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Abstract 
 

Improved energy conservation methods and awareness of these methods in the industrial 

sector, along with the decreasing cost of photovoltaic (PV) technology, implicates PV-water 

heating system designs as economically sustainable alternatives to traditional methods for 

domestic hot water systems (DHWS). The proper design for an electric resistance immersion 

heater element in a thermo-syphon side-arm storage tank using PV power heating has not yet been 

determined. This research is an experimental investigation to evaluate the proper design of a 

thermo-syphon side-arm storage tank using PV-heating, with longitudinally perforated manifolds 

that work with standard Canadian domestic solar hot water tanks under different climate conditions 

in Halifax, Nova Scotia. 

The evaluation of the performance of the hot water inlet devices was based on the assessments 

of flow visualization, temperature distributions inside the storage tank, degrees of stratification 

(DOS), availability, availability ratio, energy delivery, entropy ratio, merit factor and internal 

entropy generation. The most effective hot water inlet device is the one which has a high DOS, 

availability change, merit factor, energy delivery, and average availability ratio. Furthermore, it 

has a low entropy ratio and a low internal entropy generation. 

 The results of this testing indicated that using a four-port manifold in which the port diameter 

increases gradually from small at the bottom to large at the top is a workable solution to enhance 

stratification. Also, the four-port manifold has the highest degree of stratification, and a high 

change rate for the temperature of the top tank layers and responded earlier in the day than the 

traditional design for most of the experimental tests. This means the four-port manifold has the 

ability to enhance stratification. Furthermore, we found that it is difficult to use entropy ratios to 

determine the ability of hot water inlet devices to enhance stratification, because the entropy 

difference values were too small. Moreover, the normalized entropy ratio and internal entropy 

generation results were both greater than one, which are an unrealistic value. Due to this issue we 

cannot recognize these two parameters in our evaluations.  
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Chapter 1: Introduction 

 

1.1. Renewable Energy 
 

The recent widespread industrialization of the developing world and subsequent rapid increase in 

fossil fuel consumption have resulted in a disproportionate amount of gas emissions as well as a 

looming threat of insufficient fossil fuel supplies[1]. Both of these issues are contributing to current 

global energy problems related to pollution from burning fossil fuels and potential power shortfalls 

[1]. The industrial revolution in developing countries, transportation and energy emissions all lead 

to an increase in greenhouse gases emissions. As a result, the surface temperature of the earth has 

increased and will causes climate change, increasing sea water salinity and flood or drought [52].  

Nevertheless, energy continues to play a large role in our daily lives, which means we are now 

looking for power sources which can augment or even replace fossil fuels. One of the main 

alternative sources is renewable energy [1]. Records show that the global power generating 

capacity for renewable energy in 2017 accounted for 70% of net additions. However, carbon 

dioxide emissions also rose by 1.4%, after remaining at a constant level for three years. Lower 

fossil fuel prices, strong economic development, and weakening energy efficiency efforts were the 

three main factors causing the increases in the levels of carbon emissions. On the other hand, 

approximately 178 gigawatts were added globally to levels of renewable power generation 

capacity, which was the largest yearly increase on record. The totals for coal, natural gas and 

nuclear power combined would be less than the new solar photovoltaic (PV) generating capacity 

alone [36]. 
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In light of the broad range of environmental problems being caused by the use of fossil fuels, many 

countries are advancing the use of renewable energy to support their electrical grid networks. In 

fact, renewable energy is mainly being developed in direct response to the negative side effects of 

fossil fuels and the dangers of nuclear power plants [36]. Of the renewable energy sources the 

greatest potential is PV solar power. This form of “clean” energy could satisfy the expanding 

power demands in many places in the world. Despite some issues related to utilizing PV solar 

power for solar thermal applications (such as, for instance, that this technology requires a large 

roof space on buildings), it is considered an important solution for reducing the output of 

greenhouse gas emissions, as well as for eliminating nuclear industrial disasters, increasing 

stability, and providing energy to remote regions [15]. 

 

1.2. Solar Photovoltaic (PV) 
 

In 2016, an estimated 18.2% of global total final energy consumption was attributed to the use of 

renewable energy, and by 2017, the number of countries with renewable energy targets and support 

policies had notably increased [36]. As can be seen in the Figure (1-1), there were double the 

number of solar PV installations compared to wind power installations in 2017. In fact, due in 

large part to strong growth in China, solar PV has become the top source of new power-producing 

capacity over the past year, expanding worldwide capacity to around 402 GWDC. In 2017 alone, 

solar PV represented almost 55% of newly installed renewable power capacity [36]. 
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Figure 1-1 Global renewable power capacity for 2007-2017, adapted from [36]. 

 

As shown in Figure (1-2), the cost of PV power 10 to 100 kWp has declined, while the cost of 

electricity from PV is competitive with other solar thermal applications and conventional power 

[15]. Photovoltaic water heaters offer the promise of being less expensive within the next several 

years and may approach a point that is economically applicable for residential structures. To that 

end, commercial companies continue to explore the feasibility of a PV domestic hot water 

(PVDHW) system. 

Improved energy conservation methods in the industrial sector, along with the decreasing costs of 

PV technology, are rendering PV water heating system designs an economically sustainable 

alternative to traditional methods. 

 



4 

 

 

Figure 1-2 Historical price development for 10 to 100 kWp roof-top solar PV system, adapted from [15]. 

 

1.3. Thermal Energy Storage 
 

Thermal energy storage (TES) is a system which stores thermal energy through the cooling or 

heating of a storage medium. The stored energy can be accessed at a later time, either for cooling 

or heating purposes, or for generating energy [13]. TES systems are currently mostly used in 

buildings and industrial processes. However, due to climate vagaries, the methods used to store 

renewable energy must accord with the environment to ensure the application of efficient, 

practical, and sustainable techniques [13].  

In general, when used in conjunction with PV systems, TES systems are able to help balance 

energy demands as well as provide an energy supply on a daily, weekly and seasonal basis when 

there is low or no solar radiation. TES does not just control the demand and supply patterns to 

sustain energy, but also boosts the performance and thermal reliability of the system. In other 

words, it can increase the overall efficiency of the energy system by, for example, matching energy 
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supply and demand or exploiting the variable production of renewable energy sources. Peak 

demand can also be reduced with TES systems [40]. 

 

Figure (1-3) shows the categories of thermal energy storage for solar energy. Sensible heat storage 

with a water medium, which is the most inexpensive choice, is based on heating or cooling a liquid 

or solid storage medium to store thermal energy. Latent heat storage uses phase-change materials, 

while thermo-chemical storage uses chemical reactions to store as well as release thermal energy. 

Latent heat storage and thermo-chemical storage systems are relatively expensive compared to 

sensible heat storage, but low energy density of sensible heat storage requires large volumes to 

function properly. In order to discharge thermal energy at a constant temperature, sensible heat 

storage systems must be suitably designed [8].  

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 

 
 

Solar domestic storage tanks should have a large tank capacity rather than relying on an electrical 

or gas storage tank to cover the shortage cause by fluctuations in solar radiation energy. Thermally 

stratified tanks provide a higher quality of energy to the load and can produce more heat than fully 

Energy Storage 

Thermal 

Storage 
Chemical 

Storage 

Sensible heat Latent heat 

Liquid Solid 

Figure 1-3 Categories of energy storage. 
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mixed tanks [9]. Improving the design of solar tanks, side-arm heaters, and manifolds will enhance 

thermal stratification inside solar domestic hot water tanks, which will then lead to increasing the 

energy availability, allowing users to access hot water at any time of the day [2]. 

 

1.4. Thermal Stratification  
 

Thermal stratification in a solar hot water tank has the effect of decreasing the amount of auxiliary 

energy consumption so that the energy storage efficiency for the whole system may be increased 

[2]. If the cold water is allowed to be mixed with the hot water in the solar domestic hot water 

tank, the supplied temperature to the load is lowered, and the quality of energy is degraded. 

However, the proper design for enhancing the thermal stratification inside a side-arm storage tank 

using PV has not yet been determined. Most of the factors that cause mixing inside solar domestic 

hot water tanks are known, but research is required both to clarify the important issues and develop 

devices that enhance stratification [21]. Furthermore, thermal energy storage is one of the main 

components in a solar domestic hot water (SDHW) system. Designing an effective thermal storage 

tank for these systems is essential for meeting the heating demands when the supply and the 

exhaust of energy cannot be kept in balance [13]. For this reason, thermal energy storage has 

become an important area of research toward enhancing the performance of SDHW systems. 
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Chapter 2: Objective 
 

Designing and constructing an effective thermal storage tank for an SDHW system is essential for 

meeting the heating demands when the supply and exhaust of energy cannot be kept in balance 

[13]. A thermally stratified tank provides a better quality of energy to the load and can produce 

more heat than fully mixed tanks.  The objectives of the present research study are as follows: 

 To devise methods to enhance thermal stratification in a PV water heater and to develop 

experimental and analytical methods to determine the relative effectiveness of the 

thermo-syphon side-arm with three hot water inlet devices using a PV power heater 

under different climate conditions in Halifax, Nova Scotia, Canada.  

 To use the flow visualization pattern, which is one of the most appropriate assessments 

for checking the hot water flow pattern inside a tank. 

 To operate, test, and compare the thermal performance of the side-arm heater with the 

three inlet hot water devices in order to choose which one best enhanced stratification. 

An effective hot water inlet device is one which delivers the water heated by the side-

arm heater to the tank at the level where the temperature of the water in the tank 

matches the temperature of the heated water, thereby enhancing stratification. 
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2.1. Contributions of the Present Research Work 
 

 Enhanced stratification in the SDHW system using PV power will contribute to the industry 

by providing important information on the ability and effectiveness of using photovoltaics 

to provide low-grade heat. 

 The application of the side-arm heater significantly improves the design and operational 

factors that deal with stratification in solar domestic hot water tanks. Thermal stratification 

decreases the operational periods of auxiliary energy supply, thus increasing the energy 

storage efficiency of the entire system. 
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Chapter 3: Literature Review 
 

3.1. Thermal Stratification 
 

Thermal stratification plays an important role in hot water storage systems. For example, it 

increases the collector efficiency and the storage of useful energy, which comes about by having 

access to the higher temperature at the top of the tank where water is drawn for use [38]. Thermal 

stratification occurs within a thermal storage tank as a result of temperature gradients and 

buoyancy effects during heat supply. These effects produce a thermocline region that separates the 

hot and cold water in the tank. Researchers have found that energy storage efficiency and overall 

system efficiency may be increased by utilizing fully stratified water tanks [22]. These types of 

tanks are classified into two types: direct heating source and indirect heating mode. For indirect 

heating, water can be easily kept in thermal stratification due to natural convection, but energy 

efficiency will be decreased due to insufficient heat transfer [13]. 

Maintaining thermal stratification in a storage tank requires that mixing be inhibited. Mixing 

depends on the design of the tank and the operational conditions. For example, forced convection 

mixing is due to the momentum of the fluid streams entering the storage tank and depends on the 

flow rate of the entering stream and the design of the inlet. Natural convection can also cause 

mixing when the fluid entering the storage tank is colder than the surrounding fluid [11]. 

Thermal stratification within the tank has been studied intensively since the 1970s. A number of 

factors enhance the degree of stratification inside a storage tank, and there are also several factors 

contributing to destratification inside the tank. How closely a practical tank can approach the ideal 

tank is still an open question, and the proper design to enhance stratification in a storage tank still 
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needs further experimental and theoretical investigation. The following sections provide a brief 

review of research that has been conducted on thermal stratification in storage tanks [22]. 

In their experimental study on thermally stratified hot water storage tanks, Lavan and Thompson 

[28] looked for a method that would remove hot water from a storage tank and add cold water 

while maintaining steep thermoclines. They also investigated the effects of several geometric and 

dynamic parameters on thermal stratification, mass flow rate, length-to-diameter ratio, and inlet 

and outlet temperature differences. The researchers discovered that, for greatest efficiency, the 

inlet port should be as close as possible to the tank bottom and the flow should be toward the wall 

side. The outlet port at the top of the tank was found to be much less crucial and had only a slight 

effect on performance. Furthermore, Lavan and Thompson [28] concluded that efficiency should 

increase with increasing L/D ratio, inlet and outlet port diameter, and temperature differences 

between 11.1 ℃ and 27.8 ℃. The data were experimentally correlated to predict efficiency in terms 

of the Reynolds number, the tank Grashof number, and the tank length-to-diameter ratio. In their 

conclusion, the researchers suggested that stratification would be best maintained in tanks with 

walls made of plastic, concrete, or other material characterized by low thermal conductivity [28]. 

Miller [31] investigated the influence of heat transfer from the wall via conduction on a stratified 

storage hot water. He tested two laboratory tanks: one made of aluminum and the other of glass 

[31]. The main objective of this work was to determine the effect of wall conductivity and wall 

thickness on the thermocline by using numerical methods. Miller [31] found that the aluminum 

wall material generated convection currents in the water and achieved average temperatures in the 

tank faster than the water. However, this caused convection currents, which then destroyed the 

stratification of the thermocline at a much faster rate than anticipated. The destratification was not 

as significant if the temperature variance in the hot storage tank was small or the thermal energy 
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was directly used. In the glass tank, a uniform temperature was obtained and most of the 

thermocline degradation was due to poor insulation. Miller [31] concluded that the destratification 

in the tanks was affected by higher Rayleigh numbers, increased wall thickness, and a decrease in 

aspect ratio. Finally, Miller [31] suggested that natural convection effects must be considered in 

the calculation of the heat transfer across the thermocline. 

Loehrke, Holzer, Gari and Sharp [30] performed studies to preserve stratification in liquid thermal 

storage tanks by using different manifold designs subjected to variable inlet temperature 

conditions. They constructed and tested two types of vertical porous manifolds: a rigid porous 

manifold (RPM) and a flexible porous manifold. The flexible manifold was supported by a vertical 

rod to keep it vertical. The research team [30] concluded that if the incoming fluid density differs 

from the local tank density at the entry point, vertical momentum is imparted to this supply fluid.  

Under ideal conditions, this depends on supply fluid temperature, flow rate and tank temperature 

profile, the supply fluid rises or falls in the perforated manifold, maintaining a pressure balance 

with the tank fluid until it reaches the level at which the manifold density matches that of the 

surrounding tank fluid. It then flows into the tank [30]. 

Additionally, Loehrke et al. [30] found that much better stratification was achieved with a vertical 

pipe, and that uniform distribution is obtained with less mixing when the flow is introduced 

through a cross manifold suspended just below the water surface. Finally, they inferred that the 

cross-section area of this flexible cylinder can vary in response to pressure differences between 

the tank and the manifold fluids. This action tends to prevent inflow and outflow through the 

porous wall until the level of equal densities is reached [30]. 
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In 1979, Sliwinski [44] studied the degree of thermal stratification in thermal energy storage tanks. 

The objective of this research was to experimentally determine the inlet and outlet conditions 

which are most suitable for enhancing stratification during the charging stage. Sliwinski [44] found 

that the thermocline observed at the storage inlet for the Richardson number was as low as 0.244. 

Below this value, the boundary region is observed until the Richardson number is less than 0.002, 

at which point the tank is completely mixed. Furthermore, Sliwinski [44] found that the 

stratification was a function of the Richardson and Peclet numbers; hence, at small values of 

inverse Peclet numbers, the degree of stratification is sensitive to variation in the Richardson 

numbers. On the contrary, where values of Peclet numbers increase, the degree of stratification is 

insensitive to the variation in Richardson numbers [44]. 

In 1982, Gari and Loehrke [17] provided the basis for the design of number of manifolds for 

enhancing stratification in liquid storage tanks. Many researchers found that one of the causes of 

destratification occurs when the incoming fluid from the collectors is cooler than the water stored 

at the top of the tank. Under this condition, liquid introduced at the top of the tank will flow 

downward, mixing with the surrounding fluid, until some equilibrium level is reached. 

Accordingly, they designed a perforated manifold to inhibit mixing between the manifold and tank 

fluids until the level at which the density of the two fluids match is reached. Such a manifold may 

be described as controlling buoyant jets that will not destroy stratification in the tank [17]. 

In the investigations, a number of inlet chambers ranging in diameter from 2.5 cm to 10 cm were 

built and tested [17]. The theory was obtained through experiments conducted in a 2.3 m³ steel 

tank with a water depth of 2 m. The manifold for this tank was constructed with a 10 cm diameter 

PVC pipe and perforated at a diameter of 2.5 cm. The researchers inferred that the manifold holes 

size should be less than D/4 for the rigid porous section to inhibit shear-induced turbulent mixing. 
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The rigid manifolds with hole diameters from D/4 to D/8 showed little influence of hole size on 

performance. Moreover, they found that the manifold pressure can be changed by varying either 

the cross-section area or the frictional characteristics of the manifold [17]. 

Jaluria and Gupta [24] examined the decay of thermal stratification with time in the absence of 

any external convective flow that might cause mixing in the storage tank. The decay of the 

stratification with time is caused by heat transfer to the environment. The decay of the surface 

temperature is dependent on the initial temperature distribution and on the energy loss. The 

experimental arrangement consisted of water contained in two Plexiglas tanks. The researchers 

found that the buoyancy-induced mixing which occurs maintains the upper layers as isothermal 

and gives rise to horizontal temperature homogeneity in the water body. The decrease in the surface 

temperature is accompanied with an increase in the temperature in the bottom layers, followed by 

a decrease in temperature throughout the water body at the later stages. The researchers concluded 

that these characteristics made the stratified medium a better energy storage system compared to 

the isothermal case [24]. 

In 1987, Shyu and Hsieh [43] studied the unsteady natural convection in enclosures with a stratified 

medium by using a numerical solution. Three cases involving enclosure walls were studied: one 

wall without insulation on it; one wall with outside insulation, and one wall with inside insulation. 

The researchers [43] found that heat can be transferred from the hot medium to the cold via the 

heat-conducting wall, and that this mechanism destroys thermal stratification. Their computational 

results indicated the superiority of placing the insulation inside to maintain the thermal 

stratification in the medium. They also found that the outside insulation accelerated the 

stratification decay more than the other insulation. When placing the insulation over the inside 

surface, not only is the heat loss to the ambient air reduced but the thermal stratification is also 
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maintained more effectively. Therefore, they concluded that the system is highly recommended 

for solar thermal applications [43].  

Zurigat, Liche, and Ghajar [50] studied turbulent mixing correlations for a thermocline thermal 

storage tank. The turbulent mixing during charge and discharge cycles is the major contributor to 

the loss of thermodynamic availability of storage energy. Based on the obtained correlations, 

Zurigat et al. [50] concluded that the inlet geometry starts to influence thermal stratification in a 

thermocline thermal storage tank for Richardson numbers less than 3.6. 

In 1988, Spaulding [45] developed a device that can deliver water entering a storage tank to an 

elevation where the incoming water and the tank water match in temperature. The manifold in the 

experiment had holes positioned at its higher and lower ends. However, the researchers [45] 

changed the design of the stratifier without reducing the performance. Specifically, they used a 

three-part device instead of a single porous inlet device. The findings from this strategy indicated 

that there was a decrease in the plume entrainment, and that the inlet device can generate thermal 

stratification within a SDHW tank [45]. 

In 1989, Holland and Lightstone [21] performed an analytical investigation to review low-flow 

stratified tank solar water heating systems. They found that the performance of stratified solar hot 

water systems can be improved by more than 38% if one compares them to systems having a high 

flow rate and a fully mixed tank. Also, the researchers [21] successfully decreased the costs of 

copper pipe by replacing it with low-cost easy-to-install nylon tubing and using the thermo-syphon 

principle instead of a side pump. In addition, they indicated that the momentum of the water jet 

entering the tank produces a mixing that is usually localized to a small horizontal region near the 

inlet port. Under certain conditions this region may extend to include much of the tank. Such a 
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mixing region can be identified by the relationship between the vertical distance between the inlet 

and outlet port (L) and the mixing region height (L*). The height relationship denoted by (L*/L) 

is less than 0.05 when the Richardson number is greater than 0.5; however, for smaller Richardson 

numbers, the value of the dimensionless height relation rises sharply. The researchers also found 

that good stratification was not achieved at a Richardson number as high as 4.7, since the incoming 

flow was not laminar [21]. 

In the same research study, Holland and Lighthouse [21] investigated the plume entrainment in 

solar domestic hot water tanks. This entrainment mixes the water, thus destroying ideal 

stratification. Plume entrainment will often occur in low-flow systems at mid-afternoon when the 

availability of solar energy has decreased. As a result, water entering the tank top will be cooler 

than the water at the top of the tank, producing a downward flowing plume [21]. 

Several researchers have proposed methods to eliminate plume entrainment. The first suggestion 

was that a light flexible hose can be connected to the tank inlet. However, the researchers [6] 

noticed that the flexible hose manifold still had some problems which can arise if air bubbles attach 

to the hose. The second suggestion involved a vertical permeable manifold connected to the inlet 

port [28, 30, and 45]. By proper design of the hydraulic resistance inside the manifold, the water 

can be made to travel directly to the correct level within the manifold and then out the permeable 

walls. Finally, the effect of conductive walls on a charging tank was also investigated. The 

researchers [31] found that, in this case, the walls will tend toward achieving average temperature 

in the tank faster than the water, which causes convection currents that destroy stratification. Their 

investigations discovered that stratification in aluminum tanks degraded ten times faster than that 

in glass tanks. In addition, their computational results showed that the tank configuration which 

best maintained the stratification was inside an insulated tank. Interestingly, their investigation 
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revealed that the axial conduction in the wall does not play an important role in the heat transfer 

processes, which made the tank without insulation maintain stratification better than a tank with 

outside insulation [43]. 

In [51], Ghajar and Zurigat devised a computer code and determined numerically the influence of 

inlet geometries on thermal stratification in a thermal storage tank. From the results of this 

experiment, they inferred that the effect of inlet geometry is negligible for Richardson numbers 

above 10 [51].  

In [39], Rosen and Hooper’s objective was to develop models for temperature distribution in 

vertically stratified thermal storages, which are sufficiently accurate for use in engineering design 

and analysis, and sufficiently simple that they are convenient to use and provide useful physical 

insights into the systems. The researchers [39] showed that the advantage of exergy methods in 

evaluating thermodynamic advantages of thermal storages is not being utilized because some 

engineers see the procedures as too complex. Responding to this issue, the authors [39] presented 

approximations that would reduce the difficulty of the analysis. 

Davidson [11] devised a coefficient to characterize mixing in solar water storage tanks. A new 

dimensionless coefficient to quantify mixing in storage tanks was based on height-weighted 

energy, or moment of energy. The researcher [11] calculated the new energy index to quantify 

mixing in storage tanks from the vertical profile. The upper and lower bounding values of this 

moment of energy were determined theoretically over any thermal test history by assuming perfect 

stratification and complete mixing, respectively. The Mix number incorporating these theoretical 

values is 1 for complete mixed tank and 0 for an ideally stratified tank. This dimensionless 
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coefficient gave a realistic assessment of the effectiveness of tank designs in enhancing thermal 

stratification. The vertical moment of energy in a solar storage tank is defined as: 

M = ∫ ydE
H

0

 

Ei = ρi. cpi . Vi. Ti 

 

where yi is the distance measured from the bottom of the tank to the center of the node i,  Vi is the 

volume (m3), and the energy of the node i is: 

The Mix number is given by:              Mix number =  
MStr−Mreal

MStr−Mmixed
 

MStr  and  Mmix  represent the largest and smallest values of the moment of energy, respectively 

[11]. 

Al-Najem and Al-Refaee [4] showed that eddy conductivity factor caused by hydrodynamic 

disturbances at the inlet and outlet ports of storage tank plays an important role in the performance 

of thermal stratification. In fact, it represents the most significant item in the performance of 

thermal stratified storage. A proper design of the inlet and outlet diffusers helps to reduce the 

hydrodynamic disturbance, which is directly responsible for destroying the thermocline layers. In 

addition, the researchers [4] found that the turbulent mixing factor caused by the mixing process 

is strongly affected by the Reynolds and Richardson numbers and flow inlet geometry. Finally, 

they concluded that the warm water which enters from the top would easily enhance stratification, 

but cold water would mix the temperature inside the tank [4].  

In 1998, Eames and Norton [14] studied the effect of tank geometry on thermally stratified sensible 

heat storage in hot water tanks. They performed 32 experimental tests, with the inlet temperature 

ranging between 11 and 52°C, fluid inlet velocities in the range of 25-90 mm/s, and various 
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permutations of inlet and outlet port locations.  The researchers [14] found that when subject to 

low velocity inlet jets in square or circular diameter, the storage tank cross-sectional geometries 

had only a slight impact on the stratification development. The store charging was performed more 

efficiently for tall aspect ratios than shorter ones. Moreover, the thermocline degraded due to 

convective mixing resulting from both heat loss from and conduction within the store walls. The 

researchers [14] revealed that a single inlet port with variable inlet temperature led to 

destratification, and that the solution to this problem was having a range of inlet ports at different 

heights. This set-up would allow the inlet fluid to enter the storage tank at the height at which the 

resident store fluid temperature most closely matches the inlet fluid temperature [14].  

Hahne and Chen [18] performed a numerical study for the flow and heat transfer characteristics of 

a cylindrical hot water store. They found that storage efficiency increases with increasing 

Richardson and Peclet numbers [18]. 

In [37], Rosengarten, Morrison and Behnia studied a method for characterizing and evaluating the 

performance of hot water storage systems in terms of their temperature distribution. They 

concluded that the change in exergy from the stratified state to the delivery state depends on the 

storage energy and the stratification, and that if only the first law of thermodynamics is used, it is 

not possible to distinguish a stratified tank from a mixed tank. In addition, they found that exergy 

and stratification efficiency, as well as energy, should be used to ascertain the performance of such 

heat exchangers. For this reason, incorporation of a second law analysis allows different 

temperature distributions to be quantified in the terms of available energy and makes an excellent 

tool for the design and analysis of a hot water storage system. Rosengarten et al. [37] then derived 

the following equation, which enables the exergy to be calculated as a function of the delivery 

temperature and environmental temperature: 
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ε = mc [ Tdel − Tmean −  
T0

H
 ∫ ln ( 

Tdel
T(y)

⁄  ) dy
H

0

] 

 

Furthermore, they concluded that exergy is highly dependent on the temperature used in the above 

equation [37]. Due to this issue, when using exergy to evaluate and compare thermal storage 

devices, consistent definitions of the temperature were required. An arbitrary choice of the dead 

state temperature, without physical justification, can cause confusion and misleading comparisons. 

The researchers [37] thus used the water inlet temperature as the dead state temperature in their 

non-dimensional exergy term to calculate the stratification efficiency. The non-dimension exergy 

efficiency can be written as:  

ηStr =
ε

mc(Tdel − Tmean)
 = 1 −  

T0

H( Tdel − Tmean)
 ∫ ln( 

Tdel
T(y)

⁄  ) dy
H

0

 

 

where ηStr is stratification efficiency, ε is exergy of stored liquid (J., c ∶ Specific heat, J/kg.℃.),  

T0  is dead state temperature ˚C, m  is mass kg, Tdel is temperature at which water is delivered in 

˚C,  Tmean is mean tank water temperature in ˚C. H ∶ Tank height, m, y is the vertical coordinate 

inside tank m. 

In [38], Rosen performed an assessment of the thermodynamic performance of cold thermal 

storage systems using exergy and energy analyses. Several cases were considered, including some 

storage which is homogeneous and others which undergo phase changes. The researcher [38] 

determined that exergy analysis offers a more realistic and precise assessments of the efficiency 

and performance of cold thermal storage systems. In addition, Rosen [38] found that the potential 

usefulness of exergy analysis in addressing and solving cold thermal storage problems is 

significant. The exergy or availability can be obtained by using the following equation: 
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A = m ∑( hi − ho) − To(si − so)

n

i=1

 

here A is availability,  hi is specific enthalpy of the layer (kJ/kg), ho  is dead state specific enthalpy 

(kJ/kg), T0 is dead state temperature (˚C ), m is mass of the tank in kg, si is specific entropy of the 

layer (kJ/kg), and so is dead state specific entropy (kJ/kg) [38]. 

Knudsen [27] studied the effect of different solar tank designs and volumes as well as 

different hot water consumption patterns on thermal performance. In addition, he studied how the 

thermal performance is influenced by mixing in the solar tank during draw-offs. Knudsen [27] 

concluded that a mixing rate of 40% during draw-offs caused a greater decrease in the thermal 

performance of spiral tank systems than in the thermal performance of mantle tank systems. 

Furthermore, as stated by Andersen and Furbo [6], a half-ball baffle plate positioned above the 

cold-water inlet port inside the storage tank can improve the thermal performance of the system 

during the mixing draw-offs. 

Zachar, Farkas and Szlivka [49] performed a numerical analysis to evaluate the effect of 

plate sizes located opposite to the inlet port in order to increase the thermal stratification inside a 

storage tank. In the study, the inlet and outlet are located centrally at the top and bottom region of 

the tank. After investigating the flow of cold water into the top of storage tank, the researchers 

[49] inferred the following three points. First, a larger plate diameter should be placed to preserve 

stratification with high inlet flow rates.  Second, due to the high inlet flow rate, the flow should be 

diverted away from the center of the tank and forced towards the wall to take advantage of the 

continuity law. Finally, the size of the plate diameter does not significantly increase the thermal 

stratification in cases when the hotter water is charged at the top and the colder inflow is charged 

into the bottom of the tank [49]. 
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Shah and Furbo [41] performed theoretical and experimental analyses of water jets entering 

a solar storage tank. Three inlet designs were investigated as shown in Figure (3-1): a raw pipe, a 

pipe with a small hemispherical baffle plate, and a pipe with a large flat baffle plate. With the three 

inlets, nine draw-off tests with different inlet flow rates were carried out and the temperature 

stratification in the tank was measured during the draw-offs. The researchers [41] applied the first 

and second laws of thermodynamics to characterize the inlets’ influence on the thermal conditions 

and thus the deliverable energy in the tank. The results showed how the entropy and exergy 

changes in the storage during the draw-offs were influenced by the Richardson number, the volume 

draw-off and the initial tank conditions. The researchers [41] then concluded that the poor inlet 

design reduced the energy quality, that the inlet pipe with the plate had the most deliverable energy, 

and that the inlet row pipe had the least deliverable energy. 

 

Figure 3-1 Model outline of the tank with the three different main water inlets (Shah and Furbo (2003)) 

 

In 2004, Outtrim [34] studied immersed thermosiphon heat exchangers for SDHW systems. 

The objective of this research was to experimentally check different heat exchangers under normal 

operating conditions for Halifax Nova Scotia, Canada. The researcher [34] calculated the 

availability by using the first and second laws of thermodynamic efficiency for each component 
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by changing the hot water inlet geometry and hydraulic resistance. In the experiment, it was found 

that reducing the water flow rate enhanced the level of stratification and that the availability was 

affected by the degree of stratification and the average tank temperature. Conversely, plume 

entrainment decreased the level of stratification at the end of the experimental tests [34]. 

In [25], Jordan and Furbo compared two different marketed inlet designs – one connected to 

a small curved plate placed above the inlet tube, and the other one connected to a much larger flat 

plate. The cold domestic water in the experiment entered the stores in a vertical direction from the 

bottom of the tanks. Jordan et al. [25] found that the thermal stratification inside the two tanks 

exhibited different rates of dependence on the flow rate, the draw-off volume, and the initial 

temperature in the storage tank. 

In 2005, Shah and Furbo [42] performed five experiments with flow rates from 2 L/min to 

10 L/min. The stratifier was designed as a main tube with three unobstructed and flaps at the 

openings. The flaps were made of soft material, which allowed them to open and close depending 

on the temperature and pressure conditions inside and outside the pipe. In conducting their tests, 

the researchers [42] obtained two major findings. First, the non-return valve reduced the unwanted 

flow going into the stratifier at the lowest opening, and second, the stratifier was most efficient for 

flow rates between 5 L/min and 8 L/min. The researchers [42] suggested that, because the volume 

flow rate was less than 5 l/min, further development of these stratifier designs was warranted. 

Knudsen, Morrison, Behnia and Furbo [26] studied a vertical mantle heat exchanger with a 

lower mantle inlet position as shown in Figure (3-2). The flow structure was assessed for both high 

and warm inlet temperature flows and for a mixed and stratified inner tank and mantle. “High” 

refers to the inlet temperature being higher than the core tank temperature at the top of the mantle, 
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and “warm” indicates the inlet temperature between the core tank temperature at the top and 

bottom of the mantle. Knudsen et al. [26] concluded from their research findings that a vertical 

mantle heat exchanger is able to promote stratification in the inner tank even when the mantle inlet 

temperature is lower than the tank temperature at the input level of the mantle.  

 

Figure 3-2 Glass mantle tank (Knudsen, et al. (2005)) 

 

In 2005, Dahagan, Hosni and Hoda [10] performed an experimental investigation of the 

thermal behavior of a vertical solar tank, using energy and exergy analyses. In this study, the 

experimentation was done on a realistic operation condition and load pattern. The researchers [10] 

found that the thermal stratification degraded from night until morning, as the heat supply is 

ineffective and the demand for hot water increases. The degradation of thermal stratification is due 

to the diffusion of heat from the top hot water layers to the bottom cold region and axial heat 

conduction through tank’s wall [10]. 
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Andersen, Furbo and Fan [6] investigated the performance of fabric stratification pipes 

during heating and cooling tests and then compared them to the performance of a rigid stratification 

pipe with non-return valves. The researchers [6] found that the main improvement in using a non-

rigid pipe as a stratification inlet pipe is that the fabric pipe can enlarge or contract, leading to an 

equalization of the pressure in the pipe at all water levels of the tank. Andersen et al. [6] assumed 

that by using two fabric layers (with a distance of about 10 mm between each fabric layer) instead 

of using one fabric layer, laminar flow could develop between the two layers. They also assumed 

that the unwanted horizontal heat transfer would reduced [6]. 

However, they discovered that when the distance between the fabric layers was too small, 

the flow became turbulent and a larger amount of heat was transferred [6]. Conversely, the test 

findings indicated that a larger fabric pipe diameter results in a larger surface area of the pipe, 

which then increases the heat transfer between the inlet stratification pipe and the tank [6]. The 

researchers also concluded that with two layers of fabric, the temperature at the top of the tank 

increased and the temperature at the bottom decreased in comparison to tests performed on one-

layer fabric stratification pipe. Moreover, the stratification with the rigid stratification pipe and 

non-return valves was very close to the perfectly stratified profile because the horizontal heat 

transfer through the wall of the rigid pipe is much lower than the horizontal heat transfer through 

the fabric wall [6]. 

In 2007, Panthalookaran, Heidemann and Muller-Steinhagen [35] formulated a new analysis 

that was based on the first and second laws of thermodynamics. In their experiments, the 

researchers [35] restricted themselves to the characterization of stratified thermal energy stores 

(TES), in view of its application to the design analysis of hot water seasonal heat stores. The basic 

approach of the Rosen and Dincer [38] methods was to evaluate the difference or the ratio between 
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the exergy contents of a stratified and a fully-mixed thermal energy storage tank. In both cases, 

the exergy of the stratified TES was evaluated using an equivalent temperature whose definition 

depends on the energy levels in the real system. In addition, Rosen et al. [38] defined an equivalent 

temperature as the moment of energy or the Mix number definition. They evaluated the thermal 

performance of a thermal storage tank by using the dimensionless internal entropy generation 

relationship, such that: 

REG =  
∆sreal − ∆sStr

∆smixed − ∆sStr
 

where REG : Internal entropy generation [38]. 

 

Altuntop, Tekin, Ozceyhan and Gunes [3] analyzed solar energy storage tank designs 

involving various obstacle geometries, such as cylindrical, semi-cylindrical and conic. These 

geometries are considered to minimize the mixing of hot and cold water so that water may be 

supplied at high temperatures. Real geometrical dimensions for typical solar applications and 

realistic boundary conditions were also used. The researchers [3] assumed that the flow rate of the 

hot water drawn from the tank would be equal to the rate of the cold water entering the tank from 

the main line (note that the cold water velocity from the main line is 1 m/s). Altuntop et al. [3] 

concluded that placing an obstacle in the tank provides better thermal stratification compared to 

storage without an obstacle. 

Furthermore, the researchers [3] found that the obstacle types with a gap in the center appear 

to have better thermal stratification than those with a gap near the tank wall. Thus, with a 30-min 

duration, obstacle number D (as shown in Figure 3-3) provides the best thermal stratification in 

the tank among all the other obstacles and can supply hot water at higher temperatures. Moreover, 
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the results of the study indicated that, for obstacles A, B, and D, thermal stratification increases 

with increasing obstacle distance from the bottom of the hot water storage tank. 

 

Figure 3-3 Various obstacle geometries to enhance stratification inside the solar tank. (Altuntop, et al. (2005)) 

 

From a theoretical point of view, Haller, Cruickshank, Streicher, Harrison, Andersen and Furbo 

[19] examined a variety of proposed methods for characterizing thermal stratification in energy 

storage systems. Their work focused on methods that can be used to determine the ability of a 

storage to promote and maintain stratification during charging, storing and discharging. Their aim 

was to represent this ability with a single numerical value in terms of a stratification efficiency for 

a given experiment or under given boundary conditions [19]. 

Han [22] performed a survey of thermal stratification within the water storage tank, 

summarizing earlier research on how the parameter impacts stratification. Some details from this 

investigation can be found in Table (3-1). 

 

 

 

 

 



27 

 

Table 3-1 Previous Research on Influence of Dimensionless Numbers on Thermal Stratification 

Author Year Parameter Consideration Conclusions Stratification 

Zurigat et al. 1990 Richardson number 𝑅𝑖 < 3.6 
Inlet geometry has great 

influence  on stratification 

Ghajar and Zurigat 1991 Richardson number 𝑅𝑖 > 10 
Inlet effect can be 

neglected 

Yoo and Pak; Al-

Nimr 
1993 Peclet number At high Peclet Stratification less apparent 

Cai and Stewart; 

Son 
1993 

Archimedean and Reynolds 

numbers 

𝐴𝑟 > 5  and 

𝑅𝑒 < 1000 

Cold fluid will not 

extensively mix with 

warmer fluid 

Van Berkel et al. 1999 Richardson number 𝑅𝑖 > 10 − 20 Clear mixing appearing 

Ramsayer 2001 Richardson number 𝑅𝑖 > 0.2 
Mean temperature gradient 

is not influenced by inlet 

flow 

Stewart and 

William 
2001 

Froude and Reynolds 

numbers 
𝑅𝑒 > 6000 

Does not result in a 

significant thermocline 

Brown and Lai 2004 Richardson number 𝑅𝑖 > 0.615 Stratification is observed 

 

In 2011, a study conducted by Alsagheer [2] developed and designed perforated manifolds 

that work with standard Canadian solar domestic hot water system. These were evaluated under 

different climate conditions. The purpose of the perforated manifold is to inhibit mixing between 

the manifold and tank. The manifold may be described as controlling buoyant jets so as not to 

destroy stratification in the tank. The results showed that stratification can be enhanced by using a 

perforated manifold increasing gradually from small at the bottom to large diameter at the top as 

shown in Figure (3-4), and that high stored exergy can be obtained under different operational 

conditions. However, the experiment did not approve the theoretical calculation, which states that 

the gradual increasing of the hole diameters from the bottom to the top should reduce unwanted 

flow and enhance the performance of the manifold [2]. 
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Figure 3-4 Perforated manifold increases gradually from small at the bottom to large diameter at the top 

 

Marí, Gasque, Gutiérrez, Colomer, Ibáñez, and Altozano [16] examined the effect of two 

water inlet devices in a hot water storage tank during a thermal charge process of thermal 

stratification. Two water inlet devices, a sintered bronze conical diffuser (SBCD) and a 

conventional inlet elbow (E) were examined at three different flow rates. Marí et al. [16] 

determined that greater thermal stratification was achieved using the inlet SBCD for the three flow 

rates. The researchers also noted that, in the case of the elbow, the loss of thermal stratification 

was largely influenced by the flow [16]. 

In brief, most of the factors that cause mixing inside solar domestic hot water tanks are 

known, but research is required to clarify the important issues and develop devices that enhance 

stratification [21]. The stratification would be best maintained in tanks with walls made of plastic, 

or other material characterized by low thermal conductivity [28], and the destratification occurs 

when the incoming fluid from the collectors is cooler than the water stored at the top of the tank 

http://www.engineeringvillage.com/search/results/quick.url?CID=quickSearchCitationFormat&searchWord1=%7bGasque%2C+Mar%26%23237%3Ba%7d&section1=AU&database=49153&yearselect=yearrange&sort=yr
http://www.engineeringvillage.com/search/results/quick.url?CID=quickSearchCitationFormat&searchWord1=%7bGasque%2C+Mar%26%23237%3Ba%7d&section1=AU&database=49153&yearselect=yearrange&sort=yr
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[17]. The poor inlet pipe design reduced the energy quality [41]. Furthermore, the stratification 

can be enhanced by using a perforated manifold increasing gradually from small diameter at the 

bottom to large diameter at the top [2]. The methods currently used to evaluation of thermal 

stratification may be categorized as: Those based on the general dimensionless numbers of heat 

transfer and fluid dynamics, on the first law of thermodynamics, on the second law of 

thermodynamics. The combination of first law and second law makes an excellent tool for design 

of how hot water tank [37]. The researchers determined that a vertical mantle heat exchanger is 

able to promote stratification in the inner tank even when the mantle inlet temperature is lower 

than the tank temperature at the input level of the mantle [26]. In considering the literature findings 

presented in this review, we can see that most of the factors that cause destratification inside solar 

domestic hot water tanks are known. However, further research is required both to clarify the 

important issues experimentally and to develop other devices that enhance thermal stratification 

in solar tanks using a side-arm heater. Considering the literature findings presented in this review, 

we can see that most of the factors that cause destratification inside solar domestic hot water tanks 

are known. However, further research is required both to clarify the important issues 

experimentally and to develop other devices that enhance thermal stratification in solar tanks using 

a side-arm heater.  

3.2. Photovoltaic Water Heating System 
 

Nowadays, the cost of photovoltaic (PV) power has declined and the cost of electricity from PV is 

competitive with other solar thermal applications and conventional power. Photovoltaic water 

heaters offer the promise of being less expensive within the next several years and may soon 

approach a point where they are economically feasible for domestic and commercial applications 

as photovoltaic domestic hot water systems (PVDHW) [15]. 
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The use of a PVDHW system has many advantages over a solar thermal system (STS). For 

instance, the pipe work and heat exchanger are eliminated in a PVDHW and there are no moving 

parts to wear out or break down. As well, there is no fluid leakage problem, freezing of fluids, or 

failure of pumps. Also, PV system installation is much easier than STS and can reduce heat loss 

and improve heat transfer efficiency. As shown in Figure (3-5), PVDHW systems have electric 

resistance heaters rather than a heat exchanger. This difference means that there is no limit to the 

temperature of water that can be produced. In addition (and most importantly), since the system is 

creating electricity, there is no waste of energy and the excess power can easily be routed to a 

useful application. Although PV power is currently more expensive than existing solar thermal 

systems, PV water heating systems are anticipated to become less expensive than solar thermal 

systems in the near future [12]. 

In 1994, Brian P. Dougherty and A. Hunter Fanney of the National Institute of Standards and 

Technology in Gaithersburg, USA, patented the photovoltaic water heating system (PVWHS) [12]. 

The PVWHS is an unconventional thermal solar domestic hot water system which consists of a 

PV array connected to several resistive heating elements within a water storage tank. The array 

produces electrical power during periods of solar irradiation, and this power is immediately 

dissipated in the resistive elements.  The system, which incorporates a microprocessor controller 

to select the appropriate combination of resistors, causes the PV array to operate near its maximum 

power point during solar irradiation fluctuations.  The controller sequentially connects six resistive 

elements to the array in parallel as irradiation increases based on predetermined irradiance level 

switch points. Over time, the resulting controller performance indexes to maximum possible 

energy output from the array.  
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Dougherty et al. [12] installed and monitored the performance of the PV solar hot water system at 

the Great Smoky Mountains National Park in September, 1996. The system was then monitored 

until early in 2000 [12]. Dougherty et al. [12] believed that once the price of PVs declined, the 

solar PV hot water systems would capture the majority of the renewable water heating market. 

However, more work was needed to be done. 

 

Figure 3-5 Solar photovoltaic hot water system. 

As shown in Figure (3-5), the system requires neither a battery for energy storage nor an inverter 

to convert the direct current to the alternating current. Instead, the direct current power is supplied 

by solar panels. Power from the solar panels is distributed to a linear current booster which is 

designed to keep the panel voltage at a constant value for peak power. The power supplied by the 

PV array is fed to an electric resistance immersion heater element connected to the domestic hot 

water tank. One of the heating elements is hardwired to the PV array, while the other heaters are 
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connected when needed, using mechanical relays. The decision regarding which elements to 

connect to at any given time depend solely on the solar irradiance supply signal to a 

microprocessor-based controller. The main advantages of a PVHWS that uses parallel connected 

heating elements are that you decrease the size of the PV array and yet achieve the same or greater 

power output. This is compared to having just one heating element permanently connected to the 

PV array, which could capture around 66.5 % of the maximum possible array power output over 

the full irradiance range [7]. 

In 2009, Thomasson [48] made a microprocessor program to monitor water usage and adjust power 

to heater elements to provide hot water according to usage. Around the same time, Newman and 

Newman [33] applied for a patent for a PV water heating system that matches the load resistance 

of the resistance heating element to the power that is available from the PV solar array. This is 

done in order to maximize energy transferred to the water in the storage tank [33]. Lichtenberger 

[29] applied for a patent for a solar powered fluid heater system to work in a novel solar power 

system with a PV. This includes a novel resistance heating element, water heater adaptor, and 

energy conversion control, the latter which incorporates microprocessor control with improved 

efficiency and safety. 

In short, although we have not yet arrived at the point where the renewable water heating market 

is dominated by PV hot water systems, energy conservation and awareness have improved over 

the past few decades and the cost of PV technology has decreased. Furthermore, while there are 

some new ideas that use the PVWHS, the literature presently contains no research on the sidearm 

heater principle in the PVWHS. Therefore, the proper design of an electric resistance immersion 

heater element in thermo-syphon side-arm storage tank using PV power heating has not yet been 

determined. 
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Chapter 4: Experimental Set-up and Procedure 

4.1. Experimental Apparatus  

An experimental set-up was constructed to investigate stratification in a solar domestic hot water 

(SDHW) tank heated by photovoltaic (PV) power under various climate conditions. The tests were 

conducted at the solar thermal laboratory in the Mechanical Engineering department of Dalhousie 

University, Halifax, Canada. The experimental set-up consists of PV modules, a linear current 

booster, a water storage tank, a side-arm heater with dye injection system, instrumentation, and a 

data acquisition system. The experimental components are shown in Figure (4-1). 

 

Figure 4-1 Experimental set-up of solar PV domestic hot water system 
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4.1.1. PV Modules  

The PV array consists of 10 modules. Two rows of modules in parallel with five modules in series 

in each row were mounted on the roof of the solar thermal laboratory to power the SDHW system. 

The modules are sloped at a 450 angle and positioned at true south. Each module has a nominal 

power output of 235 watts under standard test conditions (STC), the specifications for which are 

shown in Appendix D. The actual power is subject to change at different air temperature and solar 

radiation values. A decrease in ambient air temperature or an increase in solar radiation will cause 

an increase in PV power. A PV water heating system requires neither a battery for energy storage 

nor an inverter to convert the direct current to alternating current. The direct current power supplied 

by the ten PV modules is supplied to a linear current booster, which is designed to keep the voltage 

of the modules at a constant value for peak power. The power supplied by the PV array is fed to 

an electric resistance immersion heater element in a thermo-syphon side-arm connected to side 

entry ports on the domestic hot water tank. 

4.1.2. Linear Current Booster 

A linear current booster (LCB) is a DC-DC current transformer, as shown in Appendix C. Power 

from the PV is distributed to the LCB, which is designed to keep the voltage of the modules in this 

case, the voltage of the PV array is maintained at 150 VDC. At lower solar radiation, the LCB 

takes the low output current from the PV modules and steps it up to provide the high current to 

start the heating element. 

4.1.3. Water Storage Tank 

A 370-litre rectangular acrylic (Plexiglas) hot water storage tank insulated with 51 mm of 

removable insulation was used for this research (for dimensions, see Appendix E). The tank was 

reconstructed to accommodate the side-arm thermosiphon heater. The tank was equipped with an 
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air vent to remove the air from the top of the tank. This air vent acts as a safety valve to maintain 

static pressure at the top of the tank so that it does not go above atmospheric pressure. The walls 

are made of 12.7 mm clear acrylic and reinforced with steel angle and threaded rod. A 15 cm x 15 

cm diffuser plate was placed above the inlet mains cold water supply port at the bottom of storage 

tank to preserve stratification with high inlet flow rates. Twenty-two thermocouples were installed 

in two probes located at two corners of the tank to measure the temperatures at different layers 

from the bottom to the top, inside the tank. The SDHW storage tank has an inlet to the mains 

supply cold water at the bottom and an exit for the delivery of hot water at the top. To decrease 

heat losses, the all-Plexiglas tank side is insulated with a polyisocyanurate foam board with a 

thickness of 51mm and an RSI 2.9 K/W. 

4.1.4. Side-arm Heater 

A side-arm heater draws cold water from the bottom of the tank and delivers hot water at the top 

by means of natural convection, eliminating the need for a pump. The hot water rises through a 

manifold until it reaches the level where the density matches that of the surrounding tank water, at 

which point it flows into the tank. This promotes stratification within the system. The side-arm 

heater connected with the injection system was manufactured by Thermo-Dynamic Ltd as shown 

in Figure (4-2) and has been modified to accommodate the injection system at the Renewable 

Energy Lab (the dimensions are given in Appendix E). A dye-color injection system was used to 

visualize the delivery of hot water flow patterns in the tank. 

An additional AC heater was connected to the side-arm heater. The purpose of the auxiliary heating 

element is to ensure an adequate hot water supply when the availability of solar energy has 

decreased or during instances of low water temperature. The side-arm heater is constructed of 

copper pipe. It has two unions: one at the top of the AC heater housing, and the other at the bottom 
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of the PV heater housing. This arrangement simplifies the side-arm assembly of the domestic hot 

water tank if maintenance on the heater element needs to be performed. Additionally, polyethylene 

insulation was placed around the side-arm and all connected pipe line to decrease heat losses (RSI 

0.4 K/W).  

 

 

Figure 4-2 Side-arm heater connected with a manifold. 
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The heating element used in the side-arm heater is shown in Appendix C. The PV heater 

specifications are 9000 W at 240 V, the resistance of the heater is given by: 

R =
V2

P
= 6.4Ω. 

The ten PV modules can produce 2350 watt at full sun, at 150 VDC. The PV current is given by: 

 I =
P

V
= 15.7 A 

The voltage across the heater at full sun is given by: 

V = (P . R)0.5 = 123 V 

The AC heater specifications are 1500 W at 120 V, and 9.6 Ω. Further, the side-arm heater has 1-

inch N.P.S. threading that allows the heater element to be easily screwed into and out of the side-

arm. Detailed drawings and specifications of the side-arm heater components can be found in 

Appendix E. 

 

4.1.5. Hot Water Inlet Devices 

The results of several research investigations show that a one-port hot water distributor placed at 

the top of a domestic hot water tank reduces stratification and leads to decreased energy equality 

[2, 17, 21 and 34]. The present research proposes a novel hot water inlet device that eliminates 

plume entrainment and enhances thermal stratification in a storage tank. Due to fluctuations in 

solar radiation, water delivered from the side-arm heater sometimes has a lower temperature than 

the water at the top of a domestic hot water tank, creating a downward flowing plume. This plume 

will pass through the hot water in the solar water tank, causing destratification. The solution to this 

problem can be achieved by a manifold having inlet ports at different heights. The purpose of the 

perforated manifold is to deliver the water heated by the side-arm heater to the tank at the level 

where the temperature of the water in the tank matches the temperature of the heated water. 
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According to the experimental work of ALsagheer [2] and other researchers mentioned in the 

literature review, a copper manifold with four ports that increase gradually from a small port 

diameter to a large port diameter is a workable solution. In this work, a copper tube with only one 

port at the top and a copper diffuser which increases from ¾ to 1½ in were designed and 

constructed at the Renewable Energy Laboratory at Dalhousie University. Each manifold was 

operated under variable input power and then evaluated under actual conditions in Halifax, 

Canada. The aim was to identify a side-arm heater with hot water inlet devices that enhance the 

thermal stratification in an SDHW tank system. 

In the experiments, the manifolds and conventional hot water distributors were installed and 

removed from a large port at the top of the hot water tank to decrease the shutdown time (more 

specifics dimensions are shown in Appendix E). The assessment of the performance of the side-

arm heater system with the inlet hot water distributor was based on the evaluation of the availability 

and the entropy of the experimental SDHW tank with the availability and the entropy of the fully 

mixed and perfect stratified SDHW tanks. The exergy or availability of the experimental tank was 

evaluated according to the measured temperature in different thermocouple positions in the SDHW 

tank. The most efficient hot water distributor is the one resulting in higher availability and merit 

factor, and lower internal entropy generation and entropy ratios. 

Flow visualization tests were also conducted to evaluate the performance of the hot water inlet 

devices in enhancing and maintaining thermal stratification in an SDHW tank. The tests of the 

side-arm heater with the following hot water distributor were started under reasonable and realistic 

conditions for cold and hot tank temperatures. 
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4.1.5.1. One-port Manifold    

The one-port hot water distributor was one of the conventional designs as shown in Figure (4-3). 

It consisted of a copper tube (Type M) with a nominal inner diameter of 20.5 mm (¾ in) and an 

outer diameter of 22 mm (7/8 in). Connected to the outlet pipe of the side-arm heater, it delivered 

the heated water through a T-connection at the top of the storage tank. 

 

 

Figure 4-3 One-port manifold. 
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4.1.5.2. Diffuser  

The hot water distributor diffuser was another one of the conventional designs consisting of a 

copper diffuser as shown in Figure (4-4). The inlet copper diffuser was increased from 20.5 mm 

(¾ in) to 41 mm (1½ in) to reduce the inlet velocity of the hot water flow rate. The inlet copper 

diffuser was connected to the outlet pipe line of the side-arm heater and delivered the heated water 

at the middle of the storage tank.  

 

 

Figure 4-4 Hot water inlet diffuser 

 

4.1.5.3. Four-port Manifold 

In an endeavor to enhance thermal stratification in a solar domestic hot water tank, a copper 

manifold with four ports which increased gradually in size from a small to a large diameter was 

designed and tested. The supply hot water from the side-arm heater rose or fell in the four-port 

manifold, maintaining pressure difference with the surrounding tank hot water until it reached the 

level at which the water density matched that of the surrounding tank hot water. At this point, the 

water flowed into the tank. The size of the ports of the four-port manifold increased gradually from 
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a small to a large diameter at the top in order to avoid inflow and outflow through the ports until 

the level was reached at which the density of the two fluids matched. 

 

Figure 4-5 Four-port manifold. 

This manifold enhances thermal stratification in the tank by controlling buoyant jets. The four-

port hot water distributor was designed and constructed at the lab and consists of a copper tube 

(Type M) with a nominal inner diameter of 19 mm (¾ in) and an outer diameter of 22 mm (7/8 in) 

as shown in Figure (4-5). The distance between the top of the tank and the center of the highest 

outlet port is 20 mm. The diameter of the ports increases gradually from the bottom to the top, 

specifically from 6.4 mm to 9.5 mm to 12.7 mm to 20.6 mm. The hot water enters the manifold 

through the bottom. The four-port inlet distributor has a built-in thermocouple in front of each port 

to measure the temperature of the hot water inlet. 
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4.1.6. Instrumentation 

Instrumentation is the science and technology of complete measurement systems. Using 

instrumentation, physical quantities are measured so as to obtain data which can be transmitted to 

recording and display devices. Between the transducer and the recording or display device, the 

signal normally requires some form of processing. In any general measurement system, the sensing 

element or transducer converts variations in the measured quantity into corresponding electrical 

signals. In order to make the electrical output from the transducer suitable for instrumentation 

purposes, signal conditioning is usually required. Many transducers give a very small electrical 

output which must be amplified before it can be used to operate an indicator or recorder. 

 

4.1.6.1. Current Voltage Measuring Circuit 

The measuring circuit was constructed in the Renewable Energy Lab, as shown in Figure (4-6). It 

is a circuit consisting of resistors and was constructed to measure the voltage and current on both 

sides of the linear current booster. The voltage and current of the PV module are higher than the 

maximum values that can be measured by LabVIEW, which is a system engineering software. The 

PV voltage was measured using a voltage divider on the input to bring the value within LabVIEW 

range. By choosing the appropriate resistor values, the voltage was decreased to a level within 

range of the LabVIEW program, as follows:  

 

𝑉𝑂𝑢𝑡 =
𝑅1

(𝑅1 + 𝑅2)
 𝑉𝐼𝑁 
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Figure 4-6 Current voltage measuring circuit. 

 

The resistance had to be relatively high to limit the amount of current that would flow through the 

resistors. The PV current flowing from the LCB was measured by connecting a current resistor in 

series. This approach was not suitable to monitor and measure the current using LabVIEW. To 

increase the current signal to make it measureable by LabVIEW, a differential amplifier was used 

to amplify the voltage across the resistors to a suitable resolution. The PV power was not measured 

directly; instead, the PV module power was calculated as the product of the voltage and the current. 

 

4.1.6.2. Thermocouples  

Thirty-two temperature measurements were made using T-type thermocouples, as shown in Figure 

(4-7). T-type thermocouples were preferred for their relative low cost and simplicity; they also do 

not require a current source and have a suitable temperature range for this experimental set-up. To 

record the temperature profile, 22 thermocouples were inserted in each tank in two probes located 

at two corners of the tank at 135 mm intervals from the top to the bottom. Twelve of the 

thermocouples were installed in a stainless steel probe, while the other ten were installed in a 
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copper probe. In addition, temperature measurements were recorded at the inlets and outlets of the 

PV and AC side-arm heaters, at each port in the manifold, mains supply water, and water delivery 

or hot water outlet. At the Renewable Energy Lab, accuracy tests were conducted on the T-type 

thermocouples used in the experimental set-up at both ice point and boiling point temperatures. 

The tests were within the specified accuracy range (±0.5 ˚C). 

 

Figure 4-7 Solar storage tank showing location of the thermocouples. 

4.1.6.3. Data Acquisition System 

All of the T-type thermocouples were connected to a National Instruments 16-channel 

thermocouple Compact DAQ module (NI9213). The voltage and current on both sides of the LCB 

were connected to a DAQ module (NI9209). All measurements were monitored and recorded 

every minute during the test. National Instrument’s LabVIEW was used to interface the device to 

the computer. The VI program and block diagram can be seen in Figures (4-8) and (4-9). 
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Figure 4-8 VI programs. 

 

Figure 4-9 Block diagram. 
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4.2. Experimental Procedure 

The experiments for this research were conducted at the Renewable Energy Laboratory at 

Dalhousie University. The experimental work was done to identify a side-arm heater, connected 

with various types of hot water distributor devices, that enhances thermal stratification in an 

SDHW system tank. To evaluate the thermal performance and stratification of this system, the 

following test procedure was used. 

4.2.1. PV Variable Solar Power 

The test of the side-arm heater with the manifolds was started under realistic conditions of cold 

and hot tank temperatures and under actual weather conditions in Halifax, Canada. The tests were 

conducted daily for eight hours during the months of June, July, August, September and October 

of 2018. The manifolds and conventional hot water distributors were installed and removed from 

a small manhole at the top of the domestic hot water tank. The test of the side-arm heater with the 

manifolds was started under practical and realistic cold and hot tank temperature conditions. 

 Cold tank temperature test: Prior to starting the test, the SDHW tank were fully discharged, 

which took approximately 90 minutes. Then, before refilling the tanks, the mains supply 

water was discharged to the drain for approximately 15 to 25 minutes to drain the warm 

water inside the piping within the building and to get the actual mains water supply 

temperature. The tank took approximately 30 minutes to refill. Once filled with water, the 

SDHW tank and side-arm were drained for 5 minutes to remove any air bubbles which may 

prevent natural convection and cause inaccurate data in the experimental results. The cold 

water temperature ranged between 16 and 21˚C, depending on the time of year the 

experiment was conducted. 
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 Hot tank temperature test: Instead of discharging the hot water inside the storage tank, we 

used the hot water which had been heated on the day prior to the next experimental test. 

All measurements were monitored and recorded in one-minute intervals during the test. National 

Instruments’ LabVIEW created an Excel file for each experimental test for data analysis. In 

addition, temperature data, PV power was displayed on the computer's monitor screen to support 

the operator with fast instantaneous control. The assessment of the performance of the side-arm 

heater system with the hot water distributor devices was evaluated according to the measured 

temperature in different thermocouple positions in the SDHW tank recorded in the Excel sheet. 

4.2.2. Flow Visualization 

We obtained a flow visualization of hot water flow patterns inside the tank using the AC and PV 

heater elements during the dye injection. The power delivered to the AC electric heater was 1500 

watts, which simulated PV solar power input on an average sunny day. The flow visualization 

experiments were intended to demonstrate that the manifold with four ports increases gradually 

from a small to a large diameter, which may eliminate the plume entrainment inside the storage 

tank and enhance stratification. The insulation was removed from half of one side of the Plexiglas 

tank in order to visualize the flow pattern. The following two tests procedure were conducted: 

First, the storage tank was charged with cold water from the mains supply. We then switched on 

the AC electrical heater element until a steady heat added inside the manifold was established. A 

color dye was injected through the injection system, as shown in Figure (4-10), with the incoming 

hot water inside the manifold. The hot water flow pattern inside the tank was video recorded and 

analyzed when the ink started entering the tank.   

Second, the storage tank initial average hot water temperature was 50˚C. We discharged 100 liters 

of hot water in order to simulate actual hot water consumption on a daily basis and replaced it with 
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cold water from the mains supply. After replacing 100 liters of hot water in the storage tank, we 

let it set for at least 15 minutes to reach quasi-equilibrium. Then, an AC electrical heating element 

was switched on until a steady temperature inside the manifold was established. A color dye was 

injected through the injection system with the incoming hot water inside the manifold. The hot 

water flow pattern inside the tank was video recorded and analyzed when the ink began to enter 

the storage tank.   

 

 

Figure 4-10 Side-arm heater connected with dye color injection system. 
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Chapter 5: Theoretical Background 

Buoyancy Induced Flows 

Buoyancy induced flow is achieved by a net hydrostatic pressure difference between the SDHW 

tank and side-arm PV and AC heater, causing a buoyancy force-driven flow [2, 46]. The static 

pressure is affected by the density, whereas the shear pressure is affected by the water flow rate 

and viscosity. The net hydrostatic pressure difference between the SDHW tank and side-arm PV 

and AC heater connected with the manifold, as shown in Figure (5-1) at the bottom of the SDHW 

tank, was calculated according to Eq. (5-1): 

 

Figure 5-1 Pressure evaluating position in storage tank and side-arm heater connected with a manifold. 

∆PNET Hydrostatic = (∑ PT) −  PS − PM

12

i=1

                    (5 − 1) 
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  ∆PNET Hydrostatic =  ∑ (hi ρi g)Tank − (h ρ g)PV Heater  − (h ρ g)AC Heater −12
i=1 (h ρ g)Manifold    

where: 

∆P → the differential pressure at the bottom of the tank (𝑃𝑎). 

PT → pressure at the bottom of the tank (𝑃𝑎). 

PS → pressure at the bottom of the side-arm heater (𝑃𝑎). 

PM → pressure at the bottom of the manifold (𝑃𝑎). 

hi → thickness of the layer (𝑚). 

i → number of the layer. 

g → acceleration of gravity   (
𝑚

𝑠2). 

ρ → density of the water inside the tank and the side-arm heater (kg/m3). 

For example, Figure (5-2) shows a net hydrostatic pressure difference between the SDHW tank 

and the side-arm PV and AC heater connected to the manifold during the low PV average power 

test and hot tank conditions. The average difference in the pressure from 9 a.m. to 6 p.m. was 

approximately 17 Pa.   

 

Figure 5-2 Net hydrostatic pressure difference using one-port hot water inlet device 
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For example, Figure (5-3), shows the PV heater power plots, and the inlet and outlet temperature 

from the PV heater during the low PV average power test and hot tank conditions from 9 a.m. to 6 

p.m. on Sep 19th. The hot water flow rate responded similarly to the PV power heater, i.e., the 

higher the PV heater power to the side-arm heater element, the greater the hot water flow rate. The 

water flow rate passing through the side-arm heater was calculated by using Equation (5-5), and 

inlet and outlet temperature measurement from Figure (5-3), supposing that heat loss from the 

side-arm heater was insignificant. The average flow rate of hot water through the manifold during 

this test was 0.43 L/min (0.007 kg/sec).   

 

Figure 5-3  Heater power and side-arm PV heater inlet and outlet water temperature 

 

Losses in the Side-arm Heater, Pipes, and Fittings: 

Losses in fittings are dependent on the geometry-related loss coefficient, KL, and the velocity of 

the fluid flow, 𝑢𝑚. The pressure drop at sudden expansion and contraction, entrance, valves, 

elbow, tee, and exit losses were calculated according to Eq. (5-2): 

∆P =  KL  
ρ

2
 um

2                     (5 − 2) 
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The shear pressure losses in the side-arm heater and inside the manifold were calculated using the 

Darcy-Weisbach equation for fully developed steady incompressible pipe flow, as expressed in 

Eq. (5-3): 

ΔPShear pressure = ʃDarcy

L

D
 ρ  

um
2

2
                (5 − 3) 

where  ʃDarcy  indicates the Darcy friction factor, L refers to the length of the pipes, D represents 

the diameter of the pipes, and um the hot water means velocity inside the pipes and side-arm heater. 

The Darcy (ʃDarcy)  is a theoretical equation that predicts the frictional energy loss in a pipe based 

on the velocity of the fluid and the resistance due to friction [46]. 

The head loss, hL in the manifold was calculated using the Darcy friction factor for a fully 

developed steady incompressible pipe flow: 

hLManifold = ʃDarcy

L

D
 
um

2

2g
 

The pressure drop inside the side-arm heater and pipes was calculated using Eq. (4-4), as follows: 

∆P = hL . g. ρ                       (5 − 4) 

The amount of heat transferred from the PV heater to the cold water passing through the side-arm 

heater is normally calculated by using Eq. (5-5), supposing that heat loss from the side-arm heater 

is insignificant: 

q = ṁSidearmHeater  . CpPVHeater
. ∆TPVHeater

                   (5 − 5) 

q →  the rate of heat transfer (W). 

ṁ → the mass flowrate inside the side-arm heater (
kg

s
). 

Cp → water-specific heat inside the side-arm heater (
kJ

kg.K
). 

∆𝑇 → PV heater temperature difference(K). 
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The pressure drop in pipes is a function of the Reynolds number, and the flow of hot water inside 

the side-arm heater is considered laminar flow if the value of the Reynolds number is less than 

2,300. Here, the hot water flow rate was calculated according to Equation (5-6). The Reynolds 

ranges inside the side-arm heater were from 1,000 to 2,000, which is considered laminar flow. 

The Reynolds number is given by Eq. (5-6): 

Reynold#Manifold =  
DiManifold umManifold

 

ν
                          (5 − 6) 

The mean velocity inside the side-arm heater and manifold is calculated by using Eq. (5-7): 

umHeater
=  

ṁSidearmHeater  

ρPV_Heater(AcHeater − AcDht)
                                 (5 − 7) 

where Dht → element heater outer diameter ( m ). 

umManifold
=  

ṁSidearmManifold  

ρPVManifold
 APipe

                                     (5 − 8) 

Frication Factor ʃDarcy =
64

Reynold#Manifold
                    (5 − 9) 

The differential pressure as shown in Figure (4-2), was calculated using Eq. (5-10), as follows: 

∆PPort Differential Pressure =  ∆PNET Hydrostatic Pressure −  ∆PPressuer Losses                        (5 − 10) 

∆PPort Differential = KL

ρ . u2

2
= KL

ṁw
2

2 ρ (π 
D2

4 )
2                                                   (5 − 11)  

ṁ𝑤  → the heated water flow rate inside the side-arm heater (kg/s). 

KL = 1 

For example, the difference between the hydrostatic pressure and pressure losses when using a one 

port manifold during the low PV average power test and hot tank conditions were calculated using 

equation (5-10),and (5-11).As seen in Figure (5-4) the average port differential pressure from 9 

a.m. to 6 p.m. during this test was approximately 5 Pa.   
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Figure 5-4 Differential pressure using one-port hot water inlet device. 

 

The supply of hot water from the side-arm heater rose or fell in the four-port manifold, maintaining 

a pressure difference with the surrounding hot water in the tank until it reached the level at which 

the water density matched that of the surrounding water. At this point, the water flowed into the 

tank. Because the four-port manifold increases gradually from a small to a large diameter at the 

top the inflow and outflow through the ports could be avoided until the level was reached at which 

the density of the two fluids matched. 

Based on the experimental data from a one port manifold as shown in table (5-1), a set of equations 

was used to calculate the lower port diameter to improve stratification and to prevent cold water 

being sucked from the lower ports of the manifold at the middle of tank. This cold water would 

have mixed with hot water delivered from the side-arm heater inside the manifold, which would 

lead to decreases in the quality of the hot water at the top of the tank and a pressure differential 

between the tank and the sidearm. 
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According to Alsagheer [2] the design guidelines for manifolds for a SDHW system are as 

follows: 

 Calculate the average density of the water in the storage tank by measuring temperature at 

each of the twelve layers. 

 Calculate the average density of the hot water inside the side-arm heater and the manifold by 

measuring temperature of the water at the inlet and outlet of the side-arm heater, and at the top 

of the one port manifold.  

 Calculate the water flow rate passing through the side-arm heater by using Equation (5-5), 

supposing that heat loss from the side-arm heater is insignificant. 

 Calculate the pressure drop through the side-arm heater, manifold, and pipe fitting by using 

equations (5-2) and (5-3). 

 Calculate the net hydrostatic pressure, and the pressure difference between the hot water 

inside the side-arm heater connected with the manifold and the cold water in the storage tank 

using Equations (5-1) and (5-10). 

 The number of ports in the manifold and the length of the manifold depends on tank 

dimensions and the required volume of the hot water in each layer. 

 Calculate the lower port diameter required to prevent cold water from being sucked from the 

tank to the manifold using Equation (5-11).  

Table (5-1) shows some examples of the data used to calculate the lower ports diameter during 

variable PV power under cold tank and hot tank conditions. In addition, the table shows the side-

arm heater PV inlet and outlet temperature, the PV power, the tank average temperature, and the 

manifold outlet temperature. The calculations of lower port diameters, and the pressure differential 
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between the manifold and the tank were determined according to the difference in densities. As 

shown in table (5-1) the diameters of the lower ports were calculated for all tests based on the 

above parameters. The hot water flow rate inside the side-arm heater was in the range of 0.3 – 1.3 

L/min, and the available pressure to drive the flow through the hole in the manifold was in the 

range of 0.9 Pa to 16 Pa. Using the differential pressure results in equation (5-11), the required 

lower port diameter was in the range of 6.5 mm to 22 mm. This result explains why lower port 

diameter of the four-port manifold in our design is 6.35 mm to prevent cold water suck from the 

lower ports of the manifold at the middle of tank. Anything smaller than 6.35 mm may cause too 

much flow resistance and then the water cannot leave the manifold at the prober level. 

Table 5-1 Calculations of Lower Port Diameters to Prevent Cold Water from Being Sucked. 
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5.1. Thermal Performance 
 

The stratification of a solar domestic hot water tank using a side-arm PV heater was evaluated by 

calculating the thermal performance of a storage tank in terms of storage stratification. The tests 

were conducted on a nominal outer diameter 22.22 mm (3/4 in) copper tube with one port at the 

top of the tank, a 22.2 to 40.9 mm (3/4 in to 1.5 in) diameter diffuser, and a nominal outer diameter 

22.22 mm (3/4 in) copper tube with four ports increasing gradually from a small dimeter to a large 

one. The objectives of these experimental works were to operate each hot water inlet devices 

connected with the side-arm heater under variable input power and to evaluate them under actual 

conditions in Halifax, Nova Scotia, Canada, in order to identify a side-arm heater with a hot water 

inlet device that enhances thermal stratification. The designed hot water inlet devices are shown 

in Figure (5-5). 

 

Figure 5-5 Hot water devices configurations: a) diffuser, b) one-port tube, c) four-port manifold. 
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The weather conditions in Halifax during the testing period were classified into three categories: 

1. Mostly cloudy and raining day (low average PV heater power “< 500 W”). 

2. Partly cloudy day (medium average PV heater power “500-900 W”). 

3. Mostly sunny day (high average PV heater power “> 900 W”). 

The tests of the side-arm heater with various hot water inlet devices were undertaken with cold 

and hot tank temperatures. In cold tank conditions, the water from the storage tank was drained 

prior to the test and the tank refilled with the mains water supply. The experimental tests were 

conducted from June to October 2018. Throughout this time, the mains water supply temperatures 

changed from 16 to 21 ̊ C. The difference between the water temperature at the top and the bottom 

of the storage tank before starting the test was in the range 1-3 ̊ C. The hot tank conditions are due 

to the water in the storage tank being heated on the day prior to the new test. The average hot water 

temperature in the storage tank before starting the test was in the range of 28-36 ̊ C. 

5.1.1. Evaluation of Hot Water Inlet Device Performance 

The assessment of the performance of the side-arm heater system with the three hot water inlet 

devices was based on the evaluation of the availability and the entropy of the experimental SDHW 

tank with the availability and the entropy of a fully mixed and perfectly stratified SDHW tank. The 

exergy or availability of the experimental tank was evaluated according to the position of the 

thermocouples in the SDHW tank, as shown in Figure (5-6). The most efficient side-arm heater 

with inlet hot water device is the one resulting in higher availability, energy delivery, merit factor, 

and high degree of stratification. Furthermore, the tank should have lower entropy ratios and 

internal entropy generation [2]. 

There are three main ways to evaluate the thermal stratification of thermal energy storages: those 

based on the general dimensionless numbers of heat transfer and fluid dynamics, those based on 



59 

 

the first law of thermodynamics, and those based on the second law of thermodynamics. Rosen 

and Hooper (1992) have shown that if only the first law of thermodynamics is used, it is not 

possible to distinguish a stratified tank from a mixed tank [39]. The combination of energy, exergy 

and stratification efficiency makes an excellent tool for the design and analysis of a hot water 

storage system. In this research, exergy analysis was used to evaluate the findings. Thermal 

stratification doesn’t care whether the source of heat from a PV or a wall outlet.  

 

Figure 5-6 Diagram showing Plexiglas tank and location of thermocouple inside the tank 
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Degree of Stratification (DOS) 

 

The DOS approach is one of the assessment methods that is used to evaluate the stratification 

within the tank. Sliwinski [44] defined DOS as the change in temperature between layers with 

regards to the change of the height between layers in the storage tank. The DOS calculated 

according to Equation (5-12). A more efficient way of comparing the two tested strategies is by 

looking at the difference between the slopes of the lines in the thermocline region of the elevation 

curves.  

DOS = ∑
∆T

∆H

12

i=1

                                    (5 − 12) 

Where 

ΔT → change in temperature between layer (˚C). 

ΔH → change of the height (m). 

i     → number of the layer. 

To calculate the degree of stratification in the SDHW tank, the rate of change in temperature per 

the change in the difference between the layers was determined for all levels. As no precise rules 

could be found regarding the exact gradient to use for a stratified tank, 5°C/m was chosen as the 

cut-off measure. Thus, any DOS of less than 5°C/m between two layers was not considered during 

the evaluation. The sum of DOS of all layers was then taken for each period. The Larger the 

number of the sum, the higher the quality of stratification [44]. The average value of DOS was 

determined using only those values that were greater than 1/10 of the maximum DOS for each 

period [45]. 

For more clarification as shown in Figure (5-7) there are three main factors which affect the 

thermal performance parameter. First, in considering the degree of stratification or temperature 
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differences between layers inside a storage tank, the degree of stratification is directly proportional 

to the availability and inversely proportional to the entropy. The second factor which affects the 

thermal performance parameter is that the dead state temperature is inversely proportional to the 

availability and directly proportional to the entropy. The third factor is that the tank average 

temperature is directly proportional to the availability and inversely proportional to the entropy. 

The effect of temperature difference between layers, dead state temperature, and tank average 

temperature is shown in Figure (5-7). 

 

Figure 5-7 Effect of temperature difference, dead state, and tank average temperature. 

For example, to simulate the experimental tank the availability, merit factor, entropy ratios, and 

internal entropy generation were assessed in a commercially available solar domestic hot water 

tank with a volume of 270 L as shown in Figure (5-7). The tank was divided into ten layers. To 

simulate the performance of SDHW Tank the following parameters were used: as the difference 

of degree of stratification 0, 3 and 5, dead state temperatures of 10 and 18°C, and average tank 
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temperatures of 43 and 48°C. We evaluate the experimental SDHW Tank based on the comparison 

of its availability and the entropy with those of a fully mixed and a perfectly stratified SDHW tank.  

As shown in Figure (5-7), if the degree of stratification between layers increases from 0 to 5 the 

availability will increase from 1.36 to 1.73 MJ, and the merit factors will increase from 0 to 0.34. 

On the other hand, the entropy ratios will decrease from 1-0.985 and the internal entropy 

generation will decrease from 1-0.67. If the dead state temperature increases from 10 to 18°C the 

availability will decrease from 2.62-1.73 MJ, and internal entropy generation will decrease from 

0.75- 0.67. However, the entropy ratios will increase from 0.987-0.985, and the merit factors will 

increase from 0.25 to 0.34. If the average tank temperature increases from 43 to 48°C the 

availability will increase from 1.73-2.26 MJ, and the internal entropy generation increases from 

0.67-0.73. On the other hand, the merit factor decreases from 0.34-0.28 and entropy ratios 

decreases from 0.985-0.983. 

In short, it is clear from Figure (5-7) that the changing of DOS, using availability, entropy, merit 

factor, and internal entropy generation parameters assessment were giving results in the same 

behavior. However, the changing of dead state temperature, and average tank temperature using, 

the internal entropy generation parameters were producing infrequent results.  

Availability  

 

Availability is a thermodynamic quantity that represents the maximum reversible work that can be 

obtained from a closed system when it comes into equilibrium with a reference state [32]. If we 

allow the cold water to mix with the hot water in the storage tank, this will lead to a decrease in 

the availability and ultimately in a decrease in the delivery of hot water temperature to consumers. 

The availability was calculated using Eq. (5-13). 
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A = ∑ mi[( hi − ho) − To( si − so)]

𝑛

𝑖=1

              (5 − 13) 

 

where:  

A: Availability of energy in the tank (MJ). 

m: Mass of water, kg. 

 𝑖: Layer number.  

hi: Enthalpy of the layer, kJ/kg.  

h0: Enthalpy evaluated at environmental temperature, kJ/kg.   

T0: Environmental temperature, K.   

si: Entropy of the layer, kJ/kg ·K. 

s0: Entropy evaluated at environmental temperature, kJ/kg ·K. 

According to Hermansson [20], selection of the environmental temperature or dead state 

temperature is a critical parameter for a good evaluation, because without reasonable grounds, this 

parameter may give wrong evaluations. Several researchers [2, 34, and 37] have discussed the 

choice of the dead state temperature. In the present research, the dead state temperature represents 

the state in which energy is not valuable to the user of the SDHW system. For an SDHW system, 

the dead state temperature should be the mains water supply temperature or the temperature at the 

bottom of the SDHW tank for cold tank conditions.   

The mains water supply temperature was selected as the dead state temperature because if the 

water temperature is equal to the main water supply temperature, there is no useful energy for the 

SDHW system user. 
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Process to Evaluate the Thermal Performance of Hot Water Inlet Devices 

  

In assessing the level of stratification, we can compare the experimental tank to a theoretical tank 

with ideal stratification. Shah and Furbo [41] presented the concept of an ideal stratified tank in 

their study. In this work, the perfectly stratified tank consists of two isothermal volume regions, 

as shown in Figure (5-8). The bottom zone was set at the environmental temperature, which is the 

mains water supply temperature, while the top zone was set at the maximum temperature at the 

top of the experimental tank at the end of the test [41]. We assumed that the bottom part of the 

perfectly stratified storage tank had the dead state temperature to evaluate the designed hot water 

inlet devices. Based on this assumption, we calculated the thermal performance, availability and 

entropy of each designed manifold as the end of each test. 

The heat addition to the tank, QAdded, was calculated with respect to the energy contained in the 

tank both at the beginning of the experimental test and at the end. It was determined using Eq. (5-

14), as follows: 

QAdded = QEnd − QStart            (5 − 14) 

QStart : Heat stored at the beginning of the test, MJ.  

QEnd : Heat stored at the end of the test, MJ. 

Q = mwater CPave
 TTank ave           (5 − 15) 

The mass of hot water in the perfectly stratified tank was calculated according to Eq. (5-16): the 

energy content of the perfect tank and the experimental tank was based on mains water 

temperature. 

Energyperfect = EnergyExperimental 

mTop CP_Top (TTop − T0) + mBottom CP_Bottom (TBottom − T0) = mtank CP_ave(Tave − T0)          (5 − 16) 

According to Shah and Furbo [41]:   TBottom = T0 

mHot water =
mtank CP_ave(Tave − T0)

(CPTop
. TTop −  CP0

. T0)
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Figure 5-8 Solar domestic hot water tank configurations: a) experimental tank, b) perfect tank. 

Perfect availability at both the top and bottom of the tank was calculated based on the ideal mass 

of hot water equation, which considered the initial energy, the dead state properties, and the top 

layer properties of the final actual tank. Equation (5-17) was used to calculate perfect availability, 

as follows: 

A Perfect tank = ([{hB Z − ho} − To{sBZ − so}]m C w + [{hT Z − ho} − To{sTZ − so}]mH w)           (5 − 17) 

The availability of the fully mixed tank was calculated using the average temperature of the actual 

tank. The availability of the actual tank was then calculated using the temperature of each thermal 

layer. 

A Mixed tank = mTotal[( have − ho) − To( save − so)] 

Availability Ratios 

 

Alsagheer [2] evaluated the most efficient hot water inlet device is the one which has the highest 

average availability ratio. Hence, the availability ratios were calculated according to Eq. (5-18): 

ARatio =  
AFinal Actual − AInt

QADDED
                           (5 − 18) 

a) b) 
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Entropy  

 

The entropy of the fully mixed tank was calculated using the average temperature of the actual 

tank, and the entropy of the actual tank was calculated using the temperature of each thermal layer. 

The perfectly stratified tank consists of two isothermal volume regions, which is the same as the 

availability calculation principle. At the end of the test, the bottom zone was set at the 

environmental temperature (i.e., the mains water supply temperature), while the top zone was set 

at the maximum temperature at the top of experimental tank. The total entropy of the perfect 

SDHW tank was the entropy of the perfect of top zone plus the entropy of the perfect bottom zone. 

The perfect entropy was calculated according to Eq. (5-19), as follows: 

Sstratified tank = SB Z massC W + ST Z massH W               (5 − 19) 

 Merit factors 

Alsagheer [2] evaluated the merit factors of the solar storage tank by using a dimensionless 

relationship as shown in equation (5-20). This basic approach was used to calculate the difference 

in the entropy of the perfect tank and the entropy of the experimental tank. The result is then 

divided by the difference of the entropy of a perfect tank and the fully mixed tank. Hence, when 

the entropy of the experimental tank equals the entropy of the perfect tank the merit factor will be 

highest. 

Merit Factor = 1 −
SPER − SFINAL ACTUAL

SPER − SMIXED
                       (5 − 20) 

 Entropy Ratios (S) 

Shah and Furbo [41] evaluated the solar storage tank stratification according to equation (5-21), 

which is the entropy difference between the entropy of dead state temperature and the perfect 

stratified tank divided by the entropy difference of the entropy of dead state temperature and the 

actual tank.  

Entropy ratios =
S0 − Sperfect

S0 − SExper
                       (5 − 21) 
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 Internal Entropy Generation "𝑅𝐸𝐺" 

A comparison between the thermal performances of the manifolds in terms of internal entropy 

generation ratios was conducted using the entropy ratios. The internal entropy generation ratios 

were defined by Panthalookaran et al. [35], who calculated the difference in the entropy change of 

the experimental tank to the entropy change of the ideal stratified tank, and then divided the result 

by the difference of the entropy change of a fully mixed tank and the ideal stratified tank. To 

calculate this ratio, the difference of the entropy change of the mixed tank should be larger than 

the entropy of the experimental tank, and the entropy of the experimental tank must be larger than 

the ideal stratified tank. The internal entropy generation was calculated according to Eq. (5-22): 

REG =
(∆SEXP − ∆Sideal str)

(∆SMix − ∆Sideal str)
                     (5 − 22)       

The entropy difference was calculated according to Eq. (5-23): 

ΔSPerf = (Cp12  ln
T12

T0
 ) MassB Z + (Cp1  ln

T1

T0
 ) MassT Z            (5 − 23) 

The most efficient hot water inlet device is the one which has the lowest entropy ratio and lowest 

internal entropy generation. In general, the perfectly stratified tank has higher availability and 

lower entropy than the actual tank. Hence, the most effective hot water inlet device should have a 

higher average of availability ratios and a lower internal entropy generation ratio than the other 

devices. 

Delivery Energy 

 

The first basis for comparing the three different system configurations was on delivered energy. 

The ideal system configuration would exhibit the largest amount of delivered energy, as this would 

reduce the amount of auxiliary energy input required to meet the set-point temperature [9]. 

Cruickshank evaluated the delivery energy according to Eq. (5-24), as follows: 
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 Delivery energy = mi [∑ CpiTi

3

i=1

− 3Cp0T0]                 (5 − 24)      

where:    

m: Mass of water, kg. 𝑖: Layer number, i → number of the layer,  Cpwater →  specific heat of the 

water (kJ/kg.K) , Ti → temperature of the top three layers at which the water is delivered (˚C ), T0 

dead state temperature ( ˚C ) 

To make a good evaluation a normalization was performed. Normalization is to bring all the PV 

power values, dead state temperatures for a cold tank, and average tank temperatures for hot tank 

conditions to an equal level for comparison. For example, as shown in the table (5-1) the energy 

delivery experimental results for the 1.5-inch diffuser, four-port manifold and one-port tube during 

the high PV average power and cold tank conditions were 9.02, 9.48 and 10.13 MJ, respectively. 

The sequences as shown in the table; first step is to normalize average PV power, and the second 

step is to normalize the dead state temperature. The normalization final results for the 1.5-inch 

diffuser, four-port manifold and one-port tube were 9.3, 11.8 and 9.4 MJ, respectively. 

Table 5-2 Normalization of energy delivery for the three hot water inlet devices under high PV power and cold tank condition 

 1.5 in Diffuser Four-port One-port 

Energy delivery Experimental value (MJ) 9.02 9.48 10.13 

PV average power (W) 1079 1115 1206 

1ST step normalize average PV power 
9.02 ∗

1115

1079
= 9.3 9.48 ∗

1115

1115
= 9.48 10.13 ∗

1115

1206
= 9.36 

Dead state temperature ( ̊ C ) 20 16 20 

2nd step normalize dead state temperature 
9.3 ∗

20

20
= 9.3 9.48 ∗

20

16
= 11.85 9.36 ∗

20

20
= 9.36 

Energy delivery normalization results (MJ) 9.3 11.8 9.4 

All thermodynamics properties such as density, entropy, specific heat and enthalpy were calculated 

by using the regression equations, as shown in Appendix B. 
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Chapter 6: Results and Discussion 

In this chapter, the experimental results from the variable PV power tests are presented, analyzed 

and discussed. The output data from the LabVIEW data acquisition were analyzed using a 

Microsoft Excel worksheet. The experimental results have been organized into graphs and bar 

charts for discussion and comparison. The evaluation of the performance of the manifolds was 

based on the assessment of flow visualization, temperature distributions inside the storage tank, 

degree of stratification (DOS), availability, availability ratio, energy delivery, entropy ratio, merit 

factor and internal entropy generation. The most effective hot water inlet device is deemed to be 

the one that has a high DOS, availability change, merit factor, energy delivery, and average 

availability ratios. Furthermore, the most effective inlet should have a low entropy ratio and a low 

internal entropy generation. 

Sixty-two experiments were executed on the side-arm PV water heater with the three types of hot 

water inlet devices. Most of the experiments were performed from sunrise to sunset. However, the 

comparisons among the chosen experiments were performed between 9 a.m. and 6 p.m. The time 

from sunrise to 9 a.m. and the time from 6 p.m. to sunset was not included in the comparison 

because we did not see any hot water flow rate from the bottom of the tank to the top of the tank 

during those time periods. Moreover, the heater power was typically less than 100 watts during 

those times. 

As a sample of the experimental results, the graphs and tables in this section of the discussion are 

chosen from a low average PV heater power for cold and hot tank conditions, while the other 

graphs are chosen from medium and high average power, as shown in Appendix A. 
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6.1. Cold Tank Condition Tests 

6.1.1. Power and Hot Water Flow Rate 

Figure (6-1) shows the PV heater power plots from 9 a.m. to 6 p.m. during the low average heat 

power tests and cold tank conditions on June 25th, October 2nd, and August 22nd. In these tests, a 

1.5-inch diffuser, four-port manifold and one-port copper tube are used. The PV average heater 

power for the 1.5-inch diffuser, four-port manifold and one-port tube were 199, 240 and 272 watts, 

respectively. The experiment showed readings of highly variable PV power heater caused by light 

clouds or by a high-rise building which obstructed the sun. The solar PV power readings also 

experienced sudden drops due to the sun passing by the high-rise building as shown in Figure (6-

1a) from 16 to 17:20. These effects are not expected to have any significant changes on the results. 

 

Figure (6-1) Low PV power heater during three hot water inlet device tests for cold tank conditions. 

 

Figure (6-1a) High PV power for four-port hot water inlet device tests for cold tank conditions. 
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Figure (6-2) shows the hot water flow rate through the side-arm heater with each hot water delivery 

device over the test period during the low average PV heat power experiments and cold tank 

conditions. The hot water flow rate responds similarly to the PV power heater, i.e., the higher the 

PV heater power to the side-arm heater element, the greater the hot water flow rate. The force that 

drives the hot water flow rate in our experiment is due to density differences between the water in 

the tank and the water in the side-arm heater and manifold outlet tube. High degrees of 

stratification (DOS) were found to be caused by very low circulation rates [2, 4, 17, and 34]. 

 

Figure 6-2 Hot water flow rate inside the side-arm heater under low PV power and cold tank conditions. 

Figure (6-3) shows the average PV heater power and dead-state temperature for low average PV 

power and cold tank condition tests.  

 

Figure 6-3 Low average PV power and cold tank condition tests. 
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6.1.2. Temperature  

The assessment of water temperature inside a domestic hot water tank gives the best indication of 

stratification levels [2, 22, 34, and 44]. Stratification is desirable in thermal energy storage, as it 

resolves the issue of not being able to draw hot water off the top of the tank early in the day, 

compared to a uniform tank temperature. Figure 6-4, 6-5, and 6-6 shows a plot of the tank 

temperature and side-arm heater with three inlet hot water devices. The temperature of the water 

inside the tank was assumed to be represented by the temperature recorded by the twelve 

thermocouples. During stand-by conditions or when no heat has been added to the storage tank, 

the top hot water layers in the storage tank sink the heat, thus heating the bottom cold water layers. 

From this process, each layer reaches the temperature of the adjacent layer above it due to 

conduction between the stratified layers. 

Figure (6-4) shows the temperature distribution in a cold SDHW tank using a 1.5-inch diffuser. 

The test started at 9 a.m. and ended at 6 p.m. and the data were taken at one-minute intervals. 

TCSS1 represents the top temperature of the SDHW tank, while TCSS12 represents the bottom 

temperature of the tank. At the beginning of the cold tank temperature experiment, the tank layer 

temperatures were approximately uniform. The difference between temperatures at the top and the 

bottom of the tank was 1.5˚C: the temperature at the bottom of the tank was 21˚C and the 

temperature at the top was 22.5˚C. 
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Figure 6-4 Graph showing 1.5-inch diffuser inlet device, low average PV power, and cold tank conditions. 

 

The Figure (6-4) shows that the four top layers had the same temperatures from the beginning to 

the end of the test and that the temperature change rate for the top layer was quite slow. The top 

of the tank reached its highest temperature of 27˚C at the end of the test, with the difference in the 

top layer temperature at the beginning and the end of the experiment being 5.5˚C. As shown in 

Table (6-1), the top tank temperature change rate between the highest temperature and the start-up 

temperature of the top layer was 0.7˚C/h. The change rate of the temperature was very slow, and 

this led to a decrease in the availability and energy delivery. In such a case, the consumer would 

not be able to access hot water early in the morning.  

Table 6-1 Temperature Change Rate of the three tank Top Layers for Low PV power and Cold Tank Condition 

1.5-inch Diffuser 4 Ports 1 Port 

˚C/h ˚C/h ˚C/h 

0.7 2.8 1.8 
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Figure (6-5) shows the temperature distribution in cold SDHW tanks using a four-port manifold. 

The cold water is drawn through the PV heater from the bottom of the tank and the hot water is 

delivered at a different level at the top of the tank. The four-port manifold has been designed to 

inhibit mixing between the manifold and tank fluids until the level is reached at which the density 

of the two fluids matches. The four ports increase in diameter gradually to decrease the amount of 

cold water being drawn into the manifold from the middle of the tank and delivered to the top or 

to prevent a decrease in the side-arm heater outlet temperature. At the beginning of the cold tank 

temperature test, the temperatures of the tank layers were approximately uniform at 19˚C across 

all levels. The temperature at the bottom of the tank was 18.5˚C and the temperature at the top tank 

was 20˚C. 

 

Figure 6-5 Graph showing four-port manifold inlet device, low average PV power, and cold tank conditions. 
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According to Figure (6-5), as the heater power increased, the temperatures at the top of the tank 

started to increase and reached a high of 29˚C at 12 p.m., which was nearly the same as the side-

arm outlet water temperature. The top temperature change rate between the highest temperature 

and the top layer start-up temperature was 2.9˚C/h. The second layer of the thermocouple reading 

had a half-hour delay and the third layer thermocouple reading had a one-hour delay, with respect 

to the thermocouple in the top layer. The top four thermocouple readings had a higher rate of 

temperature change than the bottom layer thermocouple readings. 

As can be seen in the graph, there was a rapid rise in temperature at the top of the tank as soon as 

the solar radiation increased early in the morning. Moreover, when the solar radiation decreased 

after 2 p.m., the top two layers had a slight decrease in temperature but remained constant after 

that, whereas the middle layer temperatures started to increase gradually. This shows that the four-

port manifold strategy responded earlier in the day than the traditional design. The four-port hot 

water inlet devices delivered the water heated by the side-arm heater to the tank at the level where 

the temperature of the water in the tank matches the temperature of the heated water. Thus, this 

strategy enhanced the stratification and allowed the consumer to use hot water early in the morning. 

As energy is added to the SDHW tank through the four-port inlet manifold design, there is 

constantly a high degree of stratification and energy delivery to the consumer.   

Figure (6-6) shows the temperature distribution in a cold SDHW tank using a copper tube with 

one port at the top, which will draw the cold water from the bottom of the tank and deliver hot 

water to the top of tank. At the beginning of the cold tank temperature test, the tank layer 

temperatures were approximately uniform: the temperature at the bottom of the tank was 18˚C and 

the temperature at the top tank was 20˚C. The tank’s highest temperature (29˚C) occurred at 4 p.m. 
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As shown in Table (6-1), the top temperature change rate between the highest temperature and the 

top layer start-up temperature was 1.8˚C/h. The graph shows that any change in the PV power 

heater were reflected in the top layer temperature. At 1:30 p.m., the top temperature started to 

decrease due to a decline in solar radiation. Subsequent decreases in the PV heater power supplying 

the tank caused plume entrainment mixing. Plume entertainment is often the result of decreases in 

the amount of solar energy radiation, which leads to a downward flowing plume due to the water 

entering the top of the tank being cooler than the water at the top layers of the tank [2]. Because 

of this action, a decline in the temperature of the top layers of the tank occurs, which leads to 

decreases in the quality of the hot water. 

 

Figure 6-6 Graph showing one-port copper tube inlet device, low average PV power, and cold tank conditions. 
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sank downward to meet the matched water temperature at a lower layer. On its way down, the 

water mixed with warmer water at the upper and middle layers, cooling them down. This process 

decreases the availability of hot water in the storage tank. A copper tube pipe with one port at the 

top would have decreased the stratification and had an impact on the delivery of hot water to 

consumers. 

6.1.3. Degree of Stratification (DOS) 

Figure (6-7) shows the degree of stratification (DOS) for the three different hot water inlet devices 

inside the storage tank. The four-port manifold had the highest DOS values in the morning, 

reaching 55 by 14:00. The DOS for the four-port manifold started decreasing after 14:00, and 

decreased slightly until the end of the test. In addition, the graph shows that the 1.5-inch diffuser 

remained constant at low DOS throughout the beginning of the testing time, reaching a maximum 

value of 20 at the end of the experiment. The one-port tube also had an increase in the DOS from 

9 to 40 by 14:00, reaching the highest value of 82 at 16:00. However, between 16:00 and the end 

of the test, the one-port tube showed a sharp decrease to a value of 45. 

 

Figure 6-7 Degree of stratification of three hot water inlet devices, low average PV power, and cold tank conditions. 
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To calculate the degree of stratification in the SDHW tank, the rate of change in temperature per 

the change in the difference between the layers was determined for all levels. The maximum value 

of DOS was then taken for each period. An average value of DOS was determined using only those 

values that were greater than 1/10 of the maximum DOS for each period [45]. Figure (6-8) shows 

the average DOS of the three hot water inlet devices inside the storage tank. The four-port manifold 

had the highest average DOS from start-up until mid-day, followed by a slight decline and relative 

stability from 14:00 until the end of the test. The one-port tube also had an increase in average 

DOS up to 11 at 12:00, reaching the highest average value of 14 between 14:00 and 16:00. 

However, between 16:00 and the end of the test, the one-port tube showed a sharp decrease to a 

value of 7. 

The graph (6-8) shows that the 1.5-inch diffuser remained constant at low average DOS throughout 

the beginning of the testing time, reaching a maximum value of 7 at the end of the experiment. 

The four-port manifold has the highest DOS in the tank early in the morning and a constant level 

throughout the rest of the test. Hence, this type of manifold will enhance stratification throughout 

the tank, leading to an increase in energy levels.  

 

Figure 6-8 Average DOS of three inlet devices, low average PV power, and cold tank conditions. 
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Figure (6-9) shows the temperature distribution in a cold SDHW tank using a 1.5-inch diffuser 

inlet device. The temperature curves on each graph represent the tank water temperature 

distribution at each level at start-up, midday, 2 p.m., 4 p.m., and system shutdown. At the start-up 

of the cold tank experiment, the tank temperature was approximately uniform. The increase in 

temperature at the top of the tank was quite slow, to which we attributed the outlet of the hot water 

being injected into the middle of the storage tank, where it was distributed to warm up the top five 

layers. The difference in the top tank temperature at the beginning of the test and at midday was 

only 0.7°C. The 1.5-inch device did little to enhance the stratification within the tank.   

 

Figure 6-9 Graph showing 1.5-inch diffuser inlet device, low average PV power, and cold tank conditions. 

Figure (6-10) shows the temperature distribution in a cold SDHW tank using a four-port manifold 

inlet device. At the start-up of the cold tank test, the tank temperature was approximately uniform. 

The water temperature at the top of the tank rose sharply early in the morning to 25 – 26°C and 

remained at this temperature until shutdown. The difference in the temperature at the top of the 

tank between 9 a.m. and 12 p.m. was 6°C, which was the highest value among the inlet devices. 
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However, when a decrease in solar energy power occurred, there was no significant change in the 

temperature at the top layer of the storage tank. 

 

Figure 6-10 Graph showing four-port manifold inlet device, low average PV power, and cold tank conditions. 

 

Figure (6-11) shows the temperature distribution in a cold SDHW tank using a one-port tube inlet 

device. At the start-up curve of the cold tank condition test, the tank layer temperature was 

approximately uniform. The difference in the temperature at the top of the tank between 9 a.m. 

and 12 p.m. was 3°C, which indicates that the hot water discharged from the PV power heater was 

distributed to the top seven layers. We observed that there was a cycle of temperature changes, 

where the temperature kept rising and falling from 12 p.m. to the end of the test. This cyclical 

change shows that the temperature at the top of the tank is affected directly by fluctuations in solar 

radiation energy. The one-port inlet device did not maintain the same level of temperature at the 

top of the tank throughout the experiment, which would negatively affect energy delivery to 

consumers. 
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Figure 6-11 Graph showing one-port copper tub inlet device, low average PV power, and cold tank conditions. 
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in slightly lower at 0.13 MJ. However, the heater power for the one-port was 272 watts, while for 

the four-port manifold, it was 240 watts. This shows that whenever there was an increase in the 

PV power and a decrease in main water supply temperatures, availability will increase. 

Furthermore, when we normalized the PV average power and the dead-state temperature, we 

obtained the same availability change for the four-port manifold as for the one-port tube. Thus, 

after normalizing the power and the dead-state temperature, the availability change for the 1.5 

diffuser, four-port manifold and one-port tube was 0.09, 0.13 and 0.13 MJ, respectively. 

 

Figure 6-12 Availability change for three inlet devices in low average PV power and cold tank conditions. 

 

Figure 6-13 Availability change for three hot water inlet devices in cold tank conditions. 
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Figure (6-14) shows the availability ratio from 9 a.m. to 6 p.m. The availability ratios for the four-

port manifold rapidly increased early in the morning. Moreover, the curve for the four-port 

manifold was consistently the highest value from the beginning to the end of the tests compared 

to the curve for other traditional devices. However, although the availability ratios for the four-

port manifold were more or less constant from 1 p.m. to 4 p.m., they experienced a slight decrease 

from 4 p.m. to 6 p.m. 

 

Figure 6-14 Availability ratios for three inlet devices in low average PV power and cold tank conditions. 
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Figure 6-15 Average availability ratio for three inlet device in low average PV power and cold tank conditions. 

 

6.1.5. Entropy  

The entropy ratios and merit factors were analyzed and discussed for each cold tank condition test 

using the three inlet hot water devices. 

6.1.5.1. Merit Factor  

As shown in equation 4-19, this basic approach was used to calculate the difference in the entropy 

of the perfect tank and the entropy of the experimental tank. The result is then divided by the 

difference of the entropy of a perfect tank and the fully mixed tank. Hence, when the entropy of 

the experimental tank equals the entropy of perfect tank the merit factor will be highest. 

Figure (6-16) shows the merit factor from 9 a.m. to 6 p.m. At the beginning of the experiment, the 

merit factor for the one-port tube inlet device was 0.42. A slight decrease from 0.42 to 0.40 

occurred between 9 a.m. and 10 a.m. Then, due to the effects of destratification, a sharp decrease 

from 0.40 to 0.25 occurred between 10 a.m. and 2 p.m. At the end of the test, the merit factor was 

0.30, as shown in Figure (6-16). 

At the beginning of the experiment, using a 1.5-inch diffuser inlet device, the merit factor increased 

and then slightly decreased from midday to the end of the operation. At the end of the test, the 

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

1.5 in Diff 4 ports 1 port

A
ve

ra
ge

  A
 R

at
io

  



85 

 

merit factor was 0.4, as shown in Figure (6-17). Using a four-port manifold, the merit factor 

increased gradually until reaching a high of 0.50 at mid-day. This was followed by a slight decrease 

such that by the end of the experiment, the merit factor was 0.45. The graphs illustrate that the 

merit factor change rate for the four-port manifold was the highest. Specifically, the merit factors 

change rates were 0.11, 0.33 and -0.11, respectively, for the 1.5-inch diffuser, four-port manifold, 

and one-port tube,  

 

Figure 6-16 Merit factor for three hot water inlet devices in cold tank conditions. 

 

Figure 6-17 Merit factor for three hot water inlet devices at the end of the test in cold tank conditions. 
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6.1.5.2. Entropy Ratio 

Figures (6-18) and (6-19) show the entropy ratios for a cold SDHW tank, using the three 

aforementioned hot water inlet devices. The entropy ratios for the four-port manifold, one-port 

tube, and 1.5-inch diffuser were 0.9954, 0.9979 and 0.9986, respectively. In comparison to all 

other designs, the four-port hot water inlet design had a lower entropy ratio than either the four-

port or the 1.5-inch diffuser designs. A low entropy ratio is preferable. The difference between the 

four-port and one-port hot water inlet designs was 0.0025, which is so small to be nearly 

unnoticeable. As shown in figure (6-20a, 6-20b, and 6-20c) the reason for the difference between 

these two designs is that the difference in actual entropy, perfect entropy and mixed entropy is so 

negligible that it had very little to no impact on the final calculations.  

 

Figure 6-18 Entropy ratios of three inlet devices in low average PV power and cold tank conditions. 

 

Figure 6-19 Entropy ratios of three inlet devices in low average PV power and cold tank conditions. 
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Figure (6-20a). Entropy of 1.5-inch diffuser for inlet devices in low average PV power and cold tank conditions. 

 

Figure (6-20b). Entropy of four ports manifold for inlet devices in low average PV power and cold tank conditions. 

 

Figure (6-20c). Entropy of one port copper tube for inlet devices in low average PV power and cold tank conditions. 

Figure 6-20 Entropy inside the DHW Tank of three hot water inlet devices 
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6.1.5.3. Internal Entropy Generation  

Figure (6-21) shows internal entropy generation in a cold tank using the three aforementioned hot 

water inlet devices. There is a sharp decrease in the levels of internal entropy generation in the 

four-port manifold from 9 a.m. to 12:30 p.m. This is followed by a slight gradual increase until the 

end of the operation. 

 

Figure 6-21 Internal entropy generation of inlet devices in low average PV power and cold tank conditions. 
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Figure 6-22 Internal entropy generation of three inlet devices in low average PV power and cold tank conditions. 

 

Figure 6-23 Average internal entropy generation of three inlet devices in low PV power and cold tank conditions. 
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6.1.6. Energy Delivery 

One important element in the design of the side-arm heater and inlet hot water device is that it 

should have a highest energy delivery. In other words, this design ensures the hottest water 

temperature at the top of the domestic hot water tank early in the day. During the tests, the energy 

levels within the water in the storage tank changed as the temperatures of the hot water within the 

storage tank changed over a certain period of time [9]. 

Figure (6-24) shows the calculation of energy delivery in a cold tank using the three 

aforementioned hot water inlet devices. At the beginning of the test, the delivered energy from the 

four-port manifold was 0.5 MJ and reached a high of 3.5 MJ at mid-day, where it remained at the 

same level for the rest of the test. However, when comparing hot water inlet designs according to 

differences in energy delivery quality, we need to take into account PV heater power and dead-

state temperature, as shown in Figure (6-25). This graph illustrates that the mains water supply 

temperature and the PV heater power differed for each experimental test, and that the calculation 

of energy delivery is reliant on PV heater power and dead-state temperature. Furthermore, Figure 

(6-25) illustrates that the test using the four-port inlet device also used the same dead-state 

temperature as the one-port device, and that while it has less PV heater power than the one-port 

device, the four-port device provides the highest energy delivery to consumers. The energy 

delivery for the 1.5-inch diffuser, four-port and one-port inlet devices were 1.8, 2.8 and 2.5 MJ, 

respectively. After normalizing the PV average power and dead-state temperature, the delivered 

energy for the 1.5-inch diffuser, four-port and one-port inlet devices were 1.9, 2.8 and 2.3 MJ, 

respectively. 
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Figure 6-24 Energy delivery for three inlet devices in low average PV power and cold tank conditions. 

 

Figure 6-25 Energy delivery, low PV power, and dead-state temperature of the three devices in cold tank conditions. 
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6.2. Hot Tank Conditions Tests  

6.2.1. Power and Hot Water Flow Rate 

Figure (6-26) shows the PV heater power plots from 9 a.m. to 6 p.m. during the low average PV 

power tests for hot tank conditions. With these tests we started with a tank that had been brought 

to temperatures higher than the mains water temperature due to heat provided by the PV heater on 

the previous day. In the tests, a 1.5-inch diffuser, a four-port manifold, and a one-port copper tube 

are used. The average PV heater power of these three devices was 284, 332 and 262 watts, 

respectively. Figure (6-27) shows the hot water flow rate inside the side-arm heater plots from 9 

a.m. to 6 p.m. during the low average heat power experiments and hot tank conditions. A 1.5-inch 

diffuser, four-port manifold, and one-port copper tube are used.  

 

Figure 6-26 Low PV power heater during testing of three hot water inlet devices in hot tank conditions. 

0

200

400

600

800

1000

1200

9 10 11 12 13 14 15 16 17 18

P
o

w
er

 (
w

at
t)

Time (hours)

1.5 inch Diff 4 ports 1 port



93 

 

 

Figure 6-27 Hot water flow rate inside side-arm heater for low PV power and hot tank conditions. 

Figure (6-24) shows the average PV heater power and tank temperature at the beginning of the 

experimental tests for low average PV power and hot tank conditions.  

 

Figure 6-28 Average PV power and tank temperature for low average PV power and hot tank conditions. 
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6.2.2. Temperature 

In Figure (6-29), the tank temperature has been plotted for a side-arm heater with three inlet hot 

water design devices. The figure shows the temperature distribution inside the domestic hot water 

tank for low PV power when using a 1.5-inch diffuser inlet device. The average tank temperature 

at the beginning of the operation was 35˚C, and the temperatures of the top ten layers of the tank 

were all approximately the same. Specifically, the difference between the top and bottom layers 

was only 0.8˚C. Furthermore, there was only a slight increase in the temperature of the middle 

layers until 11 a.m. but no change in the temperature of the top layers until 12 p.m. The highest 

temperature recorded during the test was 38˚C at 3 p.m. This was followed by a constant decrease 

in temperature until the end of the test. The difference in the top layer temperatures between the 

beginning of the test and the highest reading was 2.5˚C. Moreover, the temperature change rate for 

the top layers was very slow. As shown in Table (6-2), the temperature change rate for the top 

layers between the highest temperature and the start-up temperature was 0.5˚C/h. This magnitude 

of change led to a decrease in availability and energy delivery. Therefore, consumers would not 

be able to use hot water early in the day. 

 

Figure 6-29 Graph showing 1.5-inch diffuser inlet device and low average PV power in hot tank conditions. 
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Figure (6-30) shows the temperature distribution in a hot SDHW tank with low PV power and a 

four-port manifold. The average tank temperature at the beginning of the operation was 25˚C the 

temperature at the top layer of the tank was 27˚C, and the temperature at the bottom of the tank 

was 21˚C. The graph shows that there was a gradual increase in the temperature at the top of the 

tank, with the water temperature there reaching 35˚C at 1:30 p.m. However, after 1:30 p.m., there 

was a slight decrease in the top layer temperature but an increase in the middle layer temperature. 

The difference in top layer temperature between the start and end of the experiment was 7˚C. As 

shown in Table (6-2), the top tank temperature change rate between the highest temperature and 

the top layer start-up temperature was 1.8˚C/h. This shows that the four-port manifold strategy 

keeps the top layer at a constant temperature, which increases the stratification and the energy 

delivery to consumers. 

 

Figure 6-30 Graph showing four-port manifold inlet device and low average PV power in hot tank conditions. 
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 Figure (6-31) shows the temperature distribution in a hot SDHW tank with low PV power and a 

copper tube with one port at the top of the tank. The average tank temperature at the beginning of 

the operation was 28˚C. Specifically, the temperature at the top layer of the tank was 31.5˚C and 

the temperature at the bottom layer of the tank was 21˚C. The graph shows that there was a decrease 

in the temperature of the top layers, with water temperature at 12:30 p.m. dropping to 29.5˚C. This 

dip in temperature indicates that the hot water being delivered through the one-port tube is flowing 

downwards to the bottom of the tank. This downward movement is due to the water entering the 

top of the tank being colder than the water at the top layers of the tank. As a consequence, there is 

a decline in the temperature of the top layers of the tank, which leads to a decrease in the quality 

of the hot water. 

 

Figure 6-31 Graph showing one-port copper tube inlet device and low average PV power in hot tank conditions. 
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As illustrated in Figure (6-31), there is an increase in temperature from 1 p.m. to 3 p.m., followed 

by a steady decrease until the end of the operation. The difference in the temperature of the top 

layers between the beginning of the test and the highest reading was 5˚C. Thus, the temperature 

change rate between the highest temperature and the top layers’ start-up temperature was 1.1˚C/h, 

as shown in Table (6-2). This shows us that the copper tube pipe line with one port at the top 

decreases stratification and would have an impact on the delivery of hot water to consumers early 

in the morning. 

Table 6-2 Temperature Change Rate of the three tank Top Layers Low PV power and Hot Tank Condition. 

1.5-Inch Diffuser 4 Ports 1 Port 

˚C/h ˚C/h ˚C/h 

0.5 1.8 1.1 

 

6.2.3. Degree of Stratification 

Figure (6-32) shows the degree of stratification (DOS) inside the storage tank under hot tank 

conditions and low PV power heater. From the start of the test until mid-day, the 1.5-inch diffuser 

does not show any significant change in DOS. However, from mid-day onwards, the DOS 

increases until reaching a maximum value of 40 DOS, after which it decreases to a value of 31 at 

the end of the experiment. With the one-port manifold the DOS decreases from 73 at the start to 

65 at 12 p.m., reaching a high value of 75 between midday and 2 p.m. Between 2 p.m. and the end 

of the experiment, the tank with the one-port manifold experiences a sharp decrease in DOS, falling 

to a value of 53. The figure also shows that the four-port manifold had the highest DOS value early 

in the morning and topped out at 76 at mid-day. The DOS then started gradually decreasing 

between noon and 4 p.m., after which it remained at 62 until the end of the experiment.  
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Figure 6-32 DOS of three inlet devices in low average PV power and hot tank conditions. 

Figure (6-33) shows the average DOS for the three hot water inlet devices inside the storage tank. 

The four-port manifold had the highest average DOS from start-up until mid-day and then 
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average value of DOS was determined using only those values that were greater than 1/10 of the 

maximum DOS for each period [45]. 

The graphs in Figures (6-32) and (6-33) illustrate that the four-port manifold has the highest DOS 

in the tank early in the morning and that it remains relatively unchanged to the end of the test. 

 

Figure 6-33 Average DOS of three inlet devices in low average PV power and hot tank conditions. 
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which means that the 1.5-inch diffuser acquired a mixture storage tank temperature, leading to a 

decrease in energy delivery. 

 

Figure 6-34 Graph showing 1.5-inch diffuser inlet device with low PV power and hot tank conditions. 
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Figure 6-35 Graph showing four-port manifold inlet device with low average PV power and hot tank conditions. 
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them down. The difference in the top layer temperature at the start-up and the highest temperature 

curves was 3.6˚C. 
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Figure 6-36 Graph showing one-port copper tube inlet device with low PV power and hot tank conditions. 

6.2.4. Availability and Availability Ratio 

The availability ratios were analyzed and discussed for each hot tank condition test using the three 

inlet devices. Figure (6-37) shows the availability over time in a hot SDHW tank with low PV 

heater power and three inlet hot water devices. The graph shows that for the 1.5-inch diffuser and 

one-port inlet devices, there was no significant change in availability from the start of the 

experiment to 12:30 p.m. However, there was a sharp increase in the availability change for the 

four-port inlet device between 10 a.m. and 2:30 p.m. 

 

Figure 6-37 Availability of three inlet devices with low average PV power and hot tank conditions. 
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Figure (6-38) shows availability change, average PV heater power, and average tank temperature 

for hot tank conditions and three inlet hot water devices. The graph shows that the availability 

change of the four-port device was the highest at 0.30 MJ, while the one-port tube was 0.20 MJ 

and the 1.5-inch diffuser was 0.13 MJ. Although the four-port manifold experimental test has the 

lowest average tank temperature, it was still the best compared to the other hot water inlet devices. 

When we normalized the PV average power and the tank average temperature, the availability 

change of the four-port manifold remained the highest value. The availability changes of the 1.5-

inch diffuser, four-port manifold and one-port tube were 0.11, 0.31 and 0.22 MJ, respectively. 

 

Figure 6-38 Availability change of hot water inlet devices with low average PV power and hot tank conditions. 
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port inlet devices were 0.016, 0.034 and 0.021 MJ, respectively. When we normalized the PV 

average power and average tank temperature, the availability ratios of the 1.5-inch diffuser, four-

port manifold and one-port tube were 0.011, 0.034 and 0.023, respectively. 

 

Figure 6-39 Availability ratio of three inlet devices with low average PV power and hot tank conditions. 

 

Figure 6-40 Average availability ratio of three inlet devices with low average PV power and hot tank conditions. 
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6.2.5. Entropy 

In this part of the experimental tests, the entropy ratios, merit factors, and internal entropy 

generation were analyzed for each assessment of hot tank conditions and low PV power, using a 

1.5-inch diffuser, four-port manifold, and one-port copper tube. 

6.2.5.1. Merit Factor 

Figure (6-41) shows the calculation of the merit factors from 9 a.m. to 6 p.m. for hot tank 

conditions and low PV power. The graph illustrates that from the beginning of the experiment until 

2:30 p.m., the merit factor for the one-port tube inlet device sharply decreased from 0.5 to 0.07. 

This was followed by a slight increase from 2:30 to the end of the test, where it became 0.12. 

Moreover, the graph shows there was no significant change in the 1.5-inch diffuser. In contrast, 

the four-port inlet device sustained the exact same merit factor until 11:30 a.m. After that time, it 

experienced a gradual increase until the end of the test, reaching 0.25, as shown in Figure (6-41). 

The merit factor end results for the 1.5-inch diffuser, four-port and one-port inlet devices were 

0.12, 0.25 and 0.18, respectively, as shown in Figure (6-42). When we normalized the PV average 

power and the average tank temperature, the merit factors for the three aforementioned devices 

were 0.09, 0.25 and 0.15, respectively. The graph shows that the merit factor change rate of the 

four-port manifold was the highest. Overall, the merit factor change rate for the 1.5-inch diffuser, 

four-port manifold and one-port tube was 0.02, 0.14 and -0.21, respectively. 
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Figure 6-41 Merit factors for the three inlet devices with low average PV power and hot tank conditions. 

 

Figure 6-42 Merit factors for inlet device experimental tests with low average PV power and hot tank conditions. 
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quite small. The difference, which was caused by calculation variances among actual entropy, 

perfect entropy and mixed entropy, had very little to no impact on the final calculations as shown 

in Figures (6-45a, 6-45b, and 6-45c).  

 

Figure 6-43 Entropy ratios of the three inlet devices with low average PV power and hot tank conditions. 

 

Figure 6-44 Entropy ratios of inlet devices at the end of the test in hot tank conditions and low PV power. 
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Figure (6-45a). Entropy of 1.5-inch diffuser for three inlet devices in low average PV power and cold tank conditions. 

 

Figure (6-45b). Entropy of four ports manifold for three inlet devices in low average PV power and cold tank conditions. 

 

Figure (6-45c). Entropy of one port copper tube for three inlet devices in low average PV power and cold tank conditions. 

Figure 6-45 Entropy inside the DHW Tank of three hot water inlet devices 

180

182

184

186

188

190

192

194

9 10 11 12 13 14 15 16 17 18

En
tr

o
p

y 
kJ

/K

Time (hours)

 S_Mix  S_Exp S_Perf

130

135

140

145

150

155

160

165

9 10 11 12 13 14 15 16 17 18

En
tr

o
p

y 
kJ

/K

Time (hours)

 S_Mix  S_Exp  S_Perf

150

152

154

156

158

160

162

164

166

168

9 10 11 12 13 14 15 16 17 18

En
tr

o
p

y 
kJ

/K

Time (hour)

 S_Mix  S_Exp  S_Perf



109 

 

6.2.5.3. Internal Entropy Generation 

Figure (6-46) shows the calculation of the internal entropy generation in hot tank conditions and 

low PV power using the three aforementioned hot water inlet devices. As can be seen, there was a 

rapid decrease in the levels of internal entropy generation of the four-port inlet device until it 

reached 0.65 at the end of the experimental test. There was also a slight decrease in the 1.5-inch 

diffuser, with the value reaching 0.85. However, the complete opposite occurred in the one-port 

manifold, where the value increased from 0.55 to 0.8. In general, a lower value of internal entropy 

generation is better. 

Figure (6-47) shows the internal entropy generation values at the end of the experimental tests. 

Compared to the other two, the four-port inlet design had a lower internal entropy generation. 

Hence, the four-port manifold is the best strategy to use for hot water tanks with less solar energy 

power. The graph shows that the internal entropy generation change rate of the four-port device 

was the highest. Overall, the internal entropy generation change rate of the 1.5-inch diffuser, four-

port manifold and one-port tube was -0.01, -0.2 and 0.23, respectively. 

 

Figure 6-46 Internal entropy of the inlet devices with low average PV power and hot tank conditions. 
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Figure 6-47 Internal entropy generation of inlet devices tests with low average PV power and hot tank conditions. 
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power and the average tank temperature, the energy delivery for the three aforementioned devices 

were 0.5, 2.4 and 0.9 MJ, respectively. These results indicate that the four-port strategy responds 

earlier in the day than the traditional designs, thus enhancing stratification and allowing consumers 

to access hot water early in the day. 

 

Figure 6-48 Energy delivery of the three inlet devices with low average PV power and hot tank conditions. 

 

Figure 6-49 Chart showing energy delivery, low PV power, average tank temperature, and hot tank conditions. 
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6.3. Results 

Figure (6-50) shows the average PV power and dead-state temperature in cold tank conditions for 

all the experimental tests, while Figure (6-51) shows the average PV power and average tank 

temperature in hot tank conditions for the same tests. 

 

Figure 6-50 Average PV power heater and dead-state temperature in cold tank conditions for all experimental tests. 

 

Figure 6-51 Average PV power heater and average tank temperature in hot tank conditions for all experimental tests. 
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6.3.1. Flow Visualization  

Flow visualization was used to view the flow of hot water through the inlet devices inside the tank 

in order to determine the cause of destratification. A color dye, which allowed for the observation 

of inlet jet mixing and plume entrainment, was inserted into the side-arm heater injection system 

to visualize the flow pattern from the outlet of the inlet hot water devices. A syringe was used to 

inject 60 ml of dye into the side-arm heater to visualize the hot water flow pattern inside the 

domestic hot water tank. A few seconds after the injection the dye, a video camera was used to 

record the flow pattern.  

The first tests were high PV power heater experiments, as shown in Figures (6-52a), (6-52b) and 

(6-52c). The flow visualization occurred when the side-arm heater and inlet devices injected 

warmer water into the cold tank. Figures (6-52a) and (6-52b) depict the ink being injected into hot 

water flowing through a four-port manifold and one-port tube. Most of the hot water delivered 

through those two inlet devices was distributed horizontally at the top layers of the storage tank. 

Because the density of the water entering the tank was lower than the water in the tank, the entering 

water rose to the top of the tank. We observed that the water with highest temperature always rose 

to the top level of the tank and replaced the dyed layer at the top. This process of circulation 

enhances stratification in SDHW tanks. However, our observations of the 1.5-inch diffuser 

indicated that the dye color was delivered in the middle of the tank, a strategy which mixed all the 

water in the tank and decreased stratification, as shown in the photo in Figure (6-52c). 
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Figure 6-52 High PV power heater flow pattern from a) four-port, b) one-port and c) 1.5-inch diffuser devices. 

The second tests were low PV power heater experiments, as shown in Figures (6-53a), (6-53b) and 

(6-53c). In these tests, the flow visualization occurred when the outlet hot water temperature varied 

during the experiment due to fluctuations in solar radiation, causing the temperature of the 

delivered hot water to be lower than that of the water at the top of the tank. Low heater power often 

occurs early in the morning or late afternoon due to decreases in the amount of solar radiation 

energy.  When ink was injected into the hot water flowing through the one-port tube or 1.5-inch 

diffuser devices, we observed that a decrease in the PV power heater input to the side-arm heater 

led to a decrease in the outlet hot water temperature from the side-arm heater. The delivered water 

from the side-arm heater had a higher density than the water inside the tank, causing a plume 

entrainment that led to water mixing and a decrease in thermal stratification, and thus a decrease 

in energy delivery to consumers. Therefore, using the four-port manifold during solar radiation 

energy fluctuations caused enhanced stratification in the SDHW tanks, whereas the one-port and 

1.5-inch diffuser devices were ineffective at maintaining or establishing thermal stratification. 
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Figure 6-53 Low PV power heater flow patterns from a) 4-port, b) one-port and c) 1.5-inch diffuser devices. 

Furthermore, as shown in Figure (6-52b), we noticed that there was a high discharge velocity flow 

rate when using a one-port copper tube at the top of the storage tank or a four-port manifold under 

high PV power, which led to destratification. Based on this observation, the exit velocities should 

be reduced by increasing the resistance in the sidearm loop by using smaller diameter piping, 

orifices, or a throttling valve to enhance stratification. 

6.3.2. DOS and Temperature Results 

The top layer temperature change rates for the inlet hot water 1.5-inch diffuser were very slow, 

which led to a decrease in availability and energy delivery. Therefore, consumers would not be 

able to use hot water early in the morning. 

Plume entertainment is often the result of decreases in the amount of solar energy radiation. Using 

a one-port copper tube at the top of the tank led to a downward-flowing plume, as the water 

entering the tank was cooler than the water at the top layers of the tank. The downward-flowing 

plume caused a decline in the temperature of the top layers of the tank, resulting in a decrease in 
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the quality of the hot water. Thus, the copper tube pipe line design with one port at the top decreases 

stratification and therefore would have an impact on the delivery of hot water to consumers early 

in the day. 

After studying and comparing all the graphs, it was found that the four-port manifold had the 

highest degree of stratification as well as the highest change rate for the top tank temperature 

layers. The four-port design also responded earlier in the day than the other two traditional designs 

for most of the experimental tests. Furthermore, the four-port manifold maintained a constant level 

of DOS throughout the experimental tests, which means this type of manifold will enhance 

stratification in the tank, leading to increased energy levels. During the tests, whenever energy was 

added to the SDHW tank through the four-port inlet manifold design, there was always a high 

degree of stratification and high energy delivery to consumers.   

Figures (6-54a) and (6-54b) show screen shots of a four-port manifold during testing under cold 

and hot tank conditions. From these screen shots, we noticed that it was difficult to prove that cold 

water was being drawn into the manifold from the lower ports at the middle of tank and mixed 

with hot water delivered from the side-arm heater inside the manifold, leading to decreases in the 

quality of the hot water delivered to the top of the tank. To prove, we need more accurate 

temperature measurement instrumentation to measure the water temperature surrounding the 

manifold ports. 

Table 6-3 Temperature Change Rate of the three tank Top Layers for all experimental tests 

PV power 
average 

Tank conditions 1.5-inch Diffuser 4 Ports 1 Port 

˚C/h ˚C/h ˚C/h 

Low Cold 0.7 2.8 1.8 

Hot 0.5 1.8 1.1 

Medium Cold 2.1 5.5 7 

Hot 1.7 2.4 2.2 

High Cold 2.4 4.2 4.3 

Hot 2.3 3.7 3.3 
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Figure 6-54 Temperature measurements inside a four-port manifold for a) hot tank and b) cold tank conditions. 

 

 



118 

 

6.3.2.1. PV heater temperature difference  

Figure (6-55) a, b, c and (6-56) a, b, c show the difference between the outlet hot water 

temperature and inlet cold water temperature to the side-arm PV heating element, when using a 

1.5 inch diffuser, a four-port hot water inlet device, and a one-port hot water inlet device using 

the low, medium, and high PV heater power during cold and hot tank conditions (the position of  

inlet and outlet PV heater are shown in Figure (4-7)).  

The results shows that the higher the PV heater power to the heating element, the greater the 

temperature difference across the side-arm heater.  

Table (6-4) and (6-5) show the one-port hot water inlet device had the highest temperature 

difference under low and medium PV heater power. This is the result of first the discharge 

velocity flow rate inside the side arm heater being very slow, and second the location of the 

discharge port at the top of the tank which causes water to stay for longer periods near the 

heating element.  

Tables 6-4 and 6-5 also show that the four-port manifold had a higher temperature difference 

across the side-arm PV heater than the one-port under high PV power. 

Table 6-4 Temperature difference across the heater, and PV power under all tests for a cold tank condition. 

Cold Tank Conditions 

   Power (W) ΔT  (°C) 

 Figure # Time 1.5 Diff 4 port One port 1.5 Diff 4 port One port 

Low 6-51 a 01:05 166 373 377 5.1 7.8 8.5 

Medium 6-51 b 11:03 400 927 720 7 12.6 13.2 

High 6-51 c 01:28 1547 1531 1421 18.5 20.3 18.9 

 

Table 6-5 Temperature difference across the heater, and PV power under all tests for a hot tank condition. 

Hot Tank Conditions 

   Power (W) ΔT (°C) 

 Figure # Time 1.5 Diff 4 port One port 1.5 Diff 4 port One port 

Low 6-52 a 10:55 233 223 200 5.7 6.2 8.2 

Medium 6-52 b 16:17 659 522 861 9 11.3 13.8 

High 6-52 c 11:00 1225 1560 1542 13.9 19 17.3 
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Figure 6-55 a  PV heater temperature difference during low PV power of all devices of cold tank condition 

 

Figure 6-55 b  PV heater temperature difference during medium power of all devices of cold tank condition 

 

Figure 6-55 c  PV heater temperature difference during high PV power of all devices of cold tank condition 

Figure 6-55 PV heater temperature difference for cold tank condition for all power categories tests 
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Figure 6-56 a  PV heater temperature difference during low PV power of all devices of hot tank condition 

 

Figure 6-56 b  PV heater temperature difference during medium power of all devices of hot tank condition 

 

Figure 6-56 c  PV heater temperature difference during high PV power of all devices of hot tank condition 

Figure 6-56 PV heater temperature difference for cold tank condition for all power categories tests 
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6.3.3. Availability 

6.3.3.1. Change in Availability  

When comparing the thermal performance of the inlet hot water devices for cold or hot storage 

tanks, we have to consider in our evaluation the average PV power heater value and the dead-state 

temperature for cold tank conditions, as well as the average tank temperature for hot tank 

conditions. To make a good evaluation a normalization was performed. Normalization is to bring 

all the PV power values, dead state temperatures for a cold tank, and average tank temperatures 

for hot tank conditions to an equal level for comparison. For example, the normalization of 

availability change is shown in table (6-6). 

Table 6-6 Normalization of availability change for low, medium, and high PV power under cold tank condition  

Availability Change  (MJ) 

Cold Tank Condition 

 Low PV Power Medium PV Power High PV Power 

Diff 4 port 1 port Diff 4 port 1 port Diff 4 port 1 port 

Experimental result 0.09 0.13 0.15 0.77 0.59 0.62 1.27 1.26 1.37 
Heater average power  W  199 240 272 814 655 735 1079 1115 1206 
Normalization power 0.11 0.13 0.13 0.7 0.66 0.62 1.31 1.26 1.27 
Dead State    𝑻𝟎     ˚C  21 18 18 20 16 22 20 16 20 

Normalization dead state 0.09 0.13 0.13 0.7 0.83 0.56 1.31 1.58 1.27 

 

The results from the availability change rate, as shown in Figure (6-57), show that the four-port 

hot inlet device availability was the best option for all average PV heater power in cold and hot 

tank conditions. 
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Figure 6-57 Availability change in cold and hot tank conditions for all experimental tests. 

6.3.3.2. Availability Ratios 

As a result of the thermal performance parameter plots of availability ratios as shown in Figure (6-

58), the four-port manifold is suitable for use with all average PV power loads in both cold and 

hot tank conditions. 

 

Figure 6-58 Average availability ratios of cold and hot tank conditions for all experimental tests. 
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6.3.4. Energy Delivery 

Figure (6-59) shows the delivered energy calculations for cold and hot tank conditions in all 

experimental tests. The four-port hot water inlet device had the highest energy delivery value when 

using low, medium, and high average PV power for cold or hot tank conditions.  

 

Figure 6-59 Energy delivery in cold and hot tank conditions for all experimental tests. 
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tank. The difference between the 1.5-inch diffuser and the four-port hot water inlet device was 

0.03 MJ.   

In addition, and for further clarification, Figure (6-61) shows the merit factors of a 1.5-inch 

diffuser. This device started at a higher value than the other hot water inlet devices but then 

declined until mid-day. From noon until 1:30 p.m., there was a slight increase, after which the 

readings remained approximately unchangeable until the end of the experimental test. The merit 

factor change rates for the 1.5-inch diffuser, four-port manifold and one-port tube under medium 

average PV power and hot tank conditions were -0.06, 0.07 and -0.04, respectively, indicating that 

the four-port device gave the best outcome. 

 

Figure 6-60 Merit factors under cold and hot tank conditions for all experimental tests. 

 

Figure 6-61 Merit factors for inlet devices under medium average PV power and hot tank conditions. 
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6.3.5.2. Entropy Ratios 

Figure (6-62) shows the entropy ratio calculations for cold and hot tank conditions for all 

experimental tests. The four-port hot water inlet device had the lowest entropy ratio value for most 

of average PV powers in both cold and hot tank conditions. However, the one-port hot water inlet 

device had the same entropy ratios of the four-port manifold for the medium average PV power 

and cold tank conditions. Furthermore, the difference between the inlet hot water inlet designs 

regarding entropy ratios was quite small. The difference was caused by calculation differences 

among actual entropy, perfect entropy and mixed entropy and was so minor as to have very little 

to no impact on the final calculations. To make a good evaluation a normalization was performed. 

Normalization is to bring all the PV power values, dead state temperatures for a cold tank, and 

average tank temperatures for hot tank conditions to an equal level for comparison. For example, 

the normalization of entropy ratio as shown in table (6-7). 

Table 6-7 Normalization of availability change for low, medium, and high PV power under cold tank condition 

Entropy Ratio 

Cold Tank Condition 

 Low PV Power Medium PV Power High PV Power 

Diff 4 port 1 port Diff 4 port 1 port Diff 4 port 1 port 

Experimental result 0.9986 0.9954 0.9979 0.9964 0.9928 0.9928 0.9958 0.9910 0.9918 
Heater Power  W  199 240 272 814 655 735 1079 1115 1206 
Normalization power 1.2 0.9954 0.879 0.899 1.11 0.9928 1.029 0.9910 0.917 
Dead State    𝑻𝟎     ˚C 21 18 18 20 16 22 20 16 20 

Normalization    𝑻𝟎     1.03 0.9954 0.879 0.899 1.391 0.903 1.029 1.239 0.917 

 

We did not consider average PV power heater value, dead-state temperature for cold tank 

conditions, or average tank temperature for hot tank conditions in our evaluation because when 

using a normalization, the entropy ratio results are greater than one, which is an unrealistic value. 

Furthermore, according to thermodynamics, lower entropy indicates more stratification in a tank, 
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but it is difficult to determine which inlet device was the most effective based on such small 

differences. Due to this issue, we did not recognize this parameter in our evaluations. 

 

Figure 6-62 Average entropy ratios in cold and hot tank conditions for all experimental tests. 
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one-port design had the lowest value of internal entropy generation under medium power for cold 

tank conditions and under high power for hot tank conditions. However, the 1.5-inch diffuser 

design was the best medium average PV power heater for hot tank conditions as well as the best 

high average PV power heater for cold tank conditions. The differences in internal entropy 

generation among the three hot water inlet designs were very small and caused by differences in 

calculating actual entropy, perfect entropy, and mixed entropy. As these differences were only 

minor, they had little to no impact on the final calculations. Furthermore, in our evaluations, we 

did not consider either the average PV power heater value, the dead-state temperature for cold tank 

conditions, or the average tank temperature for hot tank conditions. We chose not to use these 

measurements because it was very sensitive to dead state temperature, average tank temperature. 

Due to this issue, we chose not to recognize this particular parameter in our evaluations. 

 

Figure 6-63 Internal entropy generation in cold and hot tank conditions for all experimental tests. 
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Chapter 7: Conclusions 

The experiments for this research were conducted at the Renewable Energy Laboratory at 

Dalhousie University. Sixty-two experiments were conducted on a side-arm PV water heater with 

three types of hot water inlet devices. The experimental tests were conducted from June to October 

2018. Over this time, the main water supply temperatures changed from 16 to 21 C̊. The 

experimental work was undertaken to identify a side-arm heater, connected with various types of 

hot water distributor devices, which would enhance thermal stratification in an SDHW system 

tank. The evaluation of the performance of the hot water inlet devices was based on the assessment 

of flow visualization, temperature distribution inside the storage tank, degree of stratification 

(DOS), availability, availability ratio, energy delivery, entropy ratio, merit factor and internal 

entropy generation. The most effective hot water inlet device is the one which has a high DOS, 

availability change, merit factor, energy delivery, and average availability ratios. Furthermore, it 

has a low entropy ratio and a low internal entropy generation. Based on the results from this 

experimental research work, we determined the following: 

 The availability is inversely proportional to dead state temperature and the entropy is 

directly proportional to dead state temperature. Selection of the dead state temperature is a 

critical parameter for a precise evaluation. In this research, the main water supply 

temperature was selected as the dead state temperature because if the water temperature is 

equal to the main water supply temperature, there will be no useful energy for the SDHW 

system user. 
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 The hot water from the side-arm heater rose in the four-port manifold, maintaining a 

pressure difference with the hot water in the tank until it reached the level at which the 

manifold density matched that of the hot water in the tank. 

 An experimental method to enhance stratification in the SDHW system using PV power 

will contribute to the industry by providing important information on the ability and 

effectiveness of using photovoltaics to provide low-grade heat. 

 By graphing results we found that for the most of experimental tests the four port manifold 

had the highest degree of stratification, and high change rate for the temperature of the top 

tank layers, and responded earlier in the day than the other two designs for the most of 

experimental tests. This means the four-port manifold had the ability to enhance 

stratification to a higher degree than the single-port manifolds. 

 According to flow visualization tests, using the four-port manifold during periods of 

fluctuating solar radiation led to enhanced stratification. The results of this testing indicated 

that using a four-port manifold that increases gradually from a small lower-port diameter 

to a large upper-port diameter is a workable solution to enhance stratification. 

 According to thermodynamics, a more stratified storage tank will have a lower entropy. 

The four-port hot water inlet device had the lowest entropy ratio value in most of the tests. 

However, due to the very small differences in entropy between the tests with the three 

manifolds, it was impossible to use entropy ratio, as parameters to determine which inlet 

device was the most effective. In addition, with normalization, the entropy results was 

greater than one, which is an unrealistic value. Due to this issue it was difficult to recognize 

this parameter in our evaluations.  
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 Due to fluctuating mains water supply temperature, and average tank temperature, the 

internal entropy generation parameters were producing infrequent results. Due to the 

inconstant results in internal entropy generation between the tests with the three manifolds, 

it was impossible to use the internal entropy generation, as parameters to determine which 

inlet device was the most effective. 

 There was a high velocity discharge flow rate when using a one port copper tube at the top 

of the storage tank or a four-port manifold under high PV power, which led to 

destratification. 

 Water colder than water at the top layers of the tank, delivered through the one-port tube 

flows downwards to the bottom of the tank. Due to this action a decline in the temperature 

of the top layers of the tank occurs, which leads to decreases in the quality of the hot water. 

 With the four-port manifold, it was difficult to establish that there was cold water sucked 

into the lower ports of the manifold at the middle of tank. This cold water may have mixed 

with hot water delivered from the side-arm heater inside the manifold, which led to 

decreases in the quality of the hot water at the top of the tank. 

 The decay of the stratification over time is caused by heat transfer to the environment. 

Measurement of heat losses to the environment is based on the difference between 

temperature surrounding the tank and the average temperature of each layer in the storage 

tank at the start and at the end of the experimental test. It is obvious from the tests that the 

temperature of storage tank layers were decreased due to standby heat losses. Heat can be 

transferred from a hot medium to a cold medium via a heat conducting wall, and this 

mechanism destroys thermal stratification. Consequently, enhanced thermal stratification 

may be obtained by using a well-insulated storage tank. 
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7.1. Recommendations and Future Work 

While this research has successfully investigated the enhancement of thermal stratification in a 

SDHW tank using a side-arm heater with four ports inlet device, there is still other experimental 

and modelling work to be done. The following recommendations are made for additional research: 

 The effect of hot water draws from the side-arm heater and the performance of the SDHW 

tank should be investigated experimentally. Furthermore, based on this observation, it is 

recommended that experiments be conducted by increasing the resistance in the sidearm 

loop by using smaller diameter piping, orifices, or a throttling valve to reduce the exit 

velocities. In addition, different side-arm heater diameters also need to be tested in order 

to be applicable for commercial domestic hot water tanks. 

 To test the system with constant AC power future research should use a 120 V, 1500 W 

AC element heater to simulate a sunny day, and a 240 V, 3000 W set to 120 V to simulate 

a cloudy day.  

 Research should be conducted by using a model to predict the PV power, dead state 

temperature, and temperature distribution in the SDHW Tank as well as the side-arm 

heater. The result of these models should be compared with the experimental results with 

similar configurations and similar conditions. 

 A flow meter measurement device should be assembled to measure flow rate after the 

sidearm heater instead of using a numerical calculation. To improve the estimate of hot 

water flow rate. 

 We recommend using more accurate temperature measurement surrounding the manifold 

ports to prove there was cold water sucked from the lower ports of four port manifold at 
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the middle of tank, which leads to decrease the water quality of the hot water at the top of 

the tank. 

 The effect of the reverse flow through the side-arm heater and the manifold under the night 

and low PV power conditions should be studied to protect the system from this 

phenomenon could be a practical feature in the design. 
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Appendix A 

The following graphs present the results of the medium PV power for cold tank and hot tank 

Figures (62-101), and Figures from (102-145) present the high PV average power for cold and hot 

tank. 

 

Figure 6-64 Medium PV power heater during three hot water inlet device tests for cold tank conditions. 

 

Figure 6-65 Medium average PV power and cold tank condition tests. 

 

Table 6-8 Temperature Change Rate of three the tank Top Layers for Medium PV power and Cold Condition 

1.5 inch diffuser 4 ports 1 port 

˚C/h ˚C/h ˚C/h 
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Figure 6-66a Graph showing 1.5-inch diffuser inlet device, medium average PV power, and cold tank conditions. 

 

Figure 6-66b Graph showing four-port manifold inlet device, medium average PV power, and cold tank conditions. 

 

Figure 6-66c. Graph showing one-port tube inlet device, medium average PV power, and cold tank conditions. 

Figure 6-66 Temperature distribution inside DHW tanks using three hot water inlet devices. 
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Figure 6-67a Graph showing 1.5-inch diffuser inlet device, medium average PV power, and cold tank conditions. 

 

Figure 6-67b Graph showing four-port manifold inlet device, medium average PV power, and cold tank conditions. 

 

Figure 6-67c Graph showing one-port copper inlet device, medium average PV power, and cold tank conditions 
Figure 6-67 Temperature distribution inside DHW tanks using hot water inlet devices. 

20

22

24

26

28

30

32

34

36

38

40

68 203 338 473 608 743 878 1,013 1,148 1,283 1,418

Te
m

p
er

at
u

re
 ̊C

Tank Height

Startup(9:00 ) 0.5 14:00 pm 16:00 Pm Shutdown(18:00 )

18

20

22

24

26

28

30

32

34

36

68 203 338 473 608 743 878 1,013 1,148 1,283 1,418

Te
m

p
er

at
u

re
 ̊C

Tank Height

18

20

22

24

26

28

30

32

34

36

38

40

68 203 338 473 608 743 878 1,013 1,148 1,283 1,418

Te
m

p
er

at
u

re
 ̊C

Tank Height



140 

 

. 

 

Figure 6-68 Degree of stratification of three hot water inlet devices, medium average PV power, and cold tank 

conditions. 

 

Figure 6-69 Average DOS of three inlet devices, medium average PV power, and cold tank conditions. 
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Figure 6-70 Availability for three inlet devices in medium average PV power and cold tank conditions. 

 

Figure 6-71 Availability change for three inlet devices in medium average PV power and cold tank conditions. 

 

Figure 6-72 Availability ratios for three inlet devices in medium PV power and cold tank conditions. 
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Figure 6-73 Average availability ratio for three inlet devices in medium PV power and cold tank conditions. 

 

Figure 6-74 Energy delivery for three inlet devices in medium PV power and cold tank conditions. 

 

Figure 6-75 Energy delivery, medium PV power, and dead-state temperature of the three devices in cold tank 

conditions. 
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Figure 6-76a Entropy of 1.5-inch diffuser for three inlet devices in medium average PV power and cold tank conditions. 

 

Figure 6-76b Entropy of four ports manifold for three inlet devices in medium average PV power and cold tank conditions. 

 

Figure 6-76c Entropy of one port copper tube for three inlet devices in medium average PV power and cold tank conditions. 

Figure 6-76 Entropy inside the DHW Tank of three hot water inlet devices 
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Figure 6-77 Merit factor for three hot water inlet devices in medium average PV power, and cold tank conditions. 

 

Figure 6-78 Merit factor for three hot water inlet devices at the end of the test in cold tank conditions. 

 

Figure 6-79 Entropy ratios of inlet devices in medium average PV power and cold tank conditions. 

 

Figure 6-80 Entropy ratios of three inlet devices in medium average PV power and cold tank conditions. 
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Figure 6-81a Entropy difference of 1.5-inch diffuser in medium average PV power and cold tank conditions. 

 

Figure 6-81b Entropy difference of four ports manifold in medium average PV power and cold tank conditions 

 

 

Figure 6-81c Entropy difference of one port copper tube in medium average PV power and cold tank conditions  

Figure 6-81 Entropy difference inside the DHW Tank of three hot water inlet devices 
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Figure 6-82 Internal entropy generation of inlet devices in medium average PV power and cold tank conditions. 

 

Figure 6-83 Average internal entropy generation of three inlet devices in medium average PV power and cold tank 

conditions. 
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Figure 6-84 Medium PV power heater during three hot water inlet device tests for hot tank conditions. 

 

Figure 6-85 Medium average PV power and hot tank condition tests. 

 

Table 6-9 Temperature Change Rate of the three tank Top Layers for Medium Average PV power and Hot Tank 

Condition 

1.5 inch diffuser 4 ports 1 port 

˚C/h ˚C/h ˚C/h 
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Figure 6-86a Graph showing 1.5-inch diffuser inlet device, medium average PV power, and hot tank conditions. 

 

Figure 6-86b Graph showing four-port manifold inlet device, medium average PV power, and hot tank conditions.              

 

Figure 6-86c Graph showing one-port tube inlet device, medium average PV power, and hot tank conditions. 

Figure 6-86 Temperature distribution inside DHW tanks using three hot water inlet devices. 
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Figure 6-87a Graph showing 1.5-inch diffuser inlet device, medium average PV power, and hot tank conditions. 

 

Figure 6-87b Graph showing four-port manifold inlet device, medium average PV power, and hot tank conditions. 

 

Figure 6-87c Graph showing one-port copper inlet device, medium average PV power, and hot tank conditions. 

Figure 6-87 Temperature distribution inside DHW tanks using hot water inlet devices. 
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Figure 6-88 Degree of stratification of three hot water inlet devices, medium average PV power, and hot tank 

conditions. 

 

Figure 6-89 Average DOS of three inlet devices, medium average PV power, and hot tank conditions. 

 

Figure 6-90 Availability for three inlet devices in medium average PV power and hot tank conditions. 
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Figure 6-91 Availability change for three inlet devices in medium average PV power and hot tank conditions. 

 

Figure 6-92 Availability ratios for three inlet devices in medium average PV power and hot tank conditions. 

 

Figure 6-93 Average availability ratio for three inlet devices in medium average PV power and hot tank conditions. 

 

833 840 850

32

34

36

1.11

1.28

1.14

1

1.05

1.1

1.15

1.2

1.25

1.3

800

810

820

830

840

850

860

870

880

890

1.5 inch Diff 4 Ports 1 Port

Heater power ( W ) Average Tank Temp (˚C ) Δ Availability (MJ)

0

0.02

0.04

0.06

0.08

9 10 11 12 13 14 15 16 17 18

A
  R

at
io

 

Time (hours)

1.5 inch Diff 4 ports 1 port

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

1.5 inch Diff 4 ports 1 port

A
ve

ra
ge

 A
 R

at
io

s 



152 

 

 

Figure 6-94 Energy delivery for three inlet devices in medium average PV power and hot tank conditions. 

 

Figure 6-95 Energy delivery, medium PV power, and dead-state temperature of the three devices in hot tank 

conditions. 
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Figure 6-96a Entropy of 1.5-inch diffuser for three inlet devices in medium average PV power and hot tank conditions. 

 

Figure 6-96b Entropy of four ports manifold for three inlet devices in medium average PV power and hot tank conditions. 

 

Figure 6-96c Entropy of one port copper tube for three inlet devices in medium average PV power and hot tank conditions. 

Figure 6-96 Entropy inside the DHW Tank of three hot water inlet devices 
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Figure 6-97 Merit factor for three hot water inlet devices in medium average PV power, and hot tank conditions. 

 

Figure 6-98 Merit factor for three hot water inlet devices at the end of the test in hot tank conditions. 

 

Figure 6-99 Entropy ratios of inlet devices in medium average PV power and hot tank conditions. 

 

Figure 6-100 Entropy ratios of inlet devices in medium average PV power and hot tank conditions. 
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Figure 6-101a Entropy difference of 1.5-inch diffuser in medium average PV power and hot tank conditions. 

 

Figure 6-101b Entropy difference of four ports manifold in medium average PV power and hot tank conditions 

 

 
Figure 6-101c Entropy difference of one port copper tube in medium average PV power and hot tank conditions  

Figure 6-101 Entropy difference inside the DHW Tank of three hot water inlet devices 
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Figure 6-102 Internal entropy generation of inlet devices in medium average PV power and hot tank conditions. 

 

Figure 6-103 Average internal entropy generation of three inlet devices in medium average PV power and hot tank 

conditions. 
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Figure 6-104 High PV power heater during three hot water inlet device tests for cold tank conditions. 

 

Figure 6-105 High average PV power and cold tank condition tests. 

 

Table 6-10 Temperature Change Rate of the three tank Top Layers for High Average PV power and Cold Tank 

Condition 

1.5 inch diffuser 4 ports 1 port 

˚C/h ˚C/h ˚C/h 

2.4 4.2 4.3 
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Figure 6-106a Graph showing 1.5-inch diffuser inlet device, high average PV power, and cold tank conditions. 

 

Figure 6-106b Graph showing four-port manifold inlet device, high average PV power, and cold tank conditions. 

 

Figure 6-106c Graph showing one-port tube inlet device, high average PV power, and cold tank conditions. 

Figure 6-106 Temperature distribution inside DHW tanks using three hot water inlet devices. 
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Figure 6-107a Graph showing 1.5-inch diffuser inlet device, high average PV power, and cold tank conditions. 

 

Figure 6.107b Graph showing four-port manifold inlet device, high average PV power, and cold tank conditions. 

 

Figure 6-107c Graph showing one-port copper inlet device, high average PV power, and cold tank conditions. 

Figure 6-107 Temperature distribution inside DHW tanks using hot water inlet devices. 
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Figure 6-108 Degree of stratification of three hot water inlet devices, high average PV power, and cold tank 

conditions. 

 

Figure 6-109 Average DOS of three inlet devices, high average PV power, and cold tank conditions. 

 

Figure 6-110 Availability for three inlet devices in high average PV power and cold tank conditions. 

0

50

100

150

200

9 10 11 12 13 14 15 16 17 18

D
 O

 S

Time (hours)

1.5 inch 4 Ports DOS 1 port DOS

0

5

10

15

20

9 10 11 12 13 14 15 16 17 18

A
ve

ra
ge

 D
 O

 S

Time (hours)

1.5 inch 4 Ports 1 port

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

9 10 11 12 13 14 15 16 17 18

A
va

ila
b

ili
ty

 (
M

J)

Time (hours)

1.5 inch Diff Avail 4 ports Avail 1 port Avail



161 

 

 

Figure 6-111 Availability change for three inlet devices in high average PV power and cold tank conditions. 

 

Figure 6-112 Availability ratios for three inlet devices in high average PV power and cold tank conditions. 

 

Figure 6-113 Average availability ratio for three inlet devices in high average PV power and cold tank conditions. 
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Figure 6-114 Energy delivery for three inlet devices in high average PV power and cold tank conditions. 

 

Figure 6-115 Energy delivery, high PV power, and dead-state temperature of the three devices in cold tank 

conditions. 
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Figure 6-116a Entropy of 1.5-inch diffuser for three inlet devices in high average PV power and cold tank conditions. 

 

Figure 6-116b Entropy of four ports manifold for three inlet devices in high average PV power and cold tank conditions. 

 

Figure 6-116c Entropy of one port copper tube for three inlet devices in high average PV power and cold tank conditions. 

Figure 6-116 Entropy inside the DHW Tank of three hot water inlet devices 
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Figure 6-117 Merit factor for three hot water inlet devices in high average PV power, and cold tank conditions. 

 

Figure 6-118 Merit factor for three hot water inlet devices at the end of the test in cold tank conditions. 

 

Figure 6-119 Entropy ratios of three inlet devices in high average PV power and cold tank conditions. 

 

Figure 6-120 Entropy ratios of three inlet devices in high average PV power and cold tank conditions. 
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Figure 6-121a Entropy difference of 1.5-inch diffuser in high average PV power and cold tank conditions. 

 

Figure 6-121b Entropy difference of four ports manifold in high average PV power and cold tank conditions 

 

 

Figure 6-121c Entropy difference of one port copper tube in high average PV power and cold tank conditions  

Figure 6-121 Entropy difference inside the DHW Tank of three hot water inlet devices 
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Figure 6-122 Internal entropy generation of inlet devices in high average PV power and cold tank conditions. 

 

Figure 6-123 Average internal entropy generation of three inlet devices in high average PV power and cold tank 

conditions 

 

Figure 6-124 Internal entropy generation of three inlet devices at the end in high average PV power and cold tank 

conditions 
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Figure 6-125 High PV power heater during three hot water inlet device tests for hot tank conditions. 

 

Figure 6-126 High average PV power and hot tank condition tests. 

 

Table 6-11 Temperature Change Rate of the three tank Top Layers for High Average PV power and Hot Tank 

Condition 

1.5 inch diffuser 4 ports 1 port 

˚C/h ˚C/h ˚C/h 

2.3 3.7 3.3 
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Figure 6-127a Graph showing 1.5-inch diffuser inlet device, high average PV power, and hot tank conditions. 

 

Figure 6-127b Graph showing four-port manifold inlet device, high average PV power, and hot tank conditions.   

              

 

Figure 6-127c Graph showing one-port tube inlet device, high average PV power, and hot tank conditions. 

Figure 6-127 Temperature distribution inside DHW tanks using three hot water inlet devices. 
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Figure 6-128a Graph showing 1.5-inch diffuser inlet device, high average PV power, and hot tank conditions. 

 

Figure 6-128b Graph showing four-port manifold inlet device, high average PV power, and hot tank conditions. 

 

Figure 6-128c Graph showing one-port copper inlet device, high average PV power, and hot tank conditions. 

Figure 6-128 Temperature distribution inside DHW tanks using hot water inlet devices. 
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Figure 6-129 Degree of stratification of three hot water inlet devices, high average PV power, and hot tank 

conditions. 

 

Figure 6-130 Average DOS of three inlet devices, high average PV power, and hot tank conditions. 

 

Figure 6-131 Availability for three inlet devices in high average PV power and hot tank conditions. 
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Figure 6-132 Availability change for three inlet devices in high average PV power and hot tank conditions. 

 

Figure 6-133 Availability ratios for three inlet devices in high average PV power and hot tank conditions. 

 

Figure 6-134 Average availability ratio for three inlet devices in high average PV power and hot tank conditions. 
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Figure 6-135 Energy delivery for three inlet devices in high average PV power and hot tank conditions. 

 

Figure 6-136 Energy delivery, high PV power, and dead-state temperature of the three devices in hot tank 

conditions. 
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Figure 6-137a Entropy of 1.5-inch diffuser for three inlet devices in high average PV power and hot tank conditions. 

 

Figure 6-137b Entropy of four ports manifold for three inlet devices in high average PV power and hot tank conditions. 

 

Figure 6-137c Entropy of one port copper tube for three inlet devices in high average PV power and hot tank conditions. 

Figure 6-137 Entropy inside the DHW Tank of three hot water inlet devices 
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Figure 6-138 Merit factor for three hot water inlet devices in high average PV power, and hot tank conditions. 

 

Figure 6-139 Merit factor for three hot water inlet devices at the end of the test in hot tank conditions. 

 

Figure 6-140 Entropy ratios of three inlet devices in high average PV power and hot tank conditions. 

 

Figure 6-141 Entropy ratios of three inlet devices in high average PV power and hot tank conditions. 
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Figure 6-142a Entropy difference of 1.5-inch diffuser in high average PV power and hot tank conditions. 

 

Figure 6-142b Entropy difference of four ports manifold in high average PV power and hot tank conditions 

 

 

Figure 6-142c Entropy difference of one port copper tube in high average PV power and hot tank conditions  

Figure 6-142 Entropy difference inside the DHW Tank of three hot water inlet devices 
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Figure 6-143 Internal entropy generation of inlet devices in high average PV power and hot tank conditions. 

 

Figure 6-144 Average internal entropy generation of three inlet devices in high average PV power and hot tank 

conditions 

 

Figure 6-145 Internal entropy generation of three inlet devices at the end in high average PV power and hot tank 

conditions 
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Appendix B 

Regression Equation to calculate the properties 

1. Density 

 𝜌 = 1000 + 10.2 × 10−3 𝑇 − 5679 × 10−6 𝑇2 + 13 × 10−6𝑇3 

 

2. Entropy 

 𝑆 = 6 × 10−8 − 3 × 10−5 𝑇2 + 1.0154 × 𝑇 − 8 × 10−5  
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3. Enthalpy 

ℎ = 4.2126 𝑇 − 9 × 10−4 𝑇2 − 8 × 10−6 𝑇3 − 10−5 𝑇4 − 0.0227 

 

4. Specific heat 

𝐶𝑝 = 4215 − 2.77 𝑇 + 7.046 × 10−2 𝑇2 − 7.132 × 10−4 𝑇3 − 2.898 × 10−6 𝑇4 
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Appendix C 

 

PV Modules 

 

Experimental Setup 
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Water Storage Tank and the side-arm heater 
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Appendix D 

 



182 

 

 



183 

 

 

 

 



184 

 

 

 



185 

 

 

 

 

 

 



186 

 

 

 

 



187 

 

Appendix E    
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