experimental setup 

The whole setup investigated in this study consist of a evacuated flat plate solar collector 

coupled with a thermal energy storage tank, both were connected through PVC pipes. The 

whole system is set up on the rooftop of the United States Pakistan Centre of Advanced 

Study in Energy, NUST Islamabad, Pakistan. Experimentations were carried out at the 

end of January and the start of February. The schematic and the physical experimental 

setup can be seen in Figures 3-2 & 3-3. 

Two TS-400 type evacuated flat plate solar collectors are used in this experimental setup, 

both collectors are connected in series. Specifications of the solar collector are in Table 

3-1. A 100 Ltr water tank with an aspect ratio of 3 is used as a thermal energy storage 

medium. 50/50% water-glycol solution is used as a working fluid that absorbs solar 

radiation in the solar collector and then passes the thermal energy to the water inside the 

tank, copper-based helical coil heat exchanger is used for this purpose which is enclosed 

inside the tank 

 



31 

 

Figure 3-2  Schematic of experimental setup 

Table 3-1 Specifications of TS-400 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TS-400 Specifications 

Cover glass 4mm safety solar ESG white glass 

Absorber Tube Cu 10 x 0.5 mm 

Casing Non-corrosive AL Mg sheet 

Thermal Insulation 0.8 bar 

Liquid Capacity 1.6 Ltrs 

Heat Transfer Fluid Water - Glycol 

Mix ratio 50 / 50 % 

Flow rate 120 - 180 Lh-1 

Gross area 2.031 m2 

Absorber area 1.7 m2 

Tilt angle 30o 

Surface azimuth angle 0o 

Longitude and latitude 33.64215° N, 72.98441° E 
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Figure 3-3  Experimental setup 

 Table 3-2 Specifications of coil 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Six PT-1000 type thermocouples were integrated into the whole experimental setup. One 

thermocouple at the inlet and exit of the storage tank. Whereas, the remaining four were 

placed at regular intervals from the bottom of the storage tank, to investigate the thermal 

stratification inside the tank. All of the thermocouples were integrated with a data logger 

that stores data at a regular 1-second interval. The storage tank mentioned is made up of 

galvanized steel and is further padded with a 50 mm thick sheet of glass wool to prevent 

heat losses. Figure 3-4 illustrates the whole configuration of the storage tank. While 

Coil Specifications 

Inner Diameter (di) (mm) 17.65 

Outer Diameter (do) (mm) 19.05 

Thickness (mm) 0.7 

Coil Diameter (D) (mm) 260 

Curvature Ratio (δ) (mm) 0.0679 

Internal Surface Area (m2) 0.6317 

External Surface Area (m2)     0.6568 

Length of Coil (m) 11.4 
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Figure 3-4  Model of storage tank 

detailed drawing of the parts and assembly of the storage tank was created on Solidworks® 

2018, and is available in Appendix 1,2,3. 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.2   Experimental procedure 

Initially, freshwater was added inside the tank, and it was ensured that the whole tank is 

at a uniform temperature. Later on, experimentation was carried out with two volume flow 

rates; 2 LPM and 3 LPM. Measurements with 2 LPM were carried on 27th January, while 

with 3 LPM were carried on 28th January. During each experiment, the flow rate of glycol 

solution remains constant and water remains at static flow condition. Both of the 

experiments were carried out for 65 minutes and the temperature inside the tank was 

measured at the end. Hot glycol solution was flown through the storage tank for 60 

minutes and then stopped for 5 minutes so that water maintains a stable thermal 

stratification inside the tank, therefore the final reading of the tank was taken at the end 

of 65 minutes. During the whole experimentation, the tank's external surface temperature 

was measured at regular intervals so that the mean surface temperature could be 

determined.  
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Additional experimentation was also carried on 9th February with a flow rate of 2 LPM 

for 25 minutes. Results of this experiment were used as a source for determining the grid 

dependency of the CFD model. 
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Summary 

This chapter includes the details and flow chart of the whole research methodology, and 

the strategy adopted to perform this study. Furthermore, the specification of the whole 

experimental setup is elaborated. Dimensions of the coil and storage tank with flow rates 

are also detailed in this chapter. Later on, experimental procedure acquired to extract the 

data is also discussed. 
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Figure 4-1  Computational domain 

Chapter 4: CFD Modelling & Simulation 

All the simulations were executed on the commercial version of FLUENT® 19.1. 

Numerous case scenarios for various Reynolds numbers in the laminar flow regime were 

simulated. Additionally, governing equations of mass, momentum, and energy, were 

simulated in double-precision, and 3D version methods using parallel processing. 

4.1   CFD modelling & simulation 

Two basic models were created to validate it with the experimental results. Both models 

were created in ANSYS® 19.1 Design modeler. Model-II is the duplicate of the storage 

tank as seen in the experimental setup Figure 3-3, while model-I is the symmetrical 

downsized version of the original tank. Model-I tank volume is half the size of the original 

tank (50 Ltr), and the length of the coil is also reduced to half.  

 

 

 

 

 

 

 

 

 

 

However, the aspect ratio of both tank and coil is kept constant, even though, the internal 

diameter and thickness of the pipe in both cases are similar. Moreover, the distance 

between the top of the coil at the inlet, and the upper boundary of the tank is reduced in 
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Figure 4-2 Inlet & outlet of coil, and grid of the storage tank used for analysis 

symmetry with the original dimension of the tank. Likewise, the gap between the bottom 

of the coil at the outlet and the lower boundary of the tank was also adjusted. Figure 4-1 

illustrates the coiled pipe, storage tank, and the complete computational domain for the 

case study. 

4.1.1   Boundary conditions 

Coiled pipe having a thickness of 0.7 mm was not modelled in the design modeler, but its 

effects are catered in the examination by using the shell conduction model of Fluent. This 

results in the reduction of mesh elements and computation time. The interface between 

the hot fluid and water is thermally coupled considering a conjugate heat transfer. Forced 

convection between the fluid and the pipe, conductive heat transfer within the pipe, and 

natural convection between the pipe and water in the tank. A no-slip condition is applied 

for the flowing fluid.  

 

 

 

 

 

 

 

 

 

 

The material of the coil is copper having properties; thermal conductivity = 387.6 W/m.K, 

density = 8978 kg/m3, and specific heat = 381 J/kg.K. The wall of the tank is steel with 
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properties; thermal conductivity = 502.48 W/m.K, density = 8030 kg/m3, and specific heat 

= 16.27 J/kg.K. Furthermore, 50 mm glass wool padding on the tank wall having thermal 

conductivity 0.0315 W/m.K, density = 50 kg/m3, and specific heat = 840 J/kg.K. Both 

steel wall and glass wool thickness were specified through the shell conduction model. 

Additionally, a constant mean temperature was applied at the outer surface of the glass 

wool, measured during the experimentation. Hot fluid enters from the top of the coil taken 

as mass flow inlet boundary condition and cold fluid leaves from the bottom of the coil 

specified as an outflow boundary condition. See Figure 4-2. As the hot fluid flowing 

through the storage tank comes from the solar collector, the temperature at the inlet of the 

tank is not constant. The temperature of hot glycol solution changes with the amount of 

solar radiation captured by the solar collector. 

 

 

 

 

 

 

 

 

 

To simulate a similar boundary condition, UDF was coded in C language for each case 

scenario that determines the temperature of water-glycol at the inlet of the storage tank. 

See appendix 4,5 & 6. The comparison between the experimental values of temperature 

and UDF generated temperature values, of the inlet glycol, on different dates are shown 

in Figure 4-3,4-4 & 4-5. 

Figure 4-3  Comparison between experimental values and UDF generated values 
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Figure 4-4  Comparison between experimental values and UDF generated values 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-5  Comparison between experimental values and UDF generated values 
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4.1.2   Determination of density & β of water 

For simulating the case scenarios, a water-glycol solution was specified with constant 

properties. It was deduced by J.S Jayakumar & et al [1], at low Dean number, a hot fluid 

with similar boundary conditions having constant or temperature-dependent thermal 

properties results in a similar inner Nusselt number. Properties of water-glycol solution 

were decided by calculating its mean temperature from the received experimental data. 

The same methodology was also adopted for deciding the properties of water. However, 

water inside the tank is in static flow condition, consequently, a phenomenon of natural 

convection would eventuate due to the rise in temperature of the water with time. To 

ensure the effects of buoyancy within the tank, Boussinesq approximations are selected 

for simulating the effects of buoyancy on water inside the tank. So, a numeric value of 

density and thermal expansion coefficient for water needs to be decided, because both 

properties changes with temperature.  

There are four scenarios with which these values can be determined. The first scenario is 

initial density/initial thermal expansion coefficient. The value of density and thermal 

expansion coefficient will be taken at the temperature at which the simulation was 

initialized. The second scenario, initial density/average thermal expansion coefficient. 

The value of density will be taken at the temperature at which the simulation was 

initialized, while the value of the thermal expansion coefficient will be taken at the mean. 

The third scenario, average density/initial thermal expansion coefficient. A value of 

density will be taken at a mean temperature. While value thermal expansion coefficient 

would be taken at the temperature on which the simulation was initialized. The fourth 

scenario, average density/average thermal expansion coefficient, both the values of 

density and thermal expansion coefficient will be taken at an average temperature. All of 

these scenarios, in which the density of water is calculated through the Boussinesq model, 

are compared with the original values of density of water at different temperatures. As 

shown in Figure 4-6. 

From the below Figure, it can be deduced that case scenario 2 (initial density/average 

thermal expansion coefficient) is most close to the original values of density. Furthermore, 

to solve coupling equations for determining pressure and velocity distributions, a SIMPLE 
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Figure 4-6  Density of water determined through Boussinesq model 

algorithm was used. Second-order upwind was used as a solution method for energy and 

momentum, while body force weighted was used for pressure [2]. Lastly, an absolute 

convergence criterion of 10-3 is used for continuity and velocities at the x,y, and z-axis, 

and 10-6 for the energy equation. 

 

 

 

 

 

 

 

 

 

  

 

4.2   Grid generation 

The mesh was generated in the ANSYS® meshing tool. In the model, the structured mesh 

was generated for the volume of hot fluid, by combining edge sizing techniques with 

multi-zone methods. For the water domain, the patch conforming method is used. 

Moreover, inflation is applied on both sides of the interface. As the mesh generated in the 

tank is dependent on the mesh size of the coil passing through the whole tank, so as the 

mesh sizing of the coil is changed it affects the number of elements of the tank. 
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Figure 4-7  Grid of the helical pipe at a cross section 

 Table 4-1 Models with number of nodes & elements 

 

Specifications of the meshed model are listed in Table 4-1. Mesh in model-II is coarser, 

thus, there is no great difference between the number of mesh elements in model-I and 

model-II as the volume of the tank, and length of the coil in model-II is double. However, 

model-III is a model with original dimensions and fine mesh. See Figure 4-7. 

 

 

 

 

 

 

65 minutes of flow time simulation took around 456 hours to complete, for each model-I 

and model-II. While 25 minutes of simulation on model-III took around 384 hours to 

complete. Simulations were run on a workstation having specifications of intel, Xenon 

Gold 2.3 GHz (2 processors) with 32 GB RAM. 

 

 

 

 

Model # 
Coil Tank Total Flow Time 

(minutes) 

Real Time 

(hrs) Nodes Elements Nodes Elements Nodes Elements 

Model-I 258280 239394 534622 2167284 758252 2406678 65 456 

Model-II 72993 57868 589168 2605275 632173 2663143 65 456 

Model-III 821730 767380 1379171 5222921 2097792 5990301 25 384 
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Summary 

In this chapter the computational domain of the system is discussed in detail. Furthermore, 

the boundary conditions used for running the simulation are also explained, moreover the 

variation in the inlet temperature of the glycol from the experimentation is catered by 

developing a UDF. The comparison between the UDF and experimental data is elaborated 

in this chapter. Furthermore, use of Boussinesq approximation for determining the 

buoyancy effects induced in the water, and constant properties of water selected through 

a certain methodology that shows closest value to the original value of the water is also 

explained in this chapter. Lastly, the technique adopted for grid generation and 

comparison of the number of elements and nodes of different models are also discussed. 
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Figure 5-1  Tank temperature profile after 65 minutes on 27th January 

Chapter 5: Results & Discussions 

5.1   Validation of the numerical results with experiment 

A numerical model was designed in accordance with the experimental setup to validate 

its accuracy. All the geometric parameters and boundary conditions were kept similar to 

the setup, and the initial model simulated was based on 27th January conditions. At 10:50, 

hot fluid was flown at 2 LPM for 60 minutes and then stopped for 5 minutes so that the 

tank maintains a stable thermocline. Then, a comparison was drawn between simulated 

and experimental tank temperature data, as shown in Figure 5-1. 

 

 

 

 

 

 

 

 

 

 

 

A similar geometrical model was simulated for 28th January boundary conditions having 

a hot fluid volume flow rate of 3 LPM. The experiment started at 14:10 and the results are 

shown in Figure 5-2. For 27th January conditions, Model-I showed an average percentage 

error of 2.5%, however, the average percentage error for model-II is 13.93%. For 28th 

January conditions, Model-I showed an average percentage error of 4.85%, however, the 

average percentage error for model-II is 17.43%. 
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Figure 5-2  Tank temperature profile after 65 minutes on 28th January 

 

 

 

 

 

 

 

 

 

 

 

Model-II geometric parameters are the replica of the physical tank but its simulation is 

showing a greater percentage of error as compared to model-I, which is a downsized 

model with half the volume flow rate. So further simulations were run on model-III, which 

has the exact geometrical parameters as of model-I but with finer mesh. So, another 

experiment was conducted on 9th February at 15:14, and results were extracted from the 

setup. The water-glycol solution was flown at 2 LPM for 20 minutes and then the whole 

tank was kept static for 5 minutes. Furthermore, simulation was also carried for 25 

minutes of flow time. In contrast with the past cases, lesser flow time for this case was 

due to large computational demand, due to finer mesh. Model-I and Model-II are also 

simulated on the 9th February boundary condition so a better comparison could be laid 

out, as shown in Figure 5-3. The average percentage error for model-I is 2.41%, while the 

average percentage error for model-II is 6.35%. However, the error for model-III is 

1.85%, which is the lowest among all other models. Moreover, outlet HTF temperature 

comparison was drawn between the CFD-based models and experimental data. In the 27th 

January case, the average percentage error for model-I is 4.93%, while the average 

percentage error for model-II is 16.65%. The comparison can be observed in Figure 5-4. 
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Figure 5-3  Tank temperature profile after 25 minutes on 9th February 

Figure 5-4  Comparison of outlet water glycol solution temperature on 27th January 
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Figure 5-5  Comparison of outlet water glycol solution temperature on 28th January 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5-6  Comparison of outlet water glycol solution temperature on 9th February 
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In the 28th January case, the average percentage error for model-I is 3.78%, while the 

average percentage error for model-II is 12.29%. Lastly, for 9th February, the average 

percentage error for model-I is 9.54%, and the average percentage error for model-II is 

25.32%, while for model-III the average percentage error is 6.31%. Greater percentage 

error for model-I, in this case, is due to a lesser number of data points. Since, the 

simulation was of 20 minutes of flow time, during which the heat transfer was taking 

place. It can also be observed from the above comparisons that as time proceeds the 

percentage error between the experimental data and simulated data decreases. Both 

comparisons can be seen in Figure 5-5 & 5-6. 

So, from the above results, it can be deduced that the above model used has quite 

promising accuracy to the experimented data. The increase in percentage error for model-

II is due to the lesser mesh elements, as compared to its volume. Lastly, it can also be 

deduced that symmetric downsizing of the tank shows results with greater accuracy as 

compared to maintaining the same geometric parameters and increasing the mesh size. 

5.2   Mathematical model 

To determine the heat transfer from the hot fluid to the storage tank, the following 

equation is used: 

𝑸 = ṁ𝑪𝒑(𝑻𝒊𝒏 − 𝑻𝒐𝒖𝒕)                                           (26) 

Internal heat transfer coefficient hi, shell side heat transfer coefficient ho, and overall heat 

transfer coefficient UA are the basic parameters that define the overall heat transfer from 

the hot fluid to the water inside the tank. So, it is preferable to determine which parameter 

affects the process in what manner. 

𝑸 = 𝑼𝑨𝜟𝑻                                                     (27) 

For calculating the overall heat transfer coefficient following relation was used: 

𝟏

𝑼𝑨
=  

𝟏

𝒉𝒊𝑨𝒊
+ 

𝐥𝐧 (
𝒓𝒐
𝒓𝒊

)

𝟐𝝅𝒌𝑳
 +  

𝟏

𝒉𝒐𝑨𝒐
                                      (28) 
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ΔT is the mean temperature difference between the average bulk temperature of the hot 

fluid inside the coil and the water inside the tank. The internal heat transfer coefficient is 

determined through the following relation: 

𝒉𝒊 =  
𝑸

𝑨𝒊𝜟𝑻𝒊
                                                    (29) 

Ai is the internal surface area of the coiled pipe. While ΔTi is the mean temperature 

difference between the average bulk temperature of the hot fluid in the pipe and the inner 

wall of the coiled pipe. Furthermore, the external heat transfer coefficient is determined 

through the following relation: 

𝒉𝒐 =  
𝑸

𝑨𝒐𝜟𝑻𝒐
                                                   (30) 

Ao is the external surface area of the coiled pipe. While ΔTo is the mean temperature 

difference between the average temperature of the external surface of the coil and the 

average bulk temperature of the water. Furthermore, the Nusselt numbers are calculated 

through the following relation: 

𝑵𝒖 =  
𝒉𝑳𝒄

𝒌
                                                    (31) 

5.3   Modelling & simulation of new models 

New geometries were modelled, details are mentioned in Table 5-1 and can be seen in 

Figure 5-7, 5-8 & 5-9. All of the cases were simulated by using the same hot working 

fluid, water-glycol mixture. The water inside the tank is taken at 30ºC and water-glycol 

at 65ºC. Initially, all the above cases were simulated by using a flow rate of 40 LPH at 65 

ºC with coil external surface area of 0.35 m2. Material properties of the hot fluid are taken 

at the average temperature of the hot fluid inlet and water inside the tank. Since, 

insignificant changes in inner Nusselt number are observed on simulating helical coil 

model either with constant material properties or temperature-dependent properties, 

especially at lower Dean number [1]. 

Hence, cases A1 to A8 had approximately the same inner heat transfer coefficient. Cases 

A1 to A3 show that the aspect ratio of the Nusselt number does not have any significant 
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effect on the inner heat transfer coefficient. While from cases A3 and A4 it can be deduced 

that the position of the coil inside the tank also does not have any significant effect. From 

cases A5, A6, and A8 it is observed that increasing the pitch of the coil did not have any 

significant effect on the inner heat transfer coefficient, but for cases B1, B2, and B3, with 

lesser curvature ratios, an increase in inner heat transfer coefficient is observed. Thus, for 

further numerical simulations only cases A6, A7 and B3 are considered. 

Furthermore, additional simulations are carried out on flow rates 30, 40, 50, 60, 80, and 

100 LPH with hot fluid inlet temperatures of 50ºC, 65ºC, and 80ºC. As the heat transfer 

area and the critical Reynolds number remained constant for all the simulated scenarios, 

however, Reynolds number, M number, heat transfer coefficient, Dean number, and Nu 

number were calculated separately for each scenario. 

 Table 5-1 Specifications of new models 

 

  

 

 

Case # 

Inner 

Diameter 

(di) (mm) 

Coil 

Diameter 

(D) (mm) 

Length 

of Coil 

(m) 

Height 

of the 

coil 

(mm) 

Pitch 

(mm) 

Distance 

from top 

of tank 

(mm) 

Distance 

from 

bottom of 

tank (mm) 

Diameter 

of tank 

(mm) 

Height 

of 

tank 

(mm) 

Case A1 23 200 4.5 434 60 21.5 68.5 349 524 

Case A2 23 200 4.5 434 60 111.5 88.5 317 634 

Case A3 23 200 4.5 434 60 308.5 88.5 277 831 

Case A4 23 200 4.5 434 60 21.5 375.5 277 831 

Case A5 23 200 4.5 633 90 109.5 88.5 277 831 

Case A6 23 200 4.5 696 99 46.5 88.5 277 831 

Case A7 23 125 4.5 667 60 75.5 88.5 277 831 

Case A8 23 200 4.5 228 30 513.5 88.5 277 831 

Case B1 18 200 5.7 281 30 459 91 277 831 

Case B2 18 200 5.7 543 60 197 91 277 831 

Case B3 18 200 5.7 630 70 110 91 277 831 
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Case A1 Case A2

Case A3 Case A4

Figure 5-7  Case A1, Case A2, Case A3 & Case A4 
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Case A5 Case A6

Case A7 Case A8

Figure 5-8  Case A5, Case A6, Case A7 & Case A8 
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Case B1 Case B1

Case B3

Figure 5-9  Case B1, Case B2 & Case B3 
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Figure 5-10  Comparison between M number and Inner Nusselt number 

 

 

 

 

 

 

 

 

 

A general trend of increased inner Nusselt number with the increase of M number is 

observed in Figure 5-10. The same trend is not observed with the Reynolds number, 

because curvature ratio plays a vital role in determining the hydrodynamic nature of the 

fluid and the inner Nusselt number of the coil. 

5.4   Flow dynamics and heat transfer in helical coil 

In helical coils, the curvature of the pipe induces centrifugal forces that affect the fluid 

flowing inside the coil. The magnitude of the centrifugal force depends upon the curvature 

ratio [2] and the axial velocity of the flowing fluid. In the case of straight pipe, a general 

pattern is observed, the velocity of the fluid at the core of the pipe is highest compared to 

the fluid particles closer to the wall of the pipe. In helically coiled pipes, due to the 

variation in the velocity of flowing fluid, particles closer to the wall experiences lesser 

centrifugal force as compared to the particles at the core of the helical pipe. Therefore, 

particles of the fluid at the core get pushed toward the outer bend of the coil. It can be 

studied in Figure 5-11 that fluid particles with the highest velocity are at an offset from 

the centre of the pipe. 
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In Case A7 high-velocity contour is closer to the outer bend due to greater centrifugal 

force. Moreover, this effect of centrifugal force causes the bifurcation of the stream at the 

outer wall of the pipe. After the bifurcation, fluid flows over the periphery of the pipe and 

returns to the inner bend. This causes the generation of counter-rotating vortices also 

known as secondary flows in the helical pipe. 

Thus, secondary flows lead to a greater heat transfer coefficient in helical pipes as 

compared to a straight pipe. Due to the additional transport of fluid, greater heat transfer 

takes place. However, from past investigations, it is also observed that curvature of the 

coil restricts the emergence of turbulence in the flowing fluid and the effect of suppression 

increase with an increase in curvature ratio [2]. Due to suppression of turbulent 

fluctuations, flow is more stable and requires a higher Reynolds number for the 

hydrodynamic nature of the fluid to become turbulent. 

 

 

 

 Re = 62.8, M = 80.3, δ = 0.115                     Re = 62.8, M = 73.4, δ = 0.184 

Case A6                                                       Case A7 

Figure 5-11  Velocity contour of helical pipe cross-section 
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Case A7                                                                Case A6 

Figure 5-12  Temperature contour of helical pipe cross-section 
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From Figure 5-13 it can be noted that the inlet fluid particles are along a line parallel to 

the Z-axis. While in Figure 5-14 fluid particles are along the line parallel to the Y-axis. In 

both scenarios at the outlet of the pipe fluid particles are scattered and during flow fluid 

particles are adopting different trajectories due to the secondary flow induced in the 

helical pipes. All the particles undergo a movement displaced from the inner side of the 

coil towards the outer bend. This rotational movement leads to a change in the local 

Nusselt number. 

 

Figure 5-13  Trace of fluid particles parallel to Z-axis at the inlet 
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The temperature contours plot also shows that the low temperature of water/glycol 

solution appears near the inner side and the high temperature of water/glycol solution is 

at the outer side. This result shows that the heat transfer on the outer side is superior to 

that on the inner side due to higher velocity occurred on the outer side of the coiled tube. 

Moreover, it is found that the local Nusselt number on the outer side of the coil is higher 

than those at any other location at that cross-section. The rotational movement or the 

secondary flow in the coiled tube influences the heat transfer at the wall of the pipe. 

 

Figure 5-14  Trace of fluid particles parallel to Z-axis at the inlet 
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Figure 5-15  Heat flux contour of helical pipe 

 

 

 

 

 

 

 

 

 

 

 

From the above Figure 5-15, it can be observed that heat flux at the outer periphery of the 

coil is greater than the inner periphery due to the difference in local Nusselt number.  

5.5   Development and validation of inner Nusselt number relations 

A correlation was developed in form of Nu = a(Reb)(Pr0.4), and a and b were the constants 

to be determined. The heat transfer data acquired from 54 simulations, conducted for 

50/50% water/glycol mixture, were used for generating the required mathematical 

correlation. The equation is constructed by using MATLAB® 2018 curve fitting tool, that 

induced the following correlation: 

𝑵𝒖 = 𝟎. 𝟒𝟑𝟐𝟗𝟔(𝑹𝒆𝟎.𝟒𝟒𝟓𝟔𝟒)𝑷𝒓𝟎.𝟒                              (32) 

Valid for Reynolds number 56.045 ≤ Re ≤ 382.63, 74.135 ≤ Pr ≤ 122.09 and 0.09 ≤ δ ≤ 

0.184. 
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Figure 5-16  Development of correlation (33) with Nu as function of De & Pr 

Dean number is another dimensionless number used to understand the fluid flow in the 

helical-based coil. In this case, an equation is developed by plotting Nu/Pr0.4 on the y-axis 

and De number on the x-axis on a linear scale for 54 simulated data Figure 5-16. The 

following co-relation is developed using the least-squares fitting-power law. 

𝑵𝒖 = 𝟎. 𝟕𝟑𝟗𝟔(𝑫𝒆𝟎.𝟒𝟐𝟖𝟐)𝑷𝒓𝟎.𝟒                                 (33) 

 

 

 

 

 

 

 

 

 

 

 

Heat transfer data generated from 54 simulated data under is plotted on a linear scale as 

Nu/Pr0.4 vs. M to get a unique correlation without δ. The least squares-power law fitting 

curve through the data points shown by the dark line in Figure 5-17 resulted in the 

following correlation. 

𝑵𝒖 = 𝟎. 𝟏𝟕𝟓(𝑴𝟎.𝟔𝟑𝟔𝟒)𝑷𝒓𝟎.𝟒                                  (34) 

Applicable for range 68.615 ≤ M ≤ 266.834, 74.135 ≤ Pr ≤ 122.09. 
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Figure 5-17  Development of correlation (34) with Nu as function of M and Pr 

Figure 5-18  Development of correlation (35) with Nu as function of M,δ & Pr 
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Figure 5-19  Comparison of all the developed correlations 

However, these correlations give the best results when the flow rate is variable for a 

constant value of δ. Therefore, to modify the existing equation to make it applicable for 

constant or variable values of flow rates and also for constant/variable value of coil 

curvature, coil curvature ratio, δ needs to be introduced. A final correlation was developed 

by using MATLAB. All 54 simulated data points were used to develop a comprehensive 

correlation Figure 5-18. Which is as follows: 

𝑵𝒖 = 𝟎. 𝟏𝟖𝟔𝟖(𝑴𝟎.𝟔𝟗𝟓𝟖)𝜹𝟎.𝟏𝟕𝟎𝟑𝑷𝒓𝟎.𝟒                                (35) 

Applicable for range 68.615 ≤ M ≤ 266.834, 74.135 ≤ Pr ≤ 122.09 and 0.09 ≤ δ ≤ 0.184. 

 

 

 

 

 

 

 

 

 

 

From the above Figure 5-19, it is quite visible that the correlation which caters to the 

curvature ratio is most close to inner Nusselt numbers generated through simulations. 

Comparison of mathematical correlations (33)-(35), and the simulated data with the work 

done by previous investigators are presented in Figure 5-20. 
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Figure 5-20  Comparison of simulated data, developed correlations & past relations 

 

 

 

 

 

 

 

 

 

 

 

Numerically generated Nusselt number and mathematical correlations (33)-(35) predicted 

values of inner Nusselt number with mean percentage error of 32.4%, 32.6%, 32.3% and 

32.4%, along with mean percentage error of 12.7%, 13.15%, 12.4%, and 12.8% to those 

predicted by Schmidt [3](1&2). Moreover, with average percentage error of 43.7%, 44%, 

43.7% and 43.8%, and 21.2%, 21.3%, 21.2% and 21.4% with those predicted in 

researches [4] and [5], respectively. 

5.6   Development and validation of external Nusselt number relations 

The heat transfer process begins with cold water inside the tank at a constant temperature 

of 30ºC. Simulations were carried out by having the same 50% water-glycol mixture at 

the inlet with a volume flow rate of 40 LPH, and a temperature of 65ºC. Simulations were 

carried out for all the cases mentioned in Table 5-1. All the cases were simulated for a 

flow time of 30 minutes, and the time took to complete the simulation of each case was 

around 216 hours. Inside the tank heat transfer takes place due to free convection. Equ 
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(30) is used for calculating the external heat transfer coefficient, and then equ (31) is used 

for calculating the external Nusselt number. Conventionally, in cases of natural 

convection, Nusselt numbers are mathematically correlated as the power law of the 

Rayleigh number. These forms of numerical correlations are desirable for solving 

engineering problems. 

𝑵𝒖𝒐 = 𝒂(𝑹𝒂)𝒃                                                   (36) 

As the heat transfer process takes place, the average temperature of the external surface 

of the coil, and the bulk temperature of the water inside the tank change with time. So, 

measurements of the simulations were recorded at the regular interval of 120s to study the 

phenomenon of natural convection, Boussinesq approximations (Equ 25) were used to 

determine the effects of buoyancy during the CFD based simulations. Both, the external 

Nusselt number and Rayleigh number were calculated by taking the length of the coil (L), 

diameter of the tube (do), and height of the coil (H) as the characteristic length Lc. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-21  Average Nu in comparison with Ra, taking d0 as Lc 

y = 0.1996x0.326 

R² = 0.8342 
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Figure 5-22  Average Nu in comparison with Ra, taking L as Lc 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5-23  Average Nu in comparison with Ra, taking H as Lc 
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 Table 5-2 Coefficient a & b of relation Nuo= aRab, Ra range, and correlation coefficient 

 

In Figure 5-21, numerically generated external Nusselt number and correlation derived 

using the diameter of the tube as its characteristic length has to mean percentage error of 

1.29% and 1.37% with the correlation derived in past study [6]. In Figure 5-22, the 

numerically generated Nusselt number and the correlation derived by using the length of 

the tube as its characteristic length are compared with mathematical correlations produced 

in the past by using an experimental setup. Simulated Nusselt number have mean 

percentage error of 17.4%, 32.45% with past relation [7] (equ 6,7), average percentage 

error of 16.8%, 15.12% and 19.22% with past co-relation [8] (equ 9,10,11), and 11.11% 

with derived relation [6] (equ 13). Similarly, mathematical correlation has error of 17.7%, 

32.5%, 16.65%, 14.95%, 19.04% and 10.95%, respectively. Furthermore, Figure 5-23 

using the height of the coil as the characteristic length, simulated Nusselt number have 

percentage mean error of 11.79% and 16.47% with [7] (equ 8) and [6] (equ 14). Similarly, 

an arithmetic correlation has an average error of 11.7% and 16.54%, respectively. 

5.7   Parametric analysis 

Following are the parametric analysis performed in this study 

5.7.1   Thermal stratification analysis 

As 3d models of different configurations were used for the numerical simulations, 

different thermal stratification was observed inside the water tank. It turns out that the 

position of the coil, the inlet, and the outlet position of the hot fluid also plays a vital role 

in determining the thermocline inside the storage tank. In all the cases mentioned in Figure 

5-24, the surface area of the pipe, the diameter of the pipe, length of the pipe, and diameter 

of the coil are similar. Even for case A3 and case A4 pitch of the coil is also equal. From 

the above Figure 5-24, it can be observed that coils with similar configurations have 

different effects on the storage tank due to their positioning. 

 

Characteristic length a b Rayleigh range Correlation coefficient 
Figure 

number 

Diameter of tube 0.1996 0.326 1.55x106 - 3.78x106 0.9133 5.15 

length of tube 0.5961 0.2942 1.51x1013 - 4.67x1013 0.9421 5.16 

Height of coil 0.3785 0.3025 1.42x1010 - 8.3x1010 0.988 5.17 
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Figure 5-24  Temperature contours of A3, A4 and A6 after 30 minutes of flow time 

 

 

 

 

 

 

 

 

 

As for case A3, when the coil is placed at the bottom of the tank highest heat transfer takes 

place. As the thermal energy is transferred from the coil to water, water in contact with 

the coil shows upward movement due to the buoyancy effect. During its upward 

movement, it starts mixing with the water at a lower temperature, as a result, all the water 

above the coil has a uniform temperature. In the case of A4 when the coil is placed at the 

top of the tank, the highest temperature of the water is observed at the top of the tank, but 

the amount of heat transfer decreases with time significantly. The reason for the decrease 

in heat transfer is due to the water beneath the coil, which does not play a significant role 

in storing energy. While in Case A6 the pitch of the coil is increased so that the coil could 

be extended throughout the whole tank. The approximately same amount of heat transfer 

is observed as that of case A3, discussed before. But in this case, the stratification is 

distributed throughout the whole water tank, and water with a greater temperature range 

is available inside the tank. Although, a longer simulation is required, in the future, to 

observe the extent of the decline in heat transfer in both Case A3 and A6 with longer flow 

time. 

Table 5-1 contains configurations of water storage tanks with different aspect ratios. A 

comparison between case A1 and case A6 is studied further. In both cases, the water 
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Figure 5-25  Temperature profile of tank after 30 minutes and 6 hours of flow time 

storage tank is of 50 ltr volume but with different aspect ratios. As in case A1 with a lower 

aspect ratio, the height of the coil is small but it is still spread along with the height of the 

tank. Correspondingly, in case A6 pitch of the coil is increased so that it could also be 

distributed along with the height of the coil. However, other parameters of the coil in both 

cases are identical. After 30 minutes of flow time simulation, the temperature of the water 

at the uppermost part of the tank in case A1 is observed to be higher than in case A6. This 

is due to the lesser distance between the upper wall of the tank and the inlet of the hot 

fluid. Afterward, the inlet flow of the hot fluid is stopped and the whole model was kept 

at a static position for the next 330 minutes of flow time. During this simulation, boundary 

conditions of the outer wall of the tank are kept equal to the average of data received 

through the experimental process. A comparison of both models can be seen in Figure 5-

25. 

 

 

 

 

 

 

 

 

 

 

From Figure 5-25 it can be studied that the greater degree of temperature increase is seen 

for case A1 from the bottom of the tank. Likewise, a greater amount of temperature 

decrease is observed at the top of the tank, for case A1. So, it can be deduced, in a small 

aspect ratio, a greater amount of thermal energy gets distributed along with the height of 
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the tank, with time, as compared to a tank with a high aspect ratio. Tanks with a small 

aspect ratio have a greater cross-section which leads to a greater surface area for different 

layers of water that helps in faster heat transfer, and overall thermal equilibrium inside the 

tank. 

5.7.2   Inner Heat Transfer Coefficient 

Coils with different configurations have varying set of parameters, those parameters are 

altered to study their effects on the inner heat transfer coefficient of the coil. A comparison 

is drawn between the heat transfer coefficient, M number, and Reynolds number in Figure 

5-26 & 5-27. In all of the following comparisons values of HTC are in SI units. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the Figure, a trend of increase in heat transfer coefficient with M number can be 

observed but the same cannot be said about the Reynolds number. In Figure 5-26 it can 

be observed that some cases have the same Reynolds number but different heat transfer 

coefficients but the same is not observed for M number. Reynold's number does not cater 

Figure 5-26  Comparison between Reynolds Number and HTC 
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to the effects of curvature. Therefore, the M number is a better dimensionless number for 

predicting the heat transfer coefficient for coiled heat exchangers, as seen in Figure 5-27. 

 

 

 

 

 

 

 

 

 

 

A variation in the M number by varying the geometric parameters of the coil is observed, 

while same cannot be deduced for the Reynolds number. Due to complex flow patterns in 

the coil different dimensionless number are used to understand the mechanics of the flow 

inside the coil. 

Later on, a comparison of heat transfer coefficients is drawn with the diameter and length 

of the pipe. In both comparisons, simulations are performed with different mass flow rates 

by keeping surface area and coil diameter constant. The results of the comparison can be 

seen in Figure 5-28 & 5-29. 

 

 

 

Figure 5-27  Comparison between M number and HTC 
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Figure 5-28  Variation in HTC with diameter of the pipe 

Figure 5-29  Variation in HTC with the length of the pipe 
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An increase in the diameter of the pipe leads to a trend of decrease in the heat transfer 

coefficient. But on the contrary, increasing the length of the pipe leads to an increase in 

the heat transfer coefficient. 

Moreover, in both comparisons increase in flow rates causes a considerable increase in 

heat transfer coefficient. Lastly, comparisons are drawn by varying the Pitch and 

curvature ratio (δ = diameter of the coil/ diameter of the pipe) of the coil. All the 

comparisons were carried out for volume flow rates varying from 30-100 LPH. In all of 

the scenarios surface area of the coil was kept constant. Both comparisons with pitch and 

curvature ratio are demonstrated in Figure 5-30 & 5-31. 

 

 

 

 

 

 

 

 

 

 

A trend of increase in the heat transfer coefficient with curvature ratio can be studied in 

Figure 5-31. For the laminar flow regime in coils, an increase in curvature ratio leads to a 

decrease in the centrifugal effects. Centrifugal effects cause a delay in the critical 

Reynolds number that eventually leads to a lesser heat transfer coefficient. The centrifugal 

effects also lead to the increase in the heat transfer coefficient as compared to straight 

pipes, due to its secondary flows, but it also keeps the hydrodynamic nature of the flow 

laminar for higher flow rates. Moreover, it was observed that coils having a pipe with 

Figure 5-30  Variation in HTC with pitch of the coil 
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equal diameter have different HTC due to changes in there in coil diameter. Hence, the 

curvature ratio of the coil plays an essential role in determining the inner HTC of the coil. 

 

 

 

 

 

 

 

 

 

 

 

 

From Figure 5-30 it can be observed that there is no clear trend for heat transfer coefficient 

with the variation in pitch. And the spike in the heat transfer coefficient in Figure 5-30 is 

because that model had the greatest curvature ratio, but lesser pitch as compared to the 

following models. It shows that pitch variation does not have a significant effect on inner 

Nusselt number and torsion effects are quite insignificant for coil-based heat exchangers. 

Furthermore, a trend of increase in heat transfer coefficients with the rise in flow rates is 

quite evident. 

5.7.3   Outer Heat Transfer Coefficient 

As the heat transfer takes place between coil and water, the average temperature and 

thermal profile of the tank changes with time. This change leads to variation of external 

HTC of coil. So, for each model more than one plots of HTC can be seen. Each model is 

simulated for real time of 30 minutes. 

 

Figure 5-31  Variation in HTC with curvature ratio 
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From the above Figure 5-32 a general trend of decrease in HTC with the height of the coil 

is noted. Because as the height of the coil is increased greater it is extended throughout 

the whole tank which leads to lesser upward movement of water from the upper part of 

the coil, after heat transfer, which eventually results in lesser outer HTC. 

 

 

 

 

 

 

 

 

 

Figure 5-32  Variation in HTC with coil height 

Figure 5-33  Variation in HTC with coil diameter 
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In Figure 5-33 & 5-34 coils with equal surface area, height and coil diameter are taken 

into consideration. A comparison showed a trend of decrease in HTC with increase in 

diameter of the coil, while a trend of increase in HTC with increase in length of the tube 

is observed. 

 

 

 

 

 

 

 

 

 

Figure 5-34  Variation in HTC with length 

Figure 5-35  Variation in HTC with pitch of coil 
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In Figure 5-35 a comparison between the pitch of the coil and HTC is drawn. In all of the 

above three cases diameter of the pipe, diameter of the coil, surface area of the coil, length 

of the pipe and curvature ratios are kept equal. Study demonstrated a trend of decrease in 

HTC with increase in the pitch of the coil. As greater pitch leads to increase in height of 

the coil so same trend was observed in this comparison. 

 

 

 

 

 

 

 

 

 

 

 

In Figure 5-36 a comparison between the HTC and longitudinal gap between the coil and 

upper boundary of the tank is drawn. Larger spectrum of HTC values can be noticed for 

the case with less gap. Because, as the heat transfer starts from helical coil to the water 

inside the tank, temperature of the water rises which leads to upward movement of water 

due to decrease in its density. This phenomenon is more prominent in case with larger 

gap. In the case with smaller gap there is low space for the upward movement of water in 

result high temperature water accumulates at the top of the tank and thermocline starts 

developing in the water tank which leads to decrease in natural convection with time. 

While, in case of larger gap high temperature water mixes with the water above the coil 

and forms a uniform temperature which leads to greater temperature difference between 

the water and upper part of the coil for longer periods. In comparison of pitches with HTC, 

Figure 5-36  Variation in HTC with longitudinal gap 



78 

 

low pitch coil showing greater HTC is also because of the greater distance longitudinal 

between the coil and upper boundary of the tank. 

 

 

 

 

 

 

 

 

 

 

 

Above Figure 5-37 is the comparison between the lateral distance of the coil and side 

boundary of the tank. In both cases, length of the coil, diameter of the pipe and surface 

area of the coil is kept constant. The variation in the lateral gap was established by 

fluctuating the coil diameter of the coil. A rise in HTC was noticed with increase in the 

lateral gap. 

In the second Figure 5-38 the lateral gap was changed by varying the aspect ratio of the 

tank while keeping the volume of water constant. In this comparison, coil diameter, pipe 

diameter, pitch of the coil, height of the coil and surface are of the pipe were kept constant. 

Same trend of increase in HTC with increase in lateral gap is observed. 

 

 

 

Figure 5-37  Variation in HTC with lateral gap 
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In Figure 5-39, curvature ratio is compared with external HTC of the coil. No specific 

trend for change in HTC with curvature ratio is discovered.  

 

 

 

 

 

 

 

 

 

 

Figure 5-38  Variation in HTC with lateral gap 

Figure 5-39  Variation in HTC with curvature ratio 
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However, in last 2 cases diameter of the coil is same which means the lateral distance 

between the coil and side boundary of the tank is also equal. In case of equal lateral 

distance, increase in curvature ratio leads to increase in HTC. While, in first 2 cases 

diameter of the pipe is same, but the first case had lesser coil diameter as compared to 

second case which means greater lateral distance. That eventually lead to greater HTC 

even with lesser curvature ratio. So lateral distance is a better geometric factor for 

predicting the outer HTC as compared to curvature ratio of the coil. 
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Summary 

This chapter includes the details of obtained results which are further analysed for making 

certain deductions. First, the CFD-based model is validated with the experimental data, 

then, new models were generated and simulated for extraction of relations and parametric 

analysis. Moreover, the flow dynamics of the HTF fluid in the coiled pipe is also studied 

in this chapter. Later on, inner Nusselt number and outer Nusselt number correlations 

were derived on the basis of the data extracted from the simulated models. These relations 

are further validated with the past correlations. Lastly, parametric analysis of the thermal 

stratification inside the tank, and sensitive analysis of inner and outer heat transfer 

coefficients of the coil are also discussed. 
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Chapter 6: Conclusions & 

Recommendations 

6.1   Conclusions 

A fluid-fluid conjugate heat transfer CFD model for a helical coil-based storage tank is 

simulated, which considers both the effects of forced and natural convection. The CFD 

model was validated by comparing the simulated results with the experimental data. 

Additionally, a symmetrical downsized version of the storage tank was modelled, which 

helped in simulating transient conditions of the storage tank with MAPE of 3.25% and 

consuming 55% lesser time.  

This developed model can be used for simulating future models and predicting the inner 

state of the storage tank. Secondly, an inner Nusselt number correlation is formed by 

comparing it with M number, Prandtl number, and curvature ratio. Nui = 0.1868 M0.6958 

δ0.1703 Pr0.4 showed good agreement with the correlations derived by past investigators 

through experimental studies. Additionally, outer Nusselt numbers were correlated with 

Rayleigh's number and the mathematical correlation derived showed good agreement with 

work done by the past investigators. Nudo = 0.1996 (Rado)
0.326 showed least MAPE of 

2.06%. Hence, the simulation based on the Boussinesq approximation holds very true and 

could be further used for studying heat transfer effects on water in the case of natural 

convection.  

Thirdly, it is better to extend the coil through the whole tank to increase its storage 

capacity and increase the degree of utilization of water inside the tank. Lastly, a tank with 

aspect ratio 3 led to lesser diffusion of the thermal energy with time, in result increasing 

the usability of stored energy inside the tank for a longer period. 

Furthermore, a general trend of decrease in inner heat transfer coefficient with the increase 

of diameter and inverse relation for the increase in the length of pipe is observed. The 

Pitch of the coil did not show any trend and do not have any significant effect on heat 

transfer. Finally, curvature ratio turned out to be the most salient geometric parameter to 

determine the heat transfer coefficient of the helical coil heat exchanger, and as the flow 
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rate increases, a greater degree of increase in HTC with change in curvature ratio is 

observed. 

Lastly, it was deduced from the study that the external HTC of the helical coil increases 

with the increase in length of the pipe and decreases with an increase in diameter of the 

pipe, and also pitch and height of the coil. Secondly, it was also observed that the vertical 

gap between the coil and upper boundary of the tank, and lateral distance between the coil 

and side boundary of the tank plays an important role in determining the HTC. While 

curvature ratio of the coil did not demonstrate a specific pattern in comparison with the 

external HTC. 

6.2   Recommendations & future work 

As the above research showed reasonable agreement with the past investigations, but more 

work could be done to drive more comprehensive mathematical correlations. 

• All the above simulations need to be repeated by using the thermal properties of 

the 50% water-glycol solution as a function of its temperature. Then a comparison 

is needed to be drawn to study the difference with the present simulated results as 

well as the experimental data.  

• Different working fluids need to be used in the laminar flow regime to get more 

data points for deducing a better general correlation.  

• 50% water-glycol solution should be experimented and simulated for turbulent 

flow regime to study the concordance of the symmetrical downsized model for the 

turbulent flow regime.  

• Mathematical correlation for the inner and outer Nusselt numbers are to be derived 

for the turbulent flow regime of 50% water-glycol solution. 

• More simulations with a different working fluid, with turbulent flow, could lead 

us to more comprehensive relations.  

• All the data points for the laminar as well as turbulent flow could be combined to 

derive a universal arithmetic relation.  

• For external HTC, more variations in the coil configuration and use of different 

working fluid at different temperatures could lead us to better general corelations. 
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Appendix I - Coil 
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Appendix II - Tank 
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Appendix III - Assembly 
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Appendix IV 

Inlet glycol temperature UDF for 27th January 

#include "udf.h" 

DEFINE_PROFILE(temperature_profile, thread, i) 

{ 

face_t f; 

real t = CURRENT_TIME; 

 

begin_f_loop(f,thread) 

{ 

if ( t <= 59.0) 

{ 

F_PROFILE(f,thread,i) = 287; 

} 

else if ( 59.0 < t && t <= 180.0) 

{ 

F_PROFILE(f,thread,i) = -1.00200287947254*pow(10,-10)*pow(t,6) 

+ 6.24985836462119*pow(10,-8)*pow(t,5) 

- 0.0000144118866554408*pow(t,4) + 

0.00135270242327682*pow(t,3) - 

0.0160400784889622*pow(t,2) - 

4.13409215804316*t + 171.175106591746 

+ 273; 

} 

else if ( 180.0 < t && t <= 500.0) 

{ 

F_PROFILE(f,thread,i) = -3.49474743671764*pow(10,-13)*pow(t,6) 

+ 7.7782256639084*pow(10,-10)*pow(t,5) 

- 7.08023036812959*pow(10,-7)*pow(t,4) 

+ 0.000335756674295324*pow(t,3) - 

0.0866271677163242*pow(t,2) + 
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11.2586051598903*t - 500.351981938507 

+ 273; 

} 

else 

{ 

F_PROFILE(f,thread,i) = -2.77345396607473*pow(10,-

19)*pow(t,6) + 

3.4329995870785*pow(10,-15)*pow(t,5) - 

1.63943936083565*pow(10,-11)*pow(t,4) 

+ 3.74395528525629*pow(10,-

8)*pow(t,3) - 

0.0000404259909519701*pow(t,2) + 

0.0189538119908156*t + 

33.9019882953471 + 273; 

} 

} 

end_f_loop(f,thread) 

} 
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Appendix V 

Inlet glycol temperature UDF for 28th January 

#include "udf.h" 

DEFINE_PROFILE(temperature_profile, thread, i) 

{ 

face_t f; 

real t = CURRENT_TIME; 

 

begin_f_loop(f,thread) 

{ 

if (t <= 120.0) 

{ 

F_PROFILE(f,thread,i) = 7.40540472612137*pow(10,-10)*pow(t,6) - 

2.47756714005787*pow(10,-7)*pow(t,5) + 

0.0000287171981894208*pow(t,4) - 

0.00132601508231289*pow(t,3) + 

0.024782570075331*pow(t,2) - 

0.144212479084672*t + 

25.0811604709888 + 273; 

} 

else if ( 120.0 < t && t <= 500.0) 

{ 

F_PROFILE(f,thread,i) = -3.08761426082361*pow(10,-13)*pow(t,6) 

+ 6.04553591516324*pow(10,-

10)*pow(t,5) - 

4.75987851744901*pow(10,-7)*pow(t,4) + 

0.000190088472159797*pow(t,3) - 

0.0394023022379041*pow(t,2) + 

3.70949601285095*t - 46.7115431212819 

+ 273; 
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} 

else 

{ 

F_PROFILE(f,thread,i) = 1.69651048446063*pow(10,-19)*pow(t,6) - 

2.1281181194726*pow(10,-15)*pow(t,5) + 

1.0917877165945*pow(10,-11)*pow(t,4) - 

2.98970435012836*pow(10,-8)*pow(t,3) + 

0.0000469988812779033*pow(t,2) - 

0.0388454233457603*t + 

48.0507346035389 + 273; 

} 

} 

end_f_loop(f,thread) 

} 
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Appendix VI 

Inlet glycol temperature UDF for 9th February 

#include "udf.h" 

DEFINE_PROFILE(temperature_profile, thread, i) 

{ 

face_t f; 

real t = CURRENT_TIME; 

 

begin_f_loop(f,thread) 

{ 

if ( t <= 69.0) 

{ 

F_PROFILE(f,thread,i) = 297.5; 

} 

else if ( 69.0 < t && t <= 181.0) 

{ 

F_PROFILE(f,thread,i) = -1.06381172445321*pow(10,-8)*pow(t,5) + 

7.37136102242674*pow(10,-6)*pow(t,4) - 

0.00202742863550365*pow(t,3) + 

0.271582377783658*pow(t,2) - 

16.9388773936251*(t) + 

415.859463553446 + 273; 

} 

else if ( 181.0 < t && t <= 500.0) 

{ 

F_PROFILE(f,thread,i) = -2.77311395237524*pow(10,-13)*pow(t,6) 

+ 6.19789026546321*pow(10,-

10)*pow(t,5) - 

5.67821496876113*pow(10,-7)*pow(t,4) +  

0.000271574591118843*pow(t,3) - 

0.0707705580117591*pow(t,2) + 
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9.28755695158169*t - 403.866866096332 

+ 273; 

} 

else 

{ 

F_PROFILE(f,thread,i) =  9.12353055894359*pow(10,-16)*pow(t,6) - 

4.56925420831289*pow(10,-12)*pow(t,5) 

+ 9.37007953253601*pow(10,-9)*pow(t,4) 

- 0.0000100700798028302*pow(t,3) + 

0.00598833738929065*pow(t,2) - 

1.87962587834124*t + 285.174980542304 

+ 273; 

} 

} 

end_f_loop(f,thread) 

} 
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Appendix VII - Publication 

Development and Validation of Nusselt number correlations for a 

Helical Coil Based Energy Storage Integrated with Solar Water Heating 

System 

Saqib Ayuob1, Mariam Mahmood1*, Naveed Ahmad1, Adeel Waqas1, Hamza Saeed1, 

Muhammad Bilal Sajid1, Majid Ali1, Nadia Shahzad1 

1US-Pakistan Centre for Advanced Studies in Energy, National University of Sciences and 

Technology, Islamabad, Pakistan. 

Abstract 

Storage tanks based on helical coil heat exchangers are an integral part of solar water 

heating (SWH) systems and require optimal design configuration to achieve maximum 

heat transfer and a longer storage period. This study is focused on thermal analysis of a 

vertical helical coil-based water storage tank and derivation of inner and outer Nusselt 

number correlations by considering the storage tank as well as helical coil and catering to 

both forced and natural convection effects.  A fluid-fluid conjugate heat transfer transient 

state model is validated with experiments performed with 50/50% water-glycol mixture 

as HTF at flow rates of 2 and 3 L/minute in a solar water heating system, while water 

remains at static flow condition inside the tank. To reduce the computational cost, a 

symmetrical downsized model is also designed and validated, which showed a mean 

absolute percentage error of 3.25%.  In order to derive the mathematical correlations, 

alterations were made to the validated model by using coils with curvature ratios ranging 

from 0.09-0.184 with HTF flow rates in laminar flow regimes, ranging from 30 to 100 

liters per hour at temperatures from 40oC to 80oC. Furthermore, Nui mathematical 

correlations based on M number, curvature ratio, and Prandtl number showed good 

agreement with correlations derived by past investigators. Similarly, the outer Nusselt 

number of the coil was related to Rayleigh’s number and the derived relations showed 

good agreement with the past studies, while Nuo= 0.1996 (Rado
0.326) showed the least error 

of 2.06%. Finally, thermal stratification analysis helped to understand that coil position 

and aspect ratio determine the thermocline developed inside the storage tank and hot water 

storage for longer periods. 
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