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[bookmark: _Toc296129982]Motivation

Cooling supply has become in the last years a topic of great interest in the Middle East region since conventional cooling technologies are characterized by high energy consumption causing high electricity peak loads. According to the International Energy Agency (IEA), air-conditioning is the dominant energy consuming service in building in many countries. The specific case of the city of Abu Dhabi is not an exception, where the cooling demand is a major component in the electricity load leading to a large technical as well as economical stress on the electrical system.  In an effort to predict energy used for cooling supply a model was devpeloped by our research team at LENS (the Laboratory for Energy and Nano-Science) [1]. This work was motivated by technology and policy questions germane to both supply and demand. It was found in this study that temperature and humidity were the largest factors influencing cooling load. Furthermore, they state that the lower bound it was found that electrical use for cooling load estimate for on Abu Dhabi Island correspondeds to over 40% of the total annual electrical load in 2008 and over 60% of the peak electricity use on the peak day of 2008demand of Abu Dhabi.

Figure 1 shows the seasonal variation of electrical demand of Abu Dhabi. The seasonally varying component of demand is mainly cooling; the cooling demand is further divided into responses, represented by areas between the curves, to ambient temperature, specific humidity, vertical component of direct normal irradiation and diffuse irradiation. 


[image: ]

Figure 1-1. Contributions of different weather parameters to the electricity consumption [1]	Comment by Peter Armstrong: I will send you the final plot

On the other hand, an abundant supply of solar radiation is available in Abu Dhabi; therefore, it is logical to propose the use of solar energy to contribute in the supply of air-conditioning. In order to properly size and design a solar cooling plant, the aggregate cooling loads should be based on all of the significant load predictors. This was the motivation that led LENS to develop a new study where a methodology for assessing solar cooling technologies is proposed taking into account technical as well as economic aspects such as cooling demand time series, solar resource availability, climatic conditions, component cost and component performance characteristics [2]. The authors ofIn this work they compared 25 feasible combinations of solar energy collection and cooling technologies, including solar thermal and solar electric cooling options and is thereby extending the assessment ofed to solar cooling technologies through concentrated solar power plants. The final result can be observed in figure 2 which shows each solar collection technology combined with the best cooling technology it could interface with, based on the operation temperatures. 	Comment by Peter Armstrong: this is not the final result


[image: ]
Figure 1-2. Summary of solar cooling paths [2]

[bookmark: _Toc296129983]Problem definition

The high cooling demand together with the vast supply of solar resource in Abu Dhabi, and more generally in the Middle East, suggests that solar energy for cooling is a highly practical approach. Meteorological data shows that Abu Dhabi has a yearly sum of around 2044 (KWh/m2) of global solar irradiation on a horizontal surface was and direct normal irradiation of around 1800 (KWh/m2) [2]. On the other hand, electricity consumption in this region is growing considerably and is on track to exceed planned generation capacity. Solar thermal cooling is not a new concept; nevertheless, it has been gaining relevance in recent years because of its potential to provide efficient cooling at low costs without generating CO2 emissions. However, solar energy is a time dependent resource and therefore a disparity exists between energy generation and demand, therefore heat storage plays a key role in reducing excess energy production. It also provides the system with a degree of independence from the solar input, but the level of this independence is related to the size of storage employed. NeverthelessIndeed, a very high capacity of thermal storage is required to completely decouple supply from demand. For these reasons, a new storage alternative is necessary. Of the possible options, phase change materials (PCMs) seem the most promising because of its higher storage density compared with sensible heat storage. In addition, PCMs have very small temperature differences between charging and discharging modes; the process may be considered as isothermal, which reduces efficiency thermodynamic (availability)losses. 	Comment by Peter Armstrong: need reference	Comment by Peter Armstrong: what do you meam here?

The purpose of this document is to analyze a PCM storage unit using water as a working transport fluid in connection to an absorption chiller. The solar thermal energy is harnessed using the Beam-down pilot plant in Masdar City (Figure 3). A model is developed and simulations carried out with commercial software (MatLab and COMSOL Multiphysics) using two different numerical methodologies in order to test the behavior of these three elements together. The current project combines these three units aiming at the provision of round-the-clock cooling to Masdar City without producing emissions. Therefore, for this project a dynamic model of the thermal behavior of the latent heat storage (LHS) unit is required.


[image: beamdown]      [image: chiller]
Figure 1-3. Beam-down pilot plant and absorption chillers at Masdar test site
[bookmark: _Toc272174078]
[bookmark: _Toc296129984]Solar-cooling system components

1. [bookmark: _Toc296129985]Beam-down

The Beam-down unit pilot plant at Masdar City is designed to provide a nominal power of 100 kWth .Theis beam-down configuration at Masdar is outfitted withuses a central reflector which consists of multiple flat mirrors to approximate a hyperboloids with the same focal points to redirect the solar beams radiation reflected from eachthe heliostats to a common focal pointon or near to the ground. Theis configuration use of separate mmirrors on the central reflector permits ventilation between the rings, has a light frame structure and reduces the wind effectloads.  The Masdar beam down design is also unusual in its use of a level heliostat field comprising three concentric rings of heliostats.  This arrangement is not optimal for commercial plants but is well suited to the research activities for which the plant is intended.

2. [bookmark: _Toc296129986]Triple Effect Absorption chiller

Absorption chillers provide chilled water by using heat instead of electricity; by utilizing absorbent fluid and a refrigerant, they transfer thermal energy from the heat source to the heat sink. The triple-effect absorption chiller at Masdar transfer heat to the absorbent solution through four major components: an evaporator, absorber, generator and condenser.	Comment by Peter Armstrong: This needs to be a bit more complete...use Sahar's description?

3. [bookmark: _Toc296129987]PCM Storage system

In each array of tubes, the PCM is sandwiched in the annulus formed bybetween two concentric tubes while the transport fluid, usually steam, water or oil flows through the inner core. For example sSteam produced by the Beam-down test facility ismay be used to to charge a PCM store and the stored heat can later run an absorption chiller. The plant design integrating the PCM storage unit with an absorption chiller and with the Beam-down pilot plant is shown in Figure 1-4. 
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Figure 1-4. Solar thermal cooling plant design incorporating a PCM storage unit.	Comment by Peter Armstrong: Does the "drum" serve as the expansion tank? I think the blue loop will need a pump.  Explain why there is a separate blue loop when it appears that the red loop would suffice if a pump were installed to right of the lower 3-way valve.  Is it because of some flow pattern consideration?



[bookmark: _Toc296129988]CHAPTER 2 – LITERATURE REVIEW

Throughout human’s history energy has been used in different forms; as mechanical energy, as electrical energy, as heat, etc.  However, in recent years energy has become a fundamental factor to define people’s standard of living. Heat and cold storage did not play a significant role before, for most people in everyday life. This changed in recent times when the demand for comfort in domestic buildings increased. Moreover, thermal energy storage plays a very important role in many energy systems. In solar systems, in order to use the excess energy produced while solar resource is available, heat storage is employed so that energy can be utilized during low availability. In that way the mismatch between supply and demand can be overcomecovered. The use of energy storageed results in a more energy efficient or and cost effectiveicient system. There are two situations in which theat energy stored energy can be used, these are: during night time or during unpredictable cloudy days. Therefore, it can be easily noticed that the use of storage is essential a key point in the system described in this document if since the intention is to develop a 24/7 solar system.	Comment by Peter Armstrong: are you trying to say that "cooling has gone from luxury to necessity?" or something lake that?

There are three main approaches that have been considered for storing heat. These three kinds of thermal energy storage systems are: sensible heat storage where thermal energy is stored by changing the temperature of a storage medium, latent heat storage where the heat transfer occurs when a substance changes from one phase to another and finally chemical heat storage. The last type of storage is by means of chemical reactions, it is necessary that the chemical reactions involved are completely reversible. These 3 approaches are going to be explained in this section, nevertheless this document is going to be focused on explaining latent heat storage since it seems to be the most promising technique now a days. This is due to the fact that larger amount of energy can be stored using latent heat than sensible heat in the same unit volume. Also, although chemical storage is a very interesting option and it has big potential, is still in a very early stage. 	Comment by Peter Armstrong: move this to later?	Comment by Peter Armstrong: rewrite concisely

The storage process involves three main steps: charging, storing and discharging. There are a large variety of choices of storage media depending on the temperature range and application but and the appropriate selection will depend on cost-benefit considerations, technical criteria and environmental criteria [3].

[bookmark: _Toc272174082][bookmark: _Toc296129989] Sensible heat storage

By far the most common way of thermal energy storage is as sensible heat. It is called sensible heat when by increasing the temperature of the storage medium it is produced an increment in energy. The ratio of stored heat ΔQ to the temperature rise ΔT in the heat capacity C of the storage medium; ΔQ=C* ΔT= m*c* ΔT	Comment by Peter Armstrong: rewrite

Sensible heat storage is perhaps the simplest way of storing thermal energy. Some examples of the most common storage medium are: water, molten salt, air, oil, rock beds, bricks, sand, etc. Considerations that have to be taken into account in order to choose a medium are:	Comment by Peter Armstrong: air is a transport medium...not a storage medium

· Cost of the mediumfluid
· Operational temperature ranges
· Thermal conductivity and diffusivity
· Pressures and pressure vessel geometry 
· Compatibility among materials
· Stability
· Heat loss coefficient as a function of the surface areas
· Need for and ability to provide thermal stratification

[bookmark: _Toc296129990]Liquid media

If the storage mediuma is a liquid such is water, molten salt orand mineral orand synthetic oils, a thermal stratification is may be establishedproduced in the tank because of the differences in density between hot and cold fluid. At low temperature water is a great storage media because of its high specific heat, low price and general availability. However, the range of temperature before it becomes steam is low (25°C to-90°C) then when it becomes vapor a costly insulation and pressureized container vessel is needed [4].

For high temperature storage the most typical substitutes for water are oils and molten salt. Although their heat capacities are 25-40% of that of water on a weight basis these substitutes have lower vapor pressure and they can operate at temperatures greater than 300°C [4]. However, oils are very expensive and above about 400ºC most organic oils tend to thermally decompose, therefore fluids such as molten salts, liquid metals and air (with an air-rock storage medium) are commonly considered. Molten salt is an excellent thermal storage medium. It is aA mixture of 60% sodium nitrate and 40% potassium nitrate is commonly used. It is non-flammable and nontoxic and it is liquid at atmospheric pressure so there is no need for pressurize the system. Moreover, it can be used as both the transportworking fluid for the solar field and as storage medium thus eliminating the need for expensive heat exchangers. Unfortunately, it has potential corrosion problems and presents a relatively high freezing point which makes it more complex to deal with. On the other hand, sodium hydroxide has a relatively higher melting point (320 °C) and can work atin temperatures up to 800°C, however there is a difficulty in containing it at high temperatures and it is highly corrosive [4]. 	Comment by Peter Armstrong: ? because it is corrosive or because of cost/engineering challenge of an 800C tank?

[bookmark: _Toc296129991]Solid media

Materials for solid media thermal storage are usually found employed in the form of packed beds, and requireing a fluid to transport and exchange heat. Their main advantages are their low cost and high working temperatures. The mMost common materials are rocks, bricks, sand, and concrete, etc. These materials do not freeze or leak, energy can be stored at low temperature but also at high temperature. Also, cConcrete has a high specific heat and good mechanical properties, its coefficient of thermal expansion is near that of steel and it has high mechanical resistance to cyclic thermal loading [3]. Primary issues include maintaining good contact between the concrete and piping (when direct contact is not used), and the heat transfer rates into and out of the solid medium [6]. 

[bookmark: _Toc272174083][bookmark: _Toc296129992]Chemical heat storage

When a chemical reaction takes place, there is a difference between the enthalpy of the substances present at the end of the reaction and the enthalpy of the substances at the start of the reaction. This enthalpy difference is known as heat of reaction. Any chemical reaction with high heat of reaction can be used for thermal energy storage as long as the product can be stored and the heat stored is released during the reverse reaction [17]. In a chemical heat storage system thermal energy is used to break chemical bonds in a reversible way. The rupture of the chemical bond requires large quantities of energy input, thus resulting in thermal energy storage. The heat produced by the solar collector field is used to produce the chemical reaction in the substance, if this reaction is completely reversible the thermal energy can be recovered completely by the reverse reaction.
There are many reasons why this method has attracted the attention of scientists, some of these are: 

· Large quantities of energy to be stored in small quantities of material.
· The reverse, the energy-releasing chemical reaction, rarely proceeds at room temperature. Therefore, the energy can be stored indefinitely, without energy loss, at ambient temperatures.
· Because of very high energy density and stability at low temperatures of some chemical energy storage systems, the stored thermal energy can be transported. 

Although chemical energy storage is a very attractive option, it is furthest from being developed to the point of practical use in a solar thermal energy system. As of 2011Nowadays there is no chemical energy storage system that has been tested in a commercially viable solar thermal energy system [5]. 

An example of a chemical storage research system developed at The Australian National University (ANU) is shown in Figure 2-1. The solar driven cyclesystem was developed in The Australian National University (ANU), it operates is driven by heat fromon a paraboloidal dish concentrator of around 20m2 ofwith a 15kW receiver/ reactor. 
[image: ]

Figure 2-1. Scheme of installation of a parabolic through power plant with chemical storage system [18].	Comment by Peter Armstrong: what is N3/N3 in the upper storage region?  should be N2 and H2 gas?

[bookmark: _Toc272174084][bookmark: _Toc296129993] Latent heat storage

Latent heat is associated with the energy requirted to convert a solid material toin liquid, or a liquid material toin gas. A large amount of rEnergy is required for the phase transition of athe material over a narrow range of temperature; this amount of energy required is higher than the amount of energy needed to increase the temperature of that material in one single phase. This is why latent heat storage systems provide higher energy storage density when compared with conventional sensible heat storage systems; they require a smaller weight and volume of material for a given amount of energy. 	Comment by Peter Armstrong: give example of ice>liquid water and water>steam
Furthermore, latent heat storage systems have the capacity to store heat at relatively constant temperature which is the phase change temperature of the material. This temperature interval represents an important criterion for the selection of the phase change material since the phase transition must occur within these limits useful for the application [7].

Table 2-1 shows a comparison of energy storage densities from different methods. It shows that PCMs can store about 3 to 4 times more (in some cases even 15 times more [4]) heat per volume than the one stored as sensible heat in solids or liquids within a temperature interval of 20°C. On the other hand, we can see that chemical energy in gasoline shows a storage density about 100 times larger than that of PCM. Furthermore, table 2-1 also shows a comparison with the storage of electrical energy since currently a big part of the energy is delivered to the end user as electricity. In comparison with latent heat storage, batteries show smaller or comparable storage densities.

	
	MJ/m3
	kJ/kg
	Comment

	
Sensible heat
	
	
	

	Granite
	50
	17
	ΔT=20°C

	Water
	84
	84
	ΔT=20°C

	
Latent heat of melting
	
	
	

	Water
	306
	330
	melting temperature 0°C

	Paraffins
	180
	200
	melting temperature  5°C-130°C

	salt hydrates	Comment by Peter Armstrong: reference Maria Telkes ~1945?
	300
	200
	melting temperature  5°C-130°C

	Salts
	600-1500
	300-700
	melting temperature  300°C-800°C

	
Latent heat of evaporation
	
	
	

	Water
	2452
	2450
	ambient conditions

	
Heat of chemical reaction
	
	
	

	H2 gas (oxidation)
	11
	120000
	300K, 1bar

	H2 gas (oxidation)
	2160
	120000
	300K, 200 bar

	H2 liquid (oxidation)
	8400
	120000
	20K, 1bar

	fossil gas
	32
	-
	300K, 1bar (Diekmann et al.1997)

	Gasoline 
	33000
	43200
	(Diekmann et al.1997)

	
Electrical energy
	
	
	

	Zinc/manganese oxicde battery
	-
	180
	(Diekmann et al.1997)

	Lead battery
	-
	70-180
	(Diekmann et al.1997)

	
Table 2-1. Comparison of typical storage densities of different energy storage methods(3.6 MJ = 1kWh) [17]

	
	
	
	


A wide range of PCMs have been investigated, subdividing them in eutectics and mixtures (inorganic, organic and fatty acids) see Figure 2-2. 

[image: ]

Figure 2-2 Classification of energy storage materials [9]

By far water is the best-known PCM. It has been used for cold storage for more than 2000 years. Today, cold storage with ice is state of the art and even cooling with natural ice and snow is used again [17]. Figure 2-3 shows the typical range of melting enthalpy and melting temperature of common material classes used for LHS. Paraffins, fatty acids, and sugar alcohols are organic materials. Salts hydrates are salts with a large and defined amount of crystal water. By looking at figure 2-3 we can see that the energy density is roughly proportional to the melting temperature in K and . Moreover, it can be also highlighted that PCMs can be used for a very large number wide variety of applications where the operation temperature lies in a range between -100 and 800°C.

[image: C:\Users\Irene\Desktop\THESIS\CHP2_literature rev\figurefinal.jpg]
Figure 2-3 Classes of material that can be used as PCM and their typical range of melting temperature and melting enthalpy [17]


The main criteria in order to select a phase change material are [8]:

· The melting point lies in the desired operating temperature range.
· Possess high latent heat of fusion per unit mass.
· Has high specific heat to provide additional sensible heat storage effects. 
· Has high thermal conductivity, so that the temperature gradients for charging and discharging the storage material are small.
· Shows little or no subcooling during freezing. 
· Presents chemical stability, no chemical decomposition and corrosion resistance to construction materials.
· Contains non-poisonous, non-ﬂammable and non-explosive elements/compounds.
Also, the main difficulties of working with phase change materials for storing energy are [9]:

· Stability of properties under extended cycling, which can be solved using stabilizers and nucleating agents.
· Subcooling (as the melt is cooled, therefore, it does not solidify at the thermodynamic equilibrium melting point) and segregation, which is solved by adding crystallizing and nucleating agents.
· They present low thermal conductivity, which can be solved  by mixing with metals.  
· These systems usually require the utilization use of a heat exchanger which increases the cost of the unit.

A number of From the technical and economic point of view the requirements, according to [17], that have to be considered when designing a LHS unit. are:

Technical requirements, regarding the construction of a storage device, include:

· Small volume change during the phase change. 
· Low vapor pressure. This is to reduce requirements of mechanical stability and leak-tightness imposed on the container of the PCM.  
· Chemical stability of the PCM, for long lifetime of it.
· Compatibility of the PCM with other materials, for long lifetime of the container and or fins.
· Safety and environmental constraints.

Economic requirements, regarding the development of a marketable product, include:

· Low price in order to compete with other options of storage and also to be competitive with methods of heat and cold supply without storage at all.
· Good recyclability for environmental and economic reasons.

It is very common that a material is not able to fulfill all the requirements previously mentioned. Usually PCMs have very low thermal conductivity, inorganic PCM often show subcooling, not always there is compatibility with the container material, etc. Nevertheless, several strategies have been developed to cope with these problems. Cabeza et al. 2008 discusses these strategies in section 2.3.	Comment by Peter Armstrong: rewrite, e.g,: Depending on the application, various compromises in material properties are inevitable.

[bookmark: _Toc296129994]Different configurations of LHS units

Once the PCM has been selected the geometry of the PCM container has to be considered along with its thermal and geometric parameters. In order to ensure long-term thermal performance of any PCM system the size and shape of the PCM container must correspond to the melting time of the PCM and to the daily insoulation at a given location if the source of energy is a solar collector [8]. The most common configurations are cylindrical containers such as long thin heat pipes and shell and tube systems [10, 11] also rectangular containers (plates) [10, 11] and packed beds of spheres bed [11]. The PCM container configuration that has been most intensely analyzed by researchers and publications for storing heat is the shell and tube system, accounting for more than 70%; this may be due to the fact that heat loss from this configuration is minimal [8].	Comment by Peter Armstrong: Isn't is because cylindrical encapsulation is relatively low cost?

The main disadvantage of using PCMs for heat storage applications is their low heatthermal conductivity. To overcome these problems two approaches are being developed by DLR: one is to reduce the specific resistance for heat conduction in the PCM (external or internal arrangement), and the other to reduce the average distance for heat conduction within the storage material (Figure 2-4).

[image: ]
Figure. 2-4. Classification of PCM-storage concepts investigated in the DISTOR project [18].
[bookmark: _Toc296129995]Analytical and numerical solutions for PCMs

Although for fluids heat transfer mechanisms are dominated by conduction and convection, in the case of pure substances the latest recent literature analysesanalyzes these systems basically by considering only conduction. The first studies in the matter were performed by Lame and Clapeyron in 1831 and Stefan in 1891, regarding the formation of ice [9]. After that numerous studies can be found describing melting and solidification processes for alloys, mixtures and many PCMs materials, evaluating the effects of density change, Biot number, convection, etc. In 1975 Goodling [12] examines outward solidification in a cylinder with constant heat flow in the inner wall doing a one dimensional analysis. 	Comment by Peter Armstrong: you can explain that convection is an extension of conduction and that analyses based on conduction only are therefore only moderately conservative.stth respect on and that analysiis an extension of conduction and that analysis based on conduction only is therefore only moder
Shamsundar [13] evaluated a heat exchanger of shell and tubes and proposes a two-dimensional analysis considering the axial variation of the temperature. Later in 1989 Hunter [14] verifies that the enthalpy method is the most suitable for real substances presenting no alteration to the numerical scheme in the boundary. Lacroix [15] develops a theoretical model to predict the transient behavior of a shell-and-tube storage unit with PCM on the shell side and heat transfer fluid (HTF) inside the tubes using also the enthalpy based method. In 2006 Bony [11] describes a numerical model considering conduction and convection in a PCM storage system, including hysteresis and subcooling as well.	Comment by Peter Armstrong: what does this mean?

Probably the most important parameter when modeling a PCM is the relation between the location of the phase front at s and the time t. The different geometries resulting from an encapsulation or from a heat exchanger can lead to completely different variation of x with time. 	Comment by Peter Armstrong: s or x?
Analytical solutions can give and important hint if for example encapsulations as flat plates, pipes, or spheres should be used in an application with respect to the desired time development of the heat flux. Despite this important and general information given by analytical solutions, it is important to keep in mind that strong limitations exist with respect to geometry and what is more important, with respect to thermal effects. These restrictions often lead to poor results when using analytical models to get quantitative information [17]. For example, often analytical models do not include sensible heat, only treat heat transfer by conductions and not convection, assume that the PCM is at the phase change temperature at the beginning, and that boundary temperatures are constant. Moreover, another restrictive limitation is the assumption of a sharp melting temperature (most materials have a melting range several degrees K). This assumption leads to significant errors if the temperature at the boundary comes close to the melting range. If the temperature of the boundary is very different from the melting range, this restriction is negligible. But then the sensible heat becomes significant and cannot be neglected any more.	Comment by Peter Armstrong: nicely stated.

For a detailed and more realistic analysis of real problems a different approach is necessary, the use of numerical models, is necessary. Numerical models are more flexible with respect to thermal effects, and to the geometry. All heat storage problems are dynamic problems, therefore it is additionally necessary to find the solution in time.
The simulation of heat transfer in a PCM within a simple geometry can be done accomplished with many mathematical and engineering software tools like MatLAB, Mathematica and EES. Also, results can be achieved with commercial CFD (computational fluid dynamics) software like COMSOL, FLUENT and ANSYS. 	Comment by Peter Armstrong: what about FEHT?


[bookmark: _Toc296129996]CHAPTER 3 –BEAM DOWN PILOT PLANT

The continuous increase in the level of greenhouse gas emissions and the increase in demand of energy due to the worldwide development are the main driving forces behind efforts to more effectively utilize various sources of renewable energy. Resulting also in seek for new technologies that use solar resource as motive energy.  In addition to the aforementioned, the fact that in the Middle East region there is a large availability of solar radiation leads to the crucial importance of the development of CSP technologies. To this end, efforts have been launched in Abu Dhabi focused on harnessing new solar thermal technologies. Moreover, Masdar developed the first solar power station in the UAE, Shams I, with a capacity of 100MW using parabolic troughs. 
In addition, in order to properly assess CSP options in the UAE, in 2009 in Masdar City a Beam-Down solar thermal concentrator was constructed in order to investigate the potential of the unconventional plant design.

[bookmark: _Toc296129997]Concept

The 100 kWth Beam-Down solar thermal concentrator was proposed by Tokyo Institute of Technology (TiTech) (figure 1-3). Having as main with the objectives ofto testing several design concepts that may lead to the reduction in the overall cost of this type of technology, and investigatinge the feasibility of scaling the beam down concentrator to significantly higher capacities. The Beam-Down concept has been attracting the attention of researchers because of its advantage ofn placing the receiver on or near the ground avoiding the need of pumping up the working fluid. The main differences of this technology in comparison with conventional designs are its optics, the multi-ring reflector design and the ganged-type heliostats. Historically the Beam-Down system was considered to be less competitive because the mechanical strength of the structure that supports the receiver needs maintain optical accuracy underto endure consistent wind forcesloads; also, cooling is required to prevent for the overheatinged of the central mirror. The influences of wind and heat on the mirror may cause degradation of lower focus and ultimately reduce the receiver collection efficiency [20]. Nevertheless, tThe central reflector of the current designthat we employ consists of multiple hyperboloids flat facets with the same focal point, providing a substantial cost reduction. The multi-ring concept allows for a lighter frame structure which increases and ventilation between the ringds, allowing heat removal and reducing the wind loadseffect.

After receiving responsibility for the operation of the Beam-Down plant our team conducted a measurement study to characterize the plant and investigate its unique design aspects. Based on our analysis large deviations were identified in the flux measurement system that was employed to measure the plant’s performance, something that raised doubts about the conclusion of the final report from TiTech. A detailed description of the procedure for the plant characterization can be found in Marwan Mokhtar thesis [21]
[bookmark: _Toc289869467]
[bookmark: _Toc296129998]Beam-Down Solar Thermal Concentrator (BDSTC)

The Beam-Down Solar Thermal Concentrator (BDSTC) has a 280 m2 of primary reflective area. Thise primary reflective surface area is containcomprised of 33 2-axis tracking mirror assemblies (heliostats). The heliostats focus sunlight on one imaginary upper focal point, the radiation gets intercepted by a secondary central reflector on top of the tower to be then redirected to a lower focal point close to ground level see Figure ‎3‑1.

[image: ]
[bookmark: _Ref287449472][bookmark: _Toc289395401][bookmark: _Toc289529643][bookmark: _Toc289529569]Figure ‎3-1 Vertical cross sectional view of 100kW pilot plant [22]

The main difference between the BDSTC and the concentrators in other systems such as those in conventional tower systems is that instead of collecting solar energy in the heat transfer fluid on top, the receiver is located below, close to ground. This is done by a secondary set of optics.

Furthermore, since all the radiation falls on the target from a narrow angle of less than 20o cavity receivers are well suited to be used in this configuration. The abovementioned represents a big cavity receiver can have much lower thermal lossesadvantage in comparison to open receivers commonly used tower plants, since cavity receivers have lower thermal losses and can therefore they can achieve higher temperatures [23].

[bookmark: _Toc289869469][bookmark: _Toc296129999]Heliostat Field

The heliostat field in the Beam-Down plant at Masdar consists of 33 ganged-type heliostats each of 8.505 m2 reflector area. Heliostats are arranged in a surrounding field configuration in three main sectors of equal size; North, East and West (Figure ‎3‑2). 6 heliostats are in the A line 17.480 m away from the origin, 15 heliostats are in the B line 20.080 m away from the origin and 12 heliostats in the C line 36.680 m away from the origin.	Comment by Peter Armstrong: mention that there is room for future addition of 12 more heliostats, 3 in the A ring and 9 in the C ring
[image: F:\heliostat_field.bmp]
[bookmark: _Ref286492795][bookmark: _Toc289395403][bookmark: _Toc289529571][bookmark: _Toc289529645]                                                   Figure 3-2 Heliostat Field Layout

Each heliostat has three banks of mirror facets (ganged), each bank havingwith its own elevation axis of rotation (Figure ‎3-3). The banksy are connected with a by mechanical links, therefore only one motor is necessary to control the elevation. There is a second motor in each heliostat which rotates the whole unit about its vertical axisused in order to control the azimuth angle. Each mirror bank has 14 mirror facets (450 mm x 450 mm), in two rows. Except the bank in the middle, it has a central mirror and two half mirrors above and below it. The central mirror it is used to control the position of the heliostat at each moment of time together with the tracking sensor.
In order to reflect the largest amount of radiation to the central reflector the heliostats should continuously change their elevation and azimuth angles this which is achieved with a solar tacking system. In addition, as the heliostat facets are flat, they have to be slightly tilted relative to the each others to focus the solar radiation; this is called canting. The tilt angles of the mirrors depend on the distance between the heliostat and the focal point. For more details on the alignment of the tracking sensor and the heliostat canting please refer to chapter 6 Mokhtar [21].
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[bookmark: _Ref286493424][bookmark: _Toc289395404][bookmark: _Toc289529572][bookmark: _Toc289529646]Figure 3-3 heliostat and tracking sensor [21]. 
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CHAPTER 4 – TRIPLE EFFECT ABSORPTION CHILLER

[bookmark: _Toc296130001]Solar cooling

The continuous increase in the cost and demand for energy has directed to more research and development to utilize available energy resources efficiently. In some ways, using solar energy is better for space cooling than for heating.  As it was discussed in chapter 1, the cooling load is strongly correlated with exposure of buildings to solar irradiation [1]. Nevertheless, dDuring the warmest months of the year there is high availability of solar energy. In addition to this, the efficiency of solar collectors increases with increasing insoulation [26]. In other words, solar resource is generally most available when cooling is most needed.
Solar cooling can be achieved with different refrigeration cycles and it has been demonstrated to be technically feasible in the past. However, the use of these systems has not been very popular due to the unfavorable economics. Among the mostly used methods for solar cooling are vapor compression cycles, absorption-cooling cycles, and desiccant cooling [1]. The future of many of these methods will depend on developments beyond the cooling process itself. Solar cooling processes have been limited by temperature constraints oin collectors’ operation. Also, as collector operating temperatures are pushed upward, storage may then become a critical problem [27].

Absorption Cooling
The reason why solar energy is compatible with absorption cycles is because absorption air conditioning requires mostly thermal energy at temperatures that solar collectors can easily provide. Low and medium- temperature collectors have proved to be a good option for absorption air conditioning. However, solar cooling analysis has not really been focused for large scale applications. 
The main difference between a conventional gas-fired absorption chiller and one using solar energy is the larger heat transfer area needed to make the cycle work using the lower driving temperature available in solar applications. Single, double or triple absorption chillers are used in different solar-thermal-cooling system designs; the multi-effect chillers are more cycles, the more efficient they are but they need higher temperatures. Moreover, aAbsorption chillers differ from vapor compression air conditioning only in the method of compressing the refrigerant [26]. 
According to Goswami (2008) the performance of an absorption cycle depends, among other things, on the two materials used for the refrigerant-absorbent pair. Desirable characteristics for this pair are:
· Absence of a solid-phase sorbent
· A refrigerant more volatile than the absorbent so that separation from the absorbent occurs easily in the generator
· An absorbent that has a strong affinity for the refrigerant
· Stability for long-term operations
· Nontoxic and nonflammable fluids
· Refrigerant with large latent heat so that the circulation rate can be kept low
· A low fluid viscosity that improves heat and mass transfer and reduces pumping power
· Fluids that do not have long-term environmental effects

The pairs that meet the requirements and are mostre commonly used are lithium bromide-water (LiBr-H2O) and ammonia water (NH3-H2O). In the LiBr-H2O system water is the refrigerant and LiBr is the absorbent, whereas in the ammonia-water system, ammonia is the refrigerant and water is the absorbent. Other refrigerant-absorbent pairs are [28]:

· Ammonia-salt
· Alcohol-salt
· Ammonia-organic solvent
· Sulfur dioxide-organic solvent
· Halogenated hydrocarbons-organic solvent
· Water-alkali nitrate
· Ammonia-water-salt

The thermal coefficient of performance COP is defined as the ratio of energy in the evaporation QE, to the energy into the generator QG; 



The performance of an absorption chiller is affected by ambient conditions, similar to a solar field, and. The variation of COP with ambient temperature is considered to be the dominant factor. For absorption chillers nominal COP at 30°C condenser temperature is typically 0.7, 1.4 and 2.0 for single effect, double effect and triple effect respectively [2]. In order to achieve higher efficiencies, research has to be performed towards the development of multi-effect systems.

COP variation with ambient temperate for a triple effect absorption chiller is shown below, this equation is applied when the difference between the nominal condenser temperature of 30°C and the ambient temperature is greater than 4°C, otherwise the COP is assumed to be the nominal COP [2].



wWhere  is the ambient temperature in C.

The following figure 4-1 shows few absorption chillers being currently under development by different companies which provide different solution flow systems in their current double-effect systems. The prototype systems are expected to have cooling capacities in the rage of 352-1054 kW [29]


[image: ]
              [image: ]
Figure 4-1 Existing double-effect flow systems and new triple-effect flow systems under development [29]

[bookmark: _Toc296130002]Triple-effect absorption chiller 


The specification table for the triple-effect absorption chiller used in this document is shown below 	Comment by Peter Armstrong: is this publicly available information? ref?
	Item
	Specification

	Maximum cooling capacity
	212.1 kW

	Cooling COP
	2 (nominal)

	High-temperature generator temperature
	220°C

	Chilled water temperature (inlet-outlet)
	12-7°C

	Power consumption
	106.1 kW



[bookmark: _Toc296130003]
CHAPTER 5 – HEAT STORAGE MODELING 
[bookmark: _Toc296130004]Concept

For many years researchers have been increasingly fascinated engaged by the challenges found in understanding phase change processes. This is not surprising considering the large number of applications in processes such as the melting of ice and freezing of water, metal casting, welding, coating and purification of metals, crystal growth for melts and solutions, nuclear reactor safety, etc. Moreover, modeling melting and solidification processes is also relevant to the design and development of efficient, cost effective latent heat storage systems. As it was mentioned in chapter 1, the latent heat energy storage concept, that involves for storing and recovering heat has two undeniable advantages. Firstly, latent heat for most materials is much higher in comparison with their sensible heat, resulting in smaller mass of storage medium from a given quantity of thermal energy to store/recover. Secondly, this process occurs at a nearly constant temperature, which results in a more efficient operation for most thermal systems. A good understanding of the heat transfer processes involved is essential for accurately predicting the thermal performance of the system and for avoiding errors in the design of such units.  

However, modeling the thermal behavior of a LHS system is much more complex than modeling sensible heat storage systems. Some of the problems associated are: nonlinear motion of the solid-liquid interface, the possible presence of buoyancy driven flown in the melt, the conjugate heat transfer between the encapsulated PCM and the HTF and the volume expansion of the material when the change of phase occurs [32]. For the last 20 years hundreds of papers have appeared in the literature dealing with the mathematical modeling of solid-liquid phase change heat transfer. For a gGeneral discussions of numerical techniques for the solution of these problems please refer to are presented in [33, 34, and 35]

The fast advances in digital computer technology achieved over the last years have elevated numerical simulation to the status of a third scientific method, complementing the two traditional methods of theory and experiment. Increasingly complicated processes may be realistically simulated numerically and often at lower cost than actual experiments, enabling us to better predict, understand and control them. Thus, numerical development and a strong driving force in the quantification and mathematization of science and technology.  Computer simulations have become an essential part of science and engineering. Digital analysis of components, in particular, is important when developing a new technology or optimizing designs [33]. 	Comment by Peter Armstrong: huh?

[bookmark: _Toc296130005]Overview of the phenomena involve in a phase change

Solid and liquid phases are characterized by the presence of cohesive forces keeping atoms in close proximity. In a solid the molecules vibrate around fixed equilibrium, while in a liquid they may skip between these positions. The macroscopic manifestation of these vibrations is what wehy know as heat or thermal energy, the measure of which is called temperature. Atoms in the liquid phase are more energetic (hotter) than those in the solid phase. Therefore, before a solid can melt it must gain a certain amount of energy to overcome the forces that maintain its solid structure. This energy is what we know as the latent heat of the material and represents the difference in thermal energy (enthalpy) levels between liquid and solid states. On the other hand, solidification of liquid requires the removal of this latent heat and the structuring of atoms into more stable lattice positions, in either case there is a major re-arrangement of the entropy of the material [33].	Comment by Peter Armstrong: enthalpy?

The subject of this section is the modeling and analysis of phase change process at the macroscopic level.  The purpose of mathematical modeling is to quantify the process in order to be able to predict the evolution of the temperature field in the PCM and the HTF, the amount of energy used and stored, and any other quantity of interest. Thus the equations and conditions that express the physics of this process must be formulated under certain simplifying assumptions made in order to have a manageable problem. 

[bookmark: _Toc296130006]Conduction-Dominated Phase Change 

Due to the fact that most PCMs used in LHS systems have low thermal diffusivities the calculated heat transfer rates between the HTF and PCM may be inexact. As a result of this, predicting the thermal behavior of these systems becomes difficult. Therefore in order to overcome this limitation, the problem of heat transfer within the PCM container must be analyzed. 

Heat transfer problems involving solid-liquid phase change are difficult to solve mainly because of the moving boundary that takes place between the solid and the liquid phase. The position of this boundary is not known, and must be determined as part of the solution, making phase change problems intrinsically nonlinear in nature. Although the moving boundary is the most significant problem, it is not the only one. Density changes in the PCM produce convective motion in the melt through natural convection, close-contact melting and volume changes. Complications also occur if there are subcooling/superheating effects, anisotropic phase change or phase change over an extended temperature range [32].

The model described in this document assumes that the heat transfer in the PCM is conduction dominated. From a mathematical point of view, buoyancy effects and the resulting natural convection motion in the liquid are tacitly ignored because they greatly complicate the analysis of predicting the interface position and heat transfer. From a physical point of view, this assumption is reasonable in order to avoid incongruent melting [32]. 	Comment by Peter Armstrong: explain inconguent melting here or in a footnote.


[bookmark: _Toc296130007]Analytical model

In the configuration that we are modeling, the PCM is sandwiched between two concentric tubes of inner and outer radii ri and r0, The outside walls of the cylindrical capsule are adiabatic (see Figure 5-1) Heat transfer fluid is running through the inner pipe. Heat is conducted through the PCM and eventually melting (storage) or solidification (recovery) is triggered at the boundary x=ri. In order to reduce the computation time only one tube, only a single pipe with surrounding storage material is calculated. The energy stored by the system is then the product of the number of tubes by the energy stored in only one of these units. This approach does not take into account the amount of PCM material existing between the tubes. This amount of PCM is dependent on system configuration and arrangement of tubes and can be considered as extra storage capacity. 
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[bookmark: _Ref291668235][bookmark: _Toc291670439]Figure 5-1 Configuration of the storage block

For the development of the mathematical model, the following assumptions were considered [16]:

· Axial heat conduction is neglected since the HTF is considered isothermal along the tube. This in order to avoid a time-consuming computational solution of the PCM equations.  
· Only heat transfer by conduction is considered.  Convection during melting of the PCM is ignored because of its high viscosity.  
· It is assumed that the PCM is homogeneous and isotropic. 
· The thermal resistance on the wall in the tube is neglected.
· No PCM subcooling or degradation is considered.
· Heat conduction is axisymmetric around the tube. 
The enthalpy solution approach is used to solve this problem. This approach is based on the fact that the energy conservation law, expressed in terms of energy (enthalpy) and temperature together with the equation of state contain all the physical information needed to determine the evolution of the phases [33]. By using the enthalpy-based method, the phase change problem becomes more tractable: the governing enthalpy equation is similar to the single-phase energy equation [16].  The unknown tube wall temperature between the HTF and the PCM is obtained from an energy balance at the wall. However, an interactive solution method is required.

Then the energy conservation equation for the PCM can be expressed in terms of the sensible enthalpy h [16 and 33]: 

                                     (5-1)

Here  is the thermal diffusivity ( ),  is the density of the solid phase and  is the latent heat of fusion. The third term on the right side of Equation 5-1 comes from Crank’s formulation for which the total enthalpy is divided into sensible and latent heat components:

                                                  (5-2)
Where
                                                    (5-3)

Where  is the phase density, is the phase specific heat and  is the local liquid fraction.
The potential advantage of this formulation is that the enthalpy equation is cast in a standard form, with the problems associated with the phase change isolated in the source term  
The initial and boundary conditions are:

h( r,z,0)=hinitial
                                    (5-4)

                                (5-5)

Where  is the convective heat transfer coefficient.

The temperature of the PCM, can be retrieved from enthalpy definition Equation 5-3	Comment by Peter Armstrong: plot it
Assuming that heat diffusion in the HTF is negligible with respect to advection, the energy balance for the flow channel yields the following equation:

                (5-6)

The boundary conditions for Equation 5-6 are:

                                                  (5-7)

                                                       (5-8)





[bookmark: _Toc280629408][bookmark: _Toc296130008]Numerical solution using Finite Difference Method (FDM)
 
The computer simulation of a time-dependent process rests upon a discretized version of a mathematical model of the actual physical process. Then, continuumous quantities, such as energy and temperature, are replaced by their values at discrete points. Time itself is discretized, and the marching process takes place through discrete time steps. The time steps for a computer simulation must be small enough for us not to lose the feeling of continuity [33].

The idea of the enthalpy approach is very simple, direct and physical. The volume occupied by the phase change material is divided into a finite number of control volumes and applying energy conservation to each control volume to obtain yields a discrete heat balance [33].

Equation 5-1 and 5-6 are solved using a finite-difference solution method (FDM). The finite-difference equation for the PCM is obtained upon integrating Equation 5-1 over the control volume in the (x, y) plane depicted in Figure 5-2   

[image: ]
[bookmark: _Ref291669086]Figure 5-2 Grid point cluster (2D)

 The resulting scheme has the form

   	                             (5-9)

Where
 	  	                                                        (5-10)
	  	                                                        (5-11)
	  	                                                       (5-12)
	  	                                                       (5-13)
	  	                              (5-14)
	   	                                                        (5-15)
 	                                  (5-16)

The central feature of the present enthalpy fixed grid technique is the source term b, (Equation 5-16). Here,  represent the enthalpy and the local liquid fraction, respectively, from the previous time step. The last term in Equation 5-16 keeps track of the latest heat evolution, and its driving element is the local liquid fraction  f. This fraction takes the value of one in fully liquid regions and zero in fully solid regions, and lies in the interval [0, 1] in the vicinity of the melting front. Its value is determined iteratively from the solution of the enthalpy equation. Thus, after the (k+1)th numerical solution of the enthalpy equation over the entire computational domain, Equation 5-9 may be rewritten as 

           (5-17)

If the phase change is occurring about the Pth node, i.e. , then the kth estimate of the liquid fraction need to be updated such that the left side of equation 5-17 is zero, that is,

           (5-18)

Subtracting Equation 5-18 from Equation 5-17 leads to the following update for the liquid fraction at nodes where the phase change is taking place:

                                                     (5-19)

The liquid fraction update is applied at every node after the (k+1)th solution of the linear system (Equation 5-9) for h. Since Equation 5-19 is not adequate for every node, the correction

, if   or    , if 

is applied immediately after Equation 5-19 The finite-difference approximation for the HTF equation (Equation 5-6) is 

                                    (5-20)

wWhere ,  and . Owing the fact that the PCM enthalpy (Equation 5-9) is tightly coupled with the HTF temperature (Equation 5-20) via the boundary condition (Equation before 5-5) at r=ri, both finite-difference equations must be solved iteratively at each time step. At the given time, convergence is usually achieved after few iterations, that is when the change in internal energy of the system is equal to the total energy supplied (storage) or extracted (recovery) at the boundary separating the HTF from the PCM. 

This numerical solution was solved using MATLAB. The global calculation procedure flow chart is depicted in   figure 5-3.
[image: C:\Users\Irene\Desktop\THESIS\flow_chart.jpg]
Figure 5-3 Flow chart
[bookmark: _Toc296130009]Numerical solution using Finite Element Method (FEM)

[bookmark: 586558]The finite element method (FEM) is a numerical technique use to find approximate solutions of partial differential equations (PDE) as well as of integral equations. The solution approach is based either on eliminating the differential equation completely (steady state problems), or exposing the PDE as an approximating system of ordinary differential equations (ODE), which are then numerically integrated using standard techniques such as Euler's method, Runge-Kutta, etc. 
In solving PDE, the primary challenge is to create an equation that approximates the equation to be studied, but is numerically stable, meaning that errors in the input and intermediate calculations do not accumulate and cause the resulting output to be meaningless. There are many ways of doing this, all with advantages and disadvantages. The FEM is a good choice for solving partial differential equations over complicated domains, when the domain changes (as example during solidification), when the desired precision varies over the entire domain, or when the solution lacks smoothness. This is why the most attractive feature of the FEM is its ability to handle complicated geometries and boundaries with relative ease. While FDM is restricted to handle rectangular shapes and simple alterations, the handling of geometries in FEM is theoretically straightforward. On the other hand, one of the most attractive advantages of FDM is that it can be very easy to implement.

There are reasons to consider the mathematical foundation of the finite element approximation more accurate, for instance, because the quality of the approximation between grid points is poor in FEM is often higher than in the corresponding FDM approach.

[bookmark: 586571]The starting point for the finite element method is a mesh, a partition of the geometry into small units of a simple shape, mesh elements. Once we have a mesh, we can introduce approximations to the dependent variables. The idea is to approximate our variables with functions that can be described with a finite number of parameters or degrees of freedom (DOF). Inserting this approximation into the weak form of the equation generates a system of equations for the degrees of freedom [36].
[bookmark: 673881][bookmark: 673882]The commercial package that we decided to use for our model using the FEM is COMSOL Multiphysics. This multiphysics simulation software has a number of predefined physics interfaces for advanced fluid flow and heat transfer phenomena. Material properties, source terms and boundary conditions can all be arbitrary functions of the dependent variables. The material parameters and boundary conditions are specified using features in a number of physics interfaces. Each physics interface forms one or several PDEs and boundary conditions from these settings. Then software collects all the equations and boundary conditions formulated by the physics interfaces into one large system of PDEs and boundary conditions. 

[bookmark: _Toc296130010]Governing equations

Four physical processes are simulated in order to study the energy storage process: fluid flow, heat transfer by conduction and convection, and phase change heat transfer [37].

1. Fluid flow

To simulate the dynamic behavior of water flowing inside the copper pipe embedded inside the PCM storage tube, the continuity equation, as well as the Navier- Stokes equation, isare solved simultaneously. The continuity equation is represented by: 

                                                          (5-21)

Where ρ is the density of water and  is the velocity vector.	Comment by Peter Armstrong: ?

The necessary Navier- Stokes equation in cylindrical coordinates, accounting for the conservation of momentum, is given by:

                                                       (5-22)

Where P is the pressure in the fluid and μ is the viscosity of the water. 

2. Heat Transfer: Convection

Heat transfer from the water to the wall of the pipe happens by convection. In that case, the complete energy equation has to be solved for using the velocities found from the solutions of the equations of fluid flow. The software solves all the equations describing the heat transfer process by: 

                                                           (5-23)                                             

Where Cp is the specific heat of the material, k is the thermal conductivity iof the material and T is the temperature. The effect of convection on the heat transfer process is taking care of by the total derivate of DT/ Dt.

3.  Heat Transfer: conduction

Heat transfer in the rest of the PCM is considered to be dominated by conduction. We can neglect the effect of convection in the melted PCM because of its high viscosity and also because the volume of PCM used in between the fins of the system is small. In that case, the heat conduction equation is solved by:

                                                          (5-24)                                             


4.     Heat transfer during Phase change

To model the heat transfer that takes place during melting of the material the following equation should be solved at the melting interface [30]. 

                                                          (5-25)                                             

Where kl is the thermal conductivity of the liquid, Tm is the melting temperature, Δh is the latent heat of fusion and X is the position of the melting front. The term on the left-hand side of equation 5-25 represents the conductive heat flux absorbed at the phase change interface. Energy conservation at the interface requires that this flux absorbed at the interface be equal to the amount of heat taken due to the latent heat absorbed there, represented by the term on the right-hand side of the equation. However, this equation cannot be solved using COMSOL. Therefore this problem is dealt with by introducing a discontinuity in the specific heat Cp of the material. The specific heat of the PCM is modified using the latent heat of fusion of the PCM as 950 KJ/kg which melts over a 3 K temperature range (from 490 K to 493 K), the specific heat of the PCM is given by a numerical equation:                                             

Cp = 1330 + 32996.67*(490<T)-32996.67* (T>493)                   (5-26)

Where Cp =               Cp,s                 T<490oK
                                  Cp,m         490oK<T<493oK
                                  Cp,l                     T>493oK

Cp,m = Melting range; Cp= 32,996.67J/kg        
Cp,s = Solid Phase;  Cp = 1330 J/kg
Cp,l  = Liquid Phase; Cp= 1330 J/kg
Δh= Latent Heat of Fusion= 95,000 J/kg
ΔTm= Melting Temperature Range

Cp,m =+ Cp + Δh/ ΔTm                                                  (5-26)
Melting range =ΔTm
 from 490 to 493 K
Cp= 1330 + Latent heat/ΔT
FULLY SOLID
Cp = 1330 [J/KgK]
FULLY LIQUID
Cp = 1330 [J/KgK]

Figure 5-4 Modified Heat Capacity (Cp)

The properties of PCM used for both models are listed in Table 5-1 [3 and 8]

	Symbol
	Description
	Value
	Units

	
	Latent heat of fusion of the PCM
	95000
	

	
	Density of the PCM
	1880
	

	
	Specific heat of the PCM
	1330
	

	
	Thermal conductivity of the PCM
	4
	

	αpcm
	Thermal diffusivity
	
	

	
	Melting Temperature of the PCM
	493
	K



Table 5-1 Properties of PCM

[bookmark: _Toc296130011]Preliminary Design 

In order to have a preliminary design for the storage size and number of tubes the first thing we have to know is how much power we can get from the Beam-Down plant. By obtaining the area under the curve of figure 3-…… we have  from which half is assumed goes to run the chiller and the other half goes to the storage block.
Maximum heat to store is assumed to be 1620[MJ] from multiplying   
In order to calculate the total mass of PCM needed for storing that amount of energy we divide the maximum heat we can store by the latent heat of the PCM



Now we need to calculate the outer radius of the PCM tube, r0, by using the following equitation 5-19 which shows the time evolution of the melting front position in the PCM, r(t),that is initially at the solid state and at the temperature equal to the melting temperature of the PCM [30]:

                      (5-27)

Where

,    ,      

r0 is obtained by solving equation 5-19 for, t = 6hr, ,  and assuming an initial value for  
Once having an initial guess for the outer radius that can be melted after 6 hours we can calculate the mass of PCM per tube, as:

                   (5-28)

Dividing the total mass over mass per tube we obtain the total number of tubes. Then the mass flow rate is obtained assuming a , using the average heat flux  and Cpwater_at_503K=4.98[kJ/kgK]. 

                                         (5-29)

Now we can get the mass flow rate per one tube by dividing the total mass flow rate over the number of tubes. Having the mass flow rate per tube we can calculate a more accurate convective heat transfer coefficient for the HTF and use it in equation 5-27. This by using the Dittus-Boelter correlation [31]: 	Comment by Peter Armstrong: ?

                                    (5-30)

                                          (5-31)

Wwhere

,   ,   

Equation 5-19 to equation 5-23 are solved until convergence is achieved for   

The final values obtained are shown in Table 5-2:

	Symbol
	Description
	Value
	Units

	L
	Length of the tube
	11
	m

	
	convective heat transfer coefficient of the HTF
	563
	

	THTF
	Temperature inlet of the HTF
	503
	k

	ρHTF
	Density of the HTF
	791
	

	CpHTF
	Specific heat of the HTF
	4980
	

	PHTF
	Pressure of the HTF
	50
	bar

	
	Radius of the tube
	0.01
	m

	
	Radius of the PCM
	0.055
	m

	
	Mass flow rate of the HTF
	0.0232 per tube
	

	N
	Number of tubes
	36
	

	T
	Melting time
	6.3
	hr



Table 5-2 Parameters for the preliminary design

[bookmark: _Toc296130012]Comparison of the results using a FME and a FDM

In the following section we show the results of the melting process model using both methods, FME and FDM, having the same inlet parameters. For the FDM solution MATLAB was used and for the FEM solution we used COMSOL Multiphysics.

Figure 5-5 shows the results obtained with the FDM solution after a simulation time of 6 hours. The x axis represents the length of the tube (1 meter) where the hot water is running and the y axis represents the melting front in cm of the PCM radius. The total radius of the PCM is 8 cm. It can be seen that after 6 hr of running hot water in the pipe at constant temperature, at 20 cm tube length 4.4 cm of PCM have been melted, at 40cm length 4.1 cm have been melted, at 60 cm length 4 cm have been melted and finally at 80 cm length only 3.9 cm have been melted. 
Cutline at 20cm
  Melting front at r= 4.4 cm
Cutline at 60cm
  Melting front at r= 4 cm
Cutline at 80cm
 Melting front at r= 3.9 cm
Cutline at 40cm
 Melting front at r= 4.1 cm

Figure 5-5 Melting front in the PCM after 6 hrs

Since by using COMSOL we cannot know what is the liquid fraction of the element and therefore we cannot plot the melting front, the way to know that the material is fully melted is by knowing the temperature value of the element. When the temperature of the element is above the melting range then we can say that it is completely melted. Figure 5-6 shows the temperature distribution along 4 cut lines located at 20, 40, 60 and 80 cm length of the tube (same locations ofthan the cut lines as in the previous FDM results) after 6 hours simulatedion time. In this figure the x axis represents the radius of the PCM (8 cm) and the y axis represents the temperature distribution along each cut line. It can be seen that after 6 hr of running hot water in the pipe at constant temperature, at 20 cm tube length 4.5 cm of PCM have been melted, at 40cm length 3.9 cm have been melted, at 60 cm length 3.7 cm have been melted and finally at 80 cm length only 3.3 cm have been melted.
Cutline at 20cm
  Melting front = 4.5 cm
Cutline at 40cm
  Melting front = 3.9 cm
Cutline at 60cm
  Melting front = 3.7 cm
Cutline at 80cm
Melting front = 3.3 cm
515
Melting Temperature line

Figure 5-6 Temperature distribution in the PCM after 6 hrs


The difference between both solutions is shown in the figure below (Figure 5-7) 


Figure 5-7 Comparison of the results in using both methodologies

Probably the main factor for these discrepancies in the results for both methods is due to the simplifications done in FDM model in order to have a manageable problem, such as the size of the mesh nodes. While in the FDM we have a total of 900 elements in the FEM mesh we have 19,979 elements. 

In the next section a sensitivity analysis is carried out in order to find an optimal configuration for our storage unit which improves the heat transfer properties in our device. 	Comment by Peter Armstrong: too conversational

[bookmark: _Toc296130013]Finding the storage device optimal configuration

The sensitivity analysis that has been carried out takes into consideration on three main parameters: 

1. Mesh size and elements.
2. Inlet Velocity of the fluid.
3. Number of copper fins.

[image: ]              Hot water

Figure 5-8 thermal storage configurations based on the number of fins [37]

Figure 5-9 shows the enthalpy and the temperature distribution of the PCM. The phase change can be clearly observed in between the temperature ranges of 490oK and 493oK. The enthalpy of the surface shows a change of color from red to blue when the material completely melts; red means the material is still in the melting process. Since the Cp value is assumed to be the same when the material is totally solid or totally melted the sensible enthalpy (h = ρCpΔT) for both states is going to have a similar value, however, during the melting process, which takes place in a 3 degrees K range, the enthalpy is going to show a drastic change (red color) due to the addition of the latent heat.

[image: ]
a)
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b)
Figure 5-9 a) Temperature distribution b) Enthalpy distribution	Comment by Peter Armstrong: it's all black...melted region should have higher enthalpy.  you are using the strange definition from the book. not good.

[bookmark: _Toc296130014]Mesh size and Elements

Table 5-2 shows the different mesh statistics analyzed for modeling using COMSOL. 
	Mesh Type
	Extremely Fine
	Normal
	Coarser

	Number of elements
	536,068
	88,946
	82,327

	Triangular elements
	525,743
	83,626
	79,551

	Quadrilateral elements
	10,325
	5,320
	2,776

	Edge elements
	47,491
	15,755
	14,883

	Vertex elements
	890
	890
	890

	Mesh area
	0.6282 m2
	0.6282    m2
	0.6282 m2


Table 5-2 Mesh statistics for fine, normal, coarse mesh
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c)
Figure 5-10 Enthalpy distribution of a) Corse mesh, b) Normal mesh and c) Extremely fine mesh after 20700secs simulation time

In the previous figure 5-10 analysis of coarse, normal, and extremely fine mesh show the results for the enthalpy distribution of the PCM, the figures indicate that the extremely fine mesh has smooth transition from the solid to liquid phase.

[bookmark: _Toc296130015]Water inlet velocity

In our case, the inlet velocity is varied in terms of the mass flow rate that is divided into the different number of tubes in the storage block. The area and the number of tubes play an important role in determining the optimal velocity of the fluid flow. 

Higher velocities show better heat transfer. However, higher velocity means less number of tubes since the total mass flow rate is divides by the number of tubes. We are looking to have as many tubes as possible because the higher the number of tubes the more PCM is available therefore we can store more energy. A balance between the number of tubes and enough velocity to melt the entire material has to be found. Figure 5-11 present the temperature distribution inside the storage tube with 20 fins per meter for various water inlet velocities: 0.0932 m/s (36 tubes), 0.0832 m/s (40 tubes), 0.0799 m/s (42 tubes) and 0.07629 m/s (44 tubes). It can be appreciated that the higher the velocity the better the temperature distribution, however the system having 44 tubes (0.07629m/s) eventually melts the entire material in the almost the time as the system having 36 tubes (0.0932m/s). 
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   v = 0.0932m/s           v = 0.0832m/s              v = 0.0799m/s            v = 0.07629m/s
Figure 5-11. Temperature distribution at different inlet velocities per tube



Figure 5-12. Radial temperature distribution with the variation in inlet velocity.

The above graph summarizes the simulation results by showing that the phase changing material reaches a higher temperature closed to the bulk fluid temperature at higher inlet velocity. This happens because the higher velocity results in greater Reynold’s number which increases the average Nusselt’s number for laminar flow which is given by the following equation:


Where D is the diameter of the tube and L is the length of the tube.
So as Re increases, the   increases as a result of which the heat transfer coefficient increases which is related to the Nusselt number by:


Wwhere k is the thermal conductivity of the material.

As the heat transfer coefficient increases, the convective resistance between the fluid and the tube wall decreases and hence the temperature difference between the mean fluid and the phase change material surrounding the copper tube decreases. This results in higher temperature of the material with higher velocity which is closed to the mean temperature of the fluid. 

Thus it is showns that the effect of variation in inlet velocity gives the right trend of temperature distribution at the fluid and wall interface as well as the phase change material. 
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Figure5 -13 represents the temperature distribution inside the cylindrical LHS system after 6 hours of constant charging when 0,5,10 and 20 fins per meter are used with constant inlet velocity of 0.07629 m/s. As seen from the figure, the increase in number of fins adds to the transferring of heat from the fluid to the material more effectively. Complete melting in the desired simulation time is obtained when having 20 fins per meter in a tube with 11 meters length; each fin has a thickness of 3mm.
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Figure5-13. Temperature distribution obtained after 6 hrs of charging with an inlet velocity of 0.07629 m/s

The above figure can be better explained with the help of the following curves shown in Figure 5-14

Figure15.Radial temperature distribution in the PCM with different number of fins.

The conductivity of PCM is very low due to which fins are required to ensure that all the PCM will reach the melting temperature. With 20 fins per meter, the PCM achieves greater temperature and the entire PCM melts at the desired melting time. The computation time for the melting of greater number of fins happened to be nearly three times higher due to the extremely fine mesh and it resulted in nearly similar temperature distribution as the model with 20 fins. Therefore, it would be optimal to consider 20 fins for every meter to obtain a fairly good temperature profile for the efficient heat transfer to the PCM.


[bookmark: _Toc296130017]CHAPTER 6 - SOLAR COOLING SYSTEM
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In order to obtain the cooling load profile of one office building in Abu Dhabi on the 21st of March 2011 (same day than the power data collected from the Beam Down) an office building is simulated using eQuest 3.64, using the weather data for Abu Dhabi as input, as shown in Figure 6-1 . ‘eQuest 3.64’ is the visual interface of building modeling program of  the US Department of Energy named ‘DOE 2.0’
[image: ]
Figure 6-1 Two story office building modeled using eQUEST

The building envelope specifications are as follows:
1. The window to gross wall area should not be greater than 35%
1. Overhangs should be placed on east, west and south windows of the building with a projection factor (overhang depth/window height) of greater than 0.5
1. Lighting devices should have an efficiency of 60 lumens/W	Comment by Peter Armstrong: what about lighting power density?
1. The insulation and window resistances are specified as described in Table 6-1.

	Building Element
	Value

	Roofs (W/m2K)
	0.2

	Above-Grade Walls (W/m2K)
	0.28

	Partitions (adjacent to
non-conditioned zones) (W/m2K)
	0.5

	Slab-On-Grade Floors F-Factor (W/m2K)
	3

	Opaque Swinging Doors (W/m2K)
	3

	Window U-value (W/m2K)
	1.8


[bookmark: _Ref292837786]Table 6-1: Building Envelope Thermal Resistances

The office building modeled is a two story building with a total floor area of 232m2. Each floor is divided into office space having a floor area of 195m2, kitchen and restrooms with floor area of 18.58m2 each. Windows are placed on the north, east and west walls of the building with overhangs having a projection factor (overhang depth/window height) of 0.6. Two doors are placed on the north and east sides of the building. Windows and doors are not specified on the south wall to minimize heat gain through radiation.  The window to gross wall area is kept at 29%. The zone temperature is specified as 24°C. And the office space is designed for a total occupancy of 85 persons with 4.6m2 per person. The results of this simulation are shown in table 6-2.	Comment by Peter Armstrong: this seems too dense...but don't change it now!


[bookmark: _Toc296130019]Power supplied by the Beam Down

[bookmark: _GoBack]When analyzed the data collected from the Beam Down it seems that it is possible to provide cooling to 4 buildings, like the one previously described, using the power supplied by the Beam Down and still having enough heat left to store for running the chiller when the Beam Down does not provide enough power.

[bookmark: _Ref292845496]
Figure 6-2 Power data from the Beam Down collected on the 21st of March 2011

 The cooling load per hour is shown in the following table 6-2:
	Time 
	Cooling needed for one building
(Qevaporator)
[kW]
	Cooling needed for 4 buildings
[kW] 
	Ambient temperature [C]
	COP
	Power needed to the Chiller generator [kW]
	Power from the Beam Down [kW]
	Power to store [KW]

	1:00 AM
	0
	0
	 -
	 -
	0
	0
	0

	2:00 AM
	0
	0
	 -
	 -
	0
	0
	0

	3:00 AM
	0
	0
	 -
	 -
	0
	0
	0

	4:00 AM
	0
	0
	 -
	 -
	0
	0
	0

	5:00 AM
	0
	0
	 -
	 -
	0
	0
	0

	6:00 AM
	0
	0
	 -
	 -
	0
	0
	0

	7:00 AM
	0
	0
	 -
	 -
	0
	26.4
	26.5

	8:00 AM
	0
	0
	 -
	 -
	0
	61.5
	61.5

	9:00 AM
	0
	0
	 -
	 -
	0
	88.9
	88.9

	10:00 AM
	0
	0
	 -
	 -
	0
	111.4
	111.4

	11:00 AM
	45.3108
	181.2
	27.0
	2.0
	90.6
	120.5
	29.9

	12:00 PM
	50.8248
	203.3
	27.0
	2.0
	101.6
	127.0
	25.4

	1:00 PM
	53.0282
	212.1
	28.0
	2.0
	106.1
	128.1
	22.1

	2:00 PM
	47.6328
	190.5
	27.0
	2.0
	95.3
	112.7
	17.4

	3:00 PM
	46.755
	187.0
	27.0
	2.0
	93.5
	84.7
	-8.8

	4:00 PM
	45.2459
	181.0
	25.0
	2.0
	89.3
	53.6
	-35.7

	5:00 PM
	37.2483
	149.0
	25.0
	2.0
	73.5
	19.2
	-54.3

	6:00 PM
	29.606
	118.4
	25.0
	2.0
	58.5
	1.1
	-57.4

	7:00 PM
	25.0592
	100.2
	25.0
	2.0
	49.5
	0
	-49.5



The total power needed for the Chiller generator is calculated with the equation 6-1
                                                                 (6-1)
Also if Tcondenser +/- Tambient >4, then
                                             (6-2)
Otherwise COP =2 [2].

From table 6-2 we can notice that all the power coming from the Beam Down from 7am until 10 am can go directly to the storage since there is no need for cooling supply. From 11 am until 2 pm there is some power coming from the solar plant left to store but it is mainly used to supply power to the chiller. However, from 3pm until 7pm the Beam Down cannot provide the power needed to fulfill the cooling demand, then the storage block (which is totally melted by then) starts to supply heat to the chiller generator.

Simulations were performed using COMSOL Multiphysics in order to obtain an optimal design for the storage block that can be totally melted with the power that is left from the Beam Down after supplying power to the chiller. The storage device was mainly melted using the thermal power from the solar plant 8am-12pm and the rest was stored in the form of sensible energy. Equation 6-3 was used for the simulations in order to close the charging mode loop:
                                              (6-3)
Where T= temperature and t = time step

The optimal design found was:
	Symbol
	Description
	Value
	Units

	L
	Length of the tube
	11
	m

	ρHTF
	Density of the HTF
	791
	

	CpHTF
	Specific heat of the HTF
	4980
	

	PHTF
	Pressure of the HTF
	50
	bar

	
	Radius of the tube
	0.01
	m

	
	Radius of the PCM
	0.03
	m

	
	Mass flow rate of the HTF
	Changes with the cooling demand
	

	N
	Number of tubes
	81
	

	t
	Melting time
	6
	hr

	Qmax
	Maximum heat possible to store in the way of latent heat
	399.94
	MJ



Figure 6-3 shows show the temperature distribution after 26460 [s] when the storage has been charged (melted), it can be seen the PCM temperature is above the melting temperature range (490 to 493 K)
[image: C:\Users\Irene\Desktop\THESIS\chap 6 ENTIRE SYSTEM\26460temp_melting.jpg]
Figure 6-3 Temperature distribution of the final storage dosing after 26460 sec	Comment by Peter Armstrong: charging?

Once this optimale appropriate configuration for the storage block was obtained based on the maximum possible heat to store after fulfilling the cooling load required to the chiller for the 4 buildings, simulations were carried out to prove that storage can supply the rest of the power needed. Now the inlet temperature for the storage unit is considered constant (T_inlet = 483K) since it is coming from the chiller generator which it is assumed to have a constant ΔT and the mass flow rate changes every 30 seconds according to the cooling demand. Also, since the chiller needs a constant temperature inlet of 493 K (220°C) it is assumed that we have a temperature valve that controls the temperature of the water that is leaving the storage device before it enters to the chiller. The following figure 6-4 shows the temperature outlet of the storage from 3 pm until 8 pm. We can see that the temperature is always above 493 K which proves that we can easily run our chiller for the necessary hours even if we don’t  have power coming from the Beam Down solar plant. The variation in the temperatures is due to the variations of the mass flow rate in the system due to the cooling demand rate and power supply by the Beam Down. 


Figure 6-4 Storage temperature during the discharging mode from 3pm -8pm



[bookmark: _Toc296130020]BIBLIOGRAPHY


[1] M. T. Ali, M. Mokhtar, M. Chiesa, P. R. Armstrong, A cooling change-point model of community-aggregate electrical load, Energy and Buildings Journal,43 (2010) 28-37.
[2] M. Mokhtar, M. T. Ali,. S. Brauniger, A. Afshari, S Sgouridis, P. R. Armstrong, M. Chiesa, Systematic comprehensive techno-economic assessment of solar cooling technologies using location-specific climate data, Applied Energy, 87 (2010) 3766-3778.
[3] V. Morisson, M. Rady, E. Palomo, E. Arquis, Thermal energy storage systems for electricity production using solar energy direct steam generation, Chemical Engineering and Processing, 47 (2008) 499–507.  
[4] A. Gil, M. Medrano, I. Manrtorell, A. Lazaro. P Dolado, B. Zalba, L. Cabeza, State of the art on high temperature thermal energy storage for power generation. Part 1- Concepts, materials and modellization, Renewable and Sustainable Energy Reviews, 14 (2010) 31-55. 
[5] S. Hasnain, Review on sustainable thermal energy storage technologies, Part1: Heat storage, materials and techniques. Energy Conversion and Management, 39 No. 11 (1998) 1127-1138.
[6] SolarPACES, Power from the Sun, available at http://www.powerfromthesun.net
[7] D. P. Strigari, Development of a Concept for the Autarkic Energy and Water Supply of a Housing Estate in an Area with High Average Solar Irradiation, Vienna University of Technology, Master Thesis, May 2009.
[8] W. Steinmann, D. Laing, R. Tamme, Development of PCM Storage for Process Heat and Power Generation, J. Solar Energy Engineering, 131 (2009). 
[9] F. Agyenima, N. Hewitt, P. Eames, M. Smyth, A review of materials, heat transfer and phase change problem formulation for latent heat thermal energy storage systems (LHTESS), Renewable and Sustainable Energy Reviews, 14 (2010) 615-628.
[10] B. Zalba, J. Marin, L. Cabeza, H. Mehling, Review on Thermal Energy Storage with Phase Change: Materials, Heat Transfer Analysis and Applications, Applied Thermal Engineering, 23 (2003) 251–283.
[11] B. Zivkovic, I. Fujii, An Analysis of Isothermal Phase Change of Phase Change Material within Rectangular and Cylindrical containers, Solar Energy, 7 (2001) 51-61. 
[12] J. Bony, S. Citherlet, Numerical Model and Experimental Validation of Heat Storage with Phase Change Materials, Energy and Buildings, 39 (2007) 1065-1072. 
[13] J.S. Goodling, M.S. Khader, Results of the Numerical Solution for Outward Solidification with Flux Boundary Conditions, J. Heat Transfer, ASME 97 (1975) 307-309.
[14] N. Shamsundar, R. Srinivasan, Analysis of Energy Storage by Phase Change with an Array of Cylindrical Tubes, Thermal Energy Storage and Heat Transfer in Solar Energy Systems, America Society of Mechanical Engineers, vol. 35, New York, 1978. 
[15] L.W. Hunter, J.R. Kuttler, The Enthalpy Method for Heat Conduction Problems with Moving Boundaries, J. Heat Transfer, ASME, 11 (1989) 239-242. 
[16] M. Lacroix, Numerical Simulation of a Shell-and-Tube Latent Heat Thermal Energy Storage Unit, Solar Energy, 50 (1993) 357-367.
[17] L. Cabeza and H. Mehling, Heat and cold storage with PCM, Berlin, Germany: Springer,(2008) ch 1,2 and 4.
[18] M. Medrano, A. Gil, I. Martorell, X. Potau, L. Cabeza, State of the art on high-temperature thermal energy storage for power generation. Part 2—Case studies, Renewable and Sustainable Energy Reviews, 14(2010) 56-72.
[19] A. Rable, Tower reflector for solar plant, Solar Energy, 18 (1976) 269-271
[20] M. Chiesa, Y. Tamaura, P. Armstrong, Concentrated Solar Power Deployment in the UAE: Research Need, Presented at the International Conference on Renewable Energy 2010 Al Ain, UAE.
[21] MARWAN THESIS 
[22]O. Goebel, Shams One 100 MW CSP Plant in Abu Dhabi, Update on Project Status. In . France (2010).
[23] C. J. Winter,  R. L Sizmann, L. L Vant-Hull, Solar power plants: fundamentals, technology, systems, economics. Springer-Verlag (1991).
[24] M. Mokhtar, I. Rubalcaba, S. Meyers, A. Qadir, P. Armstrong, M. Chiesa. Heliostat Field Efficiency Test of Beam Down CSP Pilot Plant Experimental Results. In . Perpignan, France, September 21 2010
[25] INCROPERA 
[26] Y. Goswami, A. Vijayaraghavan, Handbook of Energy Efficiency and Renewable Energy, Boca Raton, FL: CRC Press, 2008, Ch 18 pp121-128.
[27] J. Duffie, W. Beckman, Solar Engineering of Thermal Processes, New Jersey: John Wiley & Sons, third edition (2006), Ch 15 pp579-585. 
[28] R. Macris, T. Zawacki. Absorption fluid data survey: 1989 update/ Oak Ridge National Laboratory Report, ORNL/Sub84-47989/4 (1989).
[29] K. Mori, M. Oka, T. Ohhashi, Development of triple-effect absorption chiller-heater, Japan Gas Association, http://www.igu.org/html/wgc2003/WGC_pdffiles/10626_1045222692_11599_1.pdf	Comment by Peter Armstrong: fix this format problem
[30] N.Lior, in: F. Kreith (Ed), Melting and Freezing in the CRC Hand Book of Thermal Engineering, CRC Press Springer, 2000.	Comment by Peter Armstrong: what is the chapter title?
[31] A. Mills, Heat Transfer, New Jersey: Prentice Hall, second edition, 1999, Ch 4 and Ch 5. 
[32] I. Dincer, M. Rosen, Thermal Energy Storage Systems and Applications, England: John Wiley & Sons 2002, Ch 7. 
[33] V. Alexiades, A. Solomon, Mathematical Modeling of Melting and Freezing Processes, Washington DC: Taylor & Francis, 1993, Ch 1 and Ch 4.
[34] J. Crank, Free and Moving Boundary Problems, Oxford: Clarendon Press, 1984.
[35] V. Voller, An overview of numerical methods for solving phase change problems, in Advances in Numerical Heat Transfer, New York: Taylor & Francis, 1997, Ch 9.
[36] COMSOL MANUAL
[37] D. Groulx, W. Ogoh, Solid-Liquid Phase Change Simulation Applied to a Cylindrical Latent Heat Energy Storage System, Excerpt from the proceedings of the COMSOL conference 2009, Boston.



[bookmark: _Toc296130021]GLOSARY


Bi - Biot number
COP - Coefficient of performance
Cp - Specific heat [J/kgK]
CSP - Concentrated solar power
- Local liquid fraction
FDM -Finite difference solution method
FEM - Finite element method
Fo - Fourier number
GPS - Global positioning system
h - Sensible enthalpy
HTF - Heat transfer fluid
LHS - Latent heat storage
ODE - Ordinary differential equations
PCM - Phase change material
PDE - Partial differential equations
TES - Thermal energy storage 
Tm - PCM melting temperature
THTF - Temperature of the HTF
UHTF - Convective heat transfer coefficient of the HTF
Ste - Stefan number

Melting front (cm)	y = 0.4267x + 2.4573
R² = 0.9752
4.5	3.9	3.7	3.3	4.4000000000000004	4.0999999999999996	4	3.9	FEM solution

FDM solution


Velocity = 0.0832m/s	0	6.2940089711732138E-6	6.1032331806208889E-4	1.2216172550914099E-3	1.2415817657969721E-3	1.2533380074127799E-3	1.9765114630274144E-3	2.0470805014606254E-3	2.1465231432882402E-3	2.73921467671748E-3	2.9800055190718801E-3	3.5057286417835678E-3	3.5754586929221299E-3	3.6702517267388299E-3	4.19245341622374E-3	4.6727590407105299E-3	4.7271917602539201E-3	5.1948439499284798E-3	5.6535233770860201E-3	5.7205606119252687E-3	6.2130321920004488E-3	6.3513697589011606E-3	6.922562733046732E-3	7.0291378175578395E-3	7.5495150007633934E-3	7.6702670650234438E-3	8.1092736683470047E-3	8.3273158473196798E-3	8.6906146050790695E-3	9.1537001910983514E-3	9.2817624816073016E-3	9.4766709242299595E-3	9.895062294649655E-3	1.0307995872179298E-2	1.0421005027434201E-2	1.0537898430355901E-2	1.09347734258034E-2	1.1330859574919121E-2	1.1444380681604301E-2	1.1954007358160627E-2	1.2155919012634698E-2	1.2176893214087327E-2	1.2205904542281799E-2	1.2884609379747225E-2	1.3342176870805003E-2	1.35021525908437E-2	1.3944052212128731E-2	1.43388764352848E-2	1.4497337751010199E-2	1.4775006006385601E-2	1.51430662231813E-2	1.5297837300222003E-2	1.5837380476880301E-2	1.5936752552503802E-2	1.63987616834954E-2	1.6535801717030549E-2	1.6967130802564335E-2	1.7106849185790002E-2	1.7638492072866198E-2	1.7790909266270121E-2	1.8227139080193605E-2	1.8353340444850201E-2	1.8427864888027834E-2	1.88389350279317E-2	1.9279385890809502E-2	1.9336194615713745E-2	1.9761517639531264E-2	2.0229153146447198E-2	2.0271200412314921E-2	2.0766722537729699E-2	2.1093723322393159E-2	2.13177929173184E-2	2.1537074478958612E-2	2.1876852456097412E-2	2.2324591397929798E-2	2.2330845411521614E-2	2.2839578118505809E-2	2.29647522244802E-2	2.3451414435494099E-2	2.3472178986405454E-2	2.3890711224595799E-2	2.41864497842906E-2	2.4449210328048754E-2	2.4763158779383902E-2	2.5029974231580487E-2	2.5426176666061312E-2	2.5572921328470312E-2	2.5673744105590049E-2	2.6093943475710115E-2	2.6568333557870954E-2	2.6632028842937298E-2	2.7095287219553808E-2	2.75244687599106E-2	2.7681892668583504E-2	2.8102662900881467E-2	2.8569534905358168E-2	2.8636057528039788E-2	2.9104766819637397E-2	2.9575144297171001E-2	2.9616997156458002E-2	2.96823113507566E-2	3.0147513180731899E-2	3.0432711767162612E-2	3.0719688400089911E-2	3.1062316499183458E-2	3.1293549163565255E-2	3.1419822449931099E-2	3.1835344173027698E-2	3.1909177060189399E-2	3.2285830838694386E-2	3.2715760786761187E-2	3.2784853689566802E-2	3.3219635133258797E-2	3.3497771108750699E-2	3.3759085288161898E-2	3.4224926201554401E-2	3.4389279739478099E-2	3.4466053051229802E-2	3.49181336755073E-2	3.4962366008320603E-2	3.4980650143013201E-2	3.5392843920890399E-2	3.5679332922563006E-2	3.5925528749324101E-2	3.6177183281805442E-2	3.653081176857649E-2	3.7014859884202202E-2	3.7074422124837351E-2	3.7537011285115489E-2	3.7967907221871287E-2	3.8120246772381301E-2	3.856565860254331E-2	3.8989992922545402E-2	3.906055561152031E-2	3.9509402330654697E-2	3.9692894404403573E-2	4.0191984129327923E-2	4.0243618125875603E-2	4.0691212766511886E-2	4.1145779196433696E-2	4.1206234203357901E-2	4.1722494527316176E-2	4.1983724147629513E-2	4.2432416602580514E-2	4.2725399755451622E-2	4.2999313358361414E-2	4.3482711245266377E-2	4.3652366742399556E-2	4.3788845850805704E-2	4.4380217765990812E-2	4.4993244843689377E-2	4.4999999999999922E-2	493.71176012719963	493.71092706518738	493.62638410596008	493.55243180506363	493.549941501224	493.54864030498231	493.46007908840545	493.45246998551102	493.44189434669693	493.37390341625593	493.34899047041608	493.292567765748	493.28575119498396	493.27643047115538	493.22374162583662	493.17626758345182	493.17071414116299	493.12716218670408	493.08342395462199	493.07695347192839	493.03377838521669	493.02157170074895	492.97282989459404	492.96342059121264	492.9226367470082	492.91275147800519	492.88098040471908	492.86396087511156	492.83986965228593	492.80560447353901	492.79796756865238	492.78448022821198	492.76044936061101	492.73311453063394	492.72723144000406	492.71954727142003	492.69820490055099	492.67280569968563	492.66742576218093	492.63738205233301	492.62648034083702	492.62555389085497	492.62376950901205	492.59796304538895	492.57688000010108	492.569050354252	492.55349502390538	492.53373965662627	492.52901165765394	492.51557519404298	492.50377204664937	492.49737479690396	492.475822857048	492.47228335864696	492.45680754576802	492.45097594907719	492.43729079045602	492.43345058459693	492.41804505636293	492.41359889246399	492.39909435973038	492.39677377972299	492.39421452242601	492.38619884417187	492.37264317542275	492.37086737876064	492.36241517006232	492.34817001556308	492.34748959872763	492.33854534686469	492.32519859246395	492.322423555385	492.31612642605694	492.31465395518194	492.302162666924	492.30206495177993	492.294534899246	492.29106094146169	492.28173361236395	492.28143253309599	492.27772842087069	492.26897512948102	492.26681646246738	492.25832303421299	492.25762467767697	492.24872198484297	492.24811067391801	492.24584165846682	492.24210399459969	492.23267632642597	492.23123941011988	492.22685026005894	492.21962706681904	492.21753121011699	492.2137752464584	492.20630795537113	492.20574679507303	492.20251829270694	492.19476509037901	492.19463149425798	492.19338383173363	492.19096798716299	492.18472927087203	492.184377877641	492.17831525300369	492.17983445230499	492.177302101088	492.17344273438408	492.17296183704894	492.17326019895381	492.16682876693801	492.16651621766994	492.16556058958156	492.15868217842461	492.15880700130356	492.15062468559881	492.15178759554163	492.15059659148	492.14687136317201	492.14688454578862	492.14659495148726	492.14833606325999	492.14098486563063	492.14224533020263	492.13895835150169	492.14245403904613	492.13774766369397	492.13698293050396	492.13803441341793	492.13385916502398	492.13366374908469	492.13423386978798	492.12882010147405	492.12805206294064	492.12724472130856	492.12890862261395	492.12518692648803	492.12477795946	492.12652288600896	492.12149795700833	492.12186837519903	492.12290988702301	492.12067501743201	492.11958887891802	492.11921863517705	492.120767267161	492.11161619326163	492.11340341000698	492.11165920823839	492.11975718528493	492.10926640481375	492.10935729821864	Velocity = 0.0799m/s	0	6.2940089711732138E-6	6.1032331806208889E-4	1.2216172550914099E-3	1.2415817657969721E-3	1.2533380074127799E-3	1.9765114630274144E-3	2.0470805014606254E-3	2.1465231432882402E-3	2.73921467671748E-3	2.9800055190718801E-3	3.5057286417835678E-3	3.5754586929221299E-3	3.6702517267388299E-3	4.19245341622374E-3	4.6727590407105299E-3	4.7271917602539201E-3	5.1948439499284798E-3	5.6535233770860201E-3	5.7205606119252687E-3	6.2130321920004488E-3	6.3513697589011606E-3	6.922562733046732E-3	7.0291378175578395E-3	7.5495150007633934E-3	7.6702670650234438E-3	8.1092736683470047E-3	8.3273158473196798E-3	8.6906146050790695E-3	9.1537001910983514E-3	9.2817624816073016E-3	9.4766709242299595E-3	9.895062294649655E-3	1.0307995872179298E-2	1.0421005027434201E-2	1.0537898430355901E-2	1.09347734258034E-2	1.1330859574919121E-2	1.1444380681604301E-2	1.1954007358160627E-2	1.2155919012634698E-2	1.2176893214087327E-2	1.2205904542281799E-2	1.2884609379747225E-2	1.3342176870805003E-2	1.35021525908437E-2	1.3944052212128731E-2	1.43388764352848E-2	1.4497337751010199E-2	1.4775006006385601E-2	1.51430662231813E-2	1.5297837300222003E-2	1.5837380476880301E-2	1.5936752552503802E-2	1.63987616834954E-2	1.6535801717030549E-2	1.6967130802564335E-2	1.7106849185790002E-2	1.7638492072866198E-2	1.7790909266270121E-2	1.8227139080193605E-2	1.8353340444850201E-2	1.8427864888027834E-2	1.88389350279317E-2	1.9279385890809502E-2	1.9336194615713745E-2	1.9761517639531264E-2	2.0229153146447198E-2	2.0271200412314921E-2	2.0766722537729699E-2	2.1093723322393159E-2	2.13177929173184E-2	2.1537074478958612E-2	2.1876852456097412E-2	2.2324591397929798E-2	2.2330845411521614E-2	2.2839578118505809E-2	2.29647522244802E-2	2.3451414435494099E-2	2.3472178986405454E-2	2.3890711224595799E-2	2.41864497842906E-2	2.4449210328048754E-2	2.4763158779383902E-2	2.5029974231580487E-2	2.5426176666061312E-2	2.5572921328470312E-2	2.5673744105590049E-2	2.6093943475710115E-2	2.6568333557870954E-2	2.6632028842937298E-2	2.7095287219553808E-2	2.75244687599106E-2	2.7681892668583504E-2	2.8102662900881467E-2	2.8569534905358168E-2	2.8636057528039788E-2	2.9104766819637397E-2	2.9575144297171001E-2	2.9616997156458002E-2	2.96823113507566E-2	3.0147513180731899E-2	3.0432711767162612E-2	3.0719688400089911E-2	3.1062316499183458E-2	3.1293549163565255E-2	3.1419822449931099E-2	3.1835344173027698E-2	3.1909177060189399E-2	3.2285830838694386E-2	3.2715760786761187E-2	3.2784853689566802E-2	3.3219635133258797E-2	3.3497771108750699E-2	3.3759085288161898E-2	3.4224926201554401E-2	3.4389279739478099E-2	3.4466053051229802E-2	3.49181336755073E-2	3.4962366008320603E-2	3.4980650143013201E-2	3.5392843920890399E-2	3.5679332922563006E-2	3.5925528749324101E-2	3.6177183281805442E-2	3.653081176857649E-2	3.7014859884202202E-2	3.7074422124837351E-2	3.7537011285115489E-2	3.7967907221871287E-2	3.8120246772381301E-2	3.856565860254331E-2	3.8989992922545402E-2	3.906055561152031E-2	3.9509402330654697E-2	3.9692894404403573E-2	4.0191984129327923E-2	4.0243618125875603E-2	4.0691212766511886E-2	4.1145779196433696E-2	4.1206234203357901E-2	4.1722494527316176E-2	4.1983724147629513E-2	4.2432416602580514E-2	4.2725399755451622E-2	4.2999313358361414E-2	4.3482711245266377E-2	4.3652366742399556E-2	4.3788845850805704E-2	4.4380217765990812E-2	4.4993244843689377E-2	4.4999999999999922E-2	493.53095273674131	493.53014905856139	493.44861981120238	493.37706108140338	493.37465252676407	493.37338833819803	493.28790598388099	493.28052341490945	493.270261485937	493.20460540782898	493.18044942765101	493.12597614961999	493.11936512829197	493.11033383518196	493.05951745795699	493.01397192354204	493.00870799765164	492.967468377133	492.92677745672495	492.92081544705127	492.88129327118719	492.87017820122895	492.82652334458538	492.81814851046698	492.78203923909263	492.77327514683395	492.74526631781856	492.73018145364244	492.70895703783896	492.67858320422903	492.67185682358001	492.65993004801396	492.63849748244894	492.61413285644198	492.60890755188399	492.602058428813	492.58299095522938	492.56019471780093	492.55540236951998	492.52841358506464	492.51863126913599	492.51779628758419	492.51617853905395	492.49303218801538	492.47402742864563	492.46691686622876	492.452905417068	492.43493336706194	492.43068272698264	492.418446973161	492.40774569010898	492.40189882323301	492.38224112839202	492.37900263458056	492.36487976093298	492.35951973395731	492.34701474903704	492.34349812442781	492.32939270474901	492.32530544784669	492.31195374165219	492.30983379815598	492.30747673685681	492.30011953840199	492.287610337601	492.28596657467438	492.27817568537199	492.26499127406998	492.26436314954202	492.25609445930945	492.24368230891997	492.24111987610888	492.23527699527693	492.23393154697595	492.22231623824894	492.22222529584002	492.21522224024699	492.21198087158899	492.20329144428496	492.20301049954469	492.19955292907099	492.1913730928772	492.18935381609197	492.18142434940597	492.18076476792697	492.17243643541201	492.17185994425699	492.16974004180508	492.16622585488102	492.15739942865196	492.15605116555508	492.15191829982808	492.145149444563	492.14317736696205	492.13963585005308	492.132631128188	492.13210106858327	492.12904536136563	492.12176541028219	492.12163673271698	492.12046606084675	492.11816938988198	492.11231040812538	492.1119574516062	492.10626747878945	492.10767445988898	492.10529254407601	492.101654941861	492.10119920695945	492.10144795688194	492.09540068695202	492.09510287880738	492.09417396743169	492.08770866056898	492.08780408543163	492.08011496252675	492.08119368806939	492.08007185987299	492.076555134437	492.07656459151099	492.07629233575182	492.07789623626502	492.07098657032401	492.07214965902	492.06906215397498	492.0723183472532	492.06788769558563	492.067166973795	492.06812494425537	492.06420061414582	492.06401011455563	492.06452166284208	492.05943810634056	492.05871446343696	492.05793976444301	492.05949582523556	492.05599752187499	492.05561233899999	492.05722949590205	492.052518895118	492.05286527416894	492.05382870731898	492.05172668171656	492.05069990053403	492.05035361251203	492.05179602444002	492.0432245475742	492.04490163775131	492.04326348684356	492.05085183909063	492.04102378435863	492.04110918090799	Velocity = 0.07629m/s	0	6.2940089711732138E-6	6.1032331806208889E-4	1.2216172550914099E-3	1.2415817657969721E-3	1.2533380074127799E-3	1.9765114630274144E-3	2.0470805014606254E-3	2.1465231432882402E-3	2.73921467671748E-3	2.9800055190718801E-3	3.5057286417835678E-3	3.5754586929221299E-3	3.6702517267388299E-3	4.19245341622374E-3	4.6727590407105299E-3	4.7271917602539201E-3	5.1948439499284798E-3	5.6535233770860201E-3	5.7205606119252687E-3	6.2130321920004488E-3	6.3513697589011606E-3	6.922562733046732E-3	7.0291378175578395E-3	7.5495150007633934E-3	7.6702670650234438E-3	8.1092736683470047E-3	8.3273158473196798E-3	8.6906146050790695E-3	9.1537001910983514E-3	9.2817624816073016E-3	9.4766709242299595E-3	9.895062294649655E-3	1.0307995872179298E-2	1.0421005027434201E-2	1.0537898430355901E-2	1.09347734258034E-2	1.1330859574919121E-2	1.1444380681604301E-2	1.1954007358160627E-2	1.2155919012634698E-2	1.2176893214087327E-2	1.2205904542281799E-2	1.2884609379747225E-2	1.3342176870805003E-2	1.35021525908437E-2	1.3944052212128731E-2	1.43388764352848E-2	1.4497337751010199E-2	1.4775006006385601E-2	1.51430662231813E-2	1.5297837300222003E-2	1.5837380476880301E-2	1.5936752552503802E-2	1.63987616834954E-2	1.6535801717030549E-2	1.6967130802564335E-2	1.7106849185790002E-2	1.7638492072866198E-2	1.7790909266270121E-2	1.8227139080193605E-2	1.8353340444850201E-2	1.8427864888027834E-2	1.88389350279317E-2	1.9279385890809502E-2	1.9336194615713745E-2	1.9761517639531264E-2	2.0229153146447198E-2	2.0271200412314921E-2	2.0766722537729699E-2	2.1093723322393159E-2	2.13177929173184E-2	2.1537074478958612E-2	2.1876852456097412E-2	2.2324591397929798E-2	2.2330845411521614E-2	2.2839578118505809E-2	2.29647522244802E-2	2.3451414435494099E-2	2.3472178986405454E-2	2.3890711224595799E-2	2.41864497842906E-2	2.4449210328048754E-2	2.4763158779383902E-2	2.5029974231580487E-2	2.5426176666061312E-2	2.5572921328470312E-2	2.5673744105590049E-2	2.6093943475710115E-2	2.6568333557870954E-2	2.6632028842937298E-2	2.7095287219553808E-2	2.75244687599106E-2	2.7681892668583504E-2	2.8102662900881467E-2	2.8569534905358168E-2	2.8636057528039788E-2	2.9104766819637397E-2	2.9575144297171001E-2	2.9616997156458002E-2	2.96823113507566E-2	3.0147513180731899E-2	3.0432711767162612E-2	3.0719688400089911E-2	3.1062316499183458E-2	3.1293549163565255E-2	3.1419822449931099E-2	3.1835344173027698E-2	3.1909177060189399E-2	3.2285830838694386E-2	3.2715760786761187E-2	3.2784853689566802E-2	3.3219635133258797E-2	3.3497771108750699E-2	3.3759085288161898E-2	3.4224926201554401E-2	3.4389279739478099E-2	3.4466053051229802E-2	3.49181336755073E-2	3.4962366008320603E-2	3.4980650143013201E-2	3.5392843920890399E-2	3.5679332922563006E-2	3.5925528749324101E-2	3.6177183281805442E-2	3.653081176857649E-2	3.7014859884202202E-2	3.7074422124837351E-2	3.7537011285115489E-2	3.7967907221871287E-2	3.8120246772381301E-2	3.856565860254331E-2	3.8989992922545402E-2	3.906055561152031E-2	3.9509402330654697E-2	3.9692894404403573E-2	4.0191984129327923E-2	4.0243618125875603E-2	4.0691212766511886E-2	4.1145779196433696E-2	4.1206234203357901E-2	4.1722494527316176E-2	4.1983724147629513E-2	4.2432416602580514E-2	4.2725399755451622E-2	4.2999313358361414E-2	4.3482711245266377E-2	4.3652366742399556E-2	4.3788845850805704E-2	4.4380217765990812E-2	4.4993244843689377E-2	4.4999999999999922E-2	493.33787275926994	493.33709614296464	493.258269156805	493.18888645872602	493.18654798394903	493.18531541652038	493.10262214795432	493.09543886044469	493.08550031045701	493.02216171595398	492.99894774362696	492.94729626587895	492.94102661649464	492.932607561721	492.88518382433375	492.84345924346701	492.838659174881	492.80130577782103	492.76473938523469	492.75936350683997	492.7239481084992	492.7139186529372	492.67472082540195	492.667152516486	492.63464994986498	492.62670818793799	492.60143883731308	492.58773345979699	492.56854632716397	492.54089140869399	492.534803325474	492.52394025102694	492.50440964268893	492.48211566452426	492.47735758534697	492.47108008001197	492.45362830298438	492.432650534586	492.42826773928738	492.40340065939102	492.39439902799694	492.39363097359899	492.39213141826968	492.37085905701696	492.353303376886	492.34670644561339	492.33376666323898	492.31706069924581	492.313133875353	492.30174689576194	492.29181563985497	492.28636153693697	492.26803771531769	492.26501384029126	492.25183593579698	492.24681505584903	492.2351337890712	492.23184570191393	492.21864833973694	492.21481655060745	492.20228884360102	492.2003019528442	492.19809035353802	492.19117830538693	492.179420406232	492.17787249631232	492.17053359382498	492.15811900004269	492.15752687601156	492.14972306349563	492.13800991228095	492.13558515974881	492.13007730954001	492.12879479898669	492.11782712379994	492.11774092591656	492.11110460872197	492.10803599549399	492.09980885567694	492.09954218046232	492.09624414861139	492.08849640214413	492.08656649948864	492.079063751452	492.07841679696099	492.07051950227464	492.06996105467698	492.06795419333895	492.06459275717333	492.05621949686196	492.05493830314998	492.050985906824	492.04455998087269	492.04267951217003	492.0392911485842	492.032637814944	492.032130179116	492.02919608714438	492.02227829333202	492.02215218808539	492.021040973769	492.01882651547601	492.01326159074182	492.01290041938	492.00749954015799	492.00881348845445	492.00654803732903	492.00307917823199	492.00264217006463	492.00284532557902	491.99709624692906	491.99680916724219	491.99589535273395	491.98975286208707	491.989821569225	491.98251810534396	491.98352881617626	491.98246082996764	491.97910516738699	491.97911129719876	491.97885261529194	491.980344863857	491.97378142560569	491.97486550983382	491.97193475460119	491.97499998319438	491.97078518402702	491.97009883719238	491.97098043670798	491.96725357859333	491.96706643779999	491.96752985996301	491.96270669542656	491.96201780775101	491.96126758980108	491.96273853515493	491.95941639175163	491.95904987858893	491.96056483824896	491.95610317325293	491.95643060226593	491.95733174281327	491.95533417353403	491.95435382306908	491.95402696317069	491.95538472253395	491.94727214393856	491.94886271943761	491.9473079802184	491.95449420899564	491.94519017881697	491.94527126209169	Radial Distance [m]
Temperature  [K]
No fins	0	3.8554442836382502E-4	8.6221050306913244E-4	1.3371027760330329E-3	1.7035152741117637E-3	2.0383034926190944E-3	2.5279695089276497E-3	3.4246520275408401E-3	3.7027406322697499E-3	4.0557445682931096E-3	5.1465695178391987E-3	6.3877808592090095E-3	6.5317821247824906E-3	6.9416995998681265E-3	8.1605195524580235E-3	8.4568840184959752E-3	9.2622772685098768E-3	1.0543414965780601E-2	1.0966483803018501E-2	1.1727653594006801E-2	1.3783691508818625E-2	1.6627661180163303E-2	1.8195005606151903E-2	2.0677745055944798E-2	2.38187907947001E-2	2.6704604466804411E-2	2.8600305552621264E-2	3.4994809605773211E-2	3.5593393237329567E-2	3.6334938204030005E-2	4.5000000000000012E-2	495.28399279672499	495.22301338956493	495.14761537709802	495.07735212139897	495.02309662471902	494.9763859320982	494.9082784009492	494.790495681555	494.75469032799202	494.71234601298926	494.58175374433699	494.445324732355	494.42945107906996	494.38799919389498	494.26381704019195	494.23496437359398	494.16206409678432	494.04415028317396	494.007340951451	493.9468166986822	493.78163839349799	493.576607076757	493.46936535731493	493.32281398025697	493.13584130055261	492.99757559139169	492.90493346237639	492.68866693769593	492.67130406641269	492.66333185332638	492.57044737650801	5 fins	0	4.6346029764576102E-4	7.6975523859187348E-4	1.0671032527609899E-3	1.5578659551927121E-3	1.9936349194121521E-3	2.3817250962713359E-3	3.5139676179727591E-3	3.5971196154593083E-3	3.6174684607519778E-3	3.6511300748365417E-3	4.7086301559332777E-3	5.5813847508244599E-3	5.8070728918286534E-3	5.9459685478347934E-3	6.3619084649654597E-3	6.8961465106768434E-3	7.6112123927842331E-3	7.9186054796604333E-3	8.4991747405810704E-3	9.1940586983267295E-3	9.3484509716785201E-3	9.843663826381634E-3	1.0276424604126101E-2	1.036288520423736E-2	1.1135077404511105E-2	1.144677050670833E-2	1.1983421685768368E-2	1.2282064491077901E-2	1.2741746285854699E-2	1.3223011059246901E-2	1.3618105141777827E-2	1.3945095961839401E-2	1.4480948038154799E-2	1.4783655808974401E-2	1.5607195285505939E-2	1.5760739481368143E-2	1.6029741479359202E-2	1.6566506071612336E-2	1.7111104323217503E-2	1.7304351427495201E-2	1.8063843396489334E-2	1.81273545440007E-2	1.8539026826014101E-2	1.8845370709830351E-2	1.8918924595593002E-2	1.9541491471633435E-2	2.0286933407813682E-2	2.0404259450598598E-2	2.1032563351828598E-2	2.1307288605276416E-2	2.1350693852047388E-2	2.2229877997798606E-2	2.2308206780354254E-2	2.2951081920439299E-2	2.3247015969567249E-2	2.3288605213705002E-2	2.3381687151443099E-2	2.4234887035638798E-2	2.4625577867203662E-2	2.5298466528545199E-2	2.5695824157112111E-2	2.6243927646455403E-2	2.6644690085802211E-2	2.7451894653716179E-2	2.7625173151672774E-2	2.8427175744622699E-2	2.87182359227371E-2	2.9450114220226802E-2	2.9758489119799583E-2	3.0370636095353402E-2	3.0667450453673185E-2	3.1524722834380077E-2	3.1566177869248702E-2	3.1583870756246191E-2	3.2432631356800315E-2	3.2819782765511986E-2	3.3234754047232667E-2	3.3939165360074179E-2	3.4164004929791394E-2	3.5241560412956195E-2	3.5245896440586899E-2	3.525264379652681E-2	3.6229732116254076E-2	3.6759849598066212E-2	3.7044392621553748E-2	3.7754862497842302E-2	3.8129669785556701E-2	3.8749482305003503E-2	3.9392266562662398E-2	4.0115005738463966E-2	4.0923262574729467E-2	4.1426719490347402E-2	4.2101241926136387E-2	4.2783218104672512E-2	4.3146486215169602E-2	4.3755485097137801E-2	4.4085446406222702E-2	4.4378396147179699E-2	4.5000000000000012E-2	499.70515823937899	499.67320730324201	499.64985592927098	499.62927110092056	499.59604762627839	499.56979306669194	499.54402973357156	499.47955737547238	499.47478696929869	499.47380731689896	499.47218325436995	499.4153634629252	499.372031836909	499.36166277493231	499.35602050175856	499.33776164795597	499.312860528577	499.28236864602769	499.26876610516808	499.24604209628939	499.21962100131157	499.21320863411597	499.195208001823	499.17970986025301	499.17696313781232	499.14982856937894	499.14011796737219	499.12177769371908	499.113019361716	499.09825641117675	499.08446764667195	499.07222123440175	499.06342830217238	499.04768196834863	499.04011260882601	499.01731172463695	499.01389325082499	499.00723559911904	498.99379800829843	498.980870064096	498.97602912424099	498.95862239223197	498.95704889801999	498.94791732787945	498.94128982956732	498.9397578660342	498.92679985221957	498.91131497078982	498.90883209775001	498.89644596786769	498.89137168983905	498.89063691570101	498.87466677658898	498.87344903283201	498.86223524797339	498.85729911302462	498.85657111601608	498.85493523867763	498.84250440897438	498.836805080847	498.826325114658	498.82113755587795	498.81334440029127	498.8080397794742	498.79754274333601	498.79513121609295	498.785847559334	498.78202597565399	498.774314185832	498.77048324138963	498.76462070078156	498.76169555481903	498.75250284761569	498.75219775486198	498.75202989009205	498.74586124048	498.74244674911301	498.73930379418039	498.73379263708199	498.7322358462572	498.72394411209439	498.72391857285038	498.72386697009199	498.71996546548195	498.71674565440895	498.71535337756694	498.71210037396298	498.70990496312101	498.70810287270069	498.70563458366001	498.70344771501897	498.70098197588601	498.69930308688993	498.69840028423602	498.69632122843763	498.69627631845799	498.69476190978298	498.69500049113395	498.69437126544102	498.69517611682198	10 fins	0	1.4560331471270805E-5	7.2221696422760122E-4	1.43852537810791E-3	1.4789767534167824E-3	1.5305295521179099E-3	2.3586343628676783E-3	2.9886373448585997E-3	3.2307852061680383E-3	3.7195983267260192E-3	4.3254825725720395E-3	4.4719820415829187E-3	4.6369339305569997E-3	5.42321517929559E-3	5.5432892193429699E-3	5.6030098114118829E-3	6.2187855281091598E-3	6.5637701850972778E-3	7.0369295911980887E-3	7.6118969392351314E-3	7.8593662010895682E-3	8.6225355551522997E-3	8.7208333304047807E-3	8.7499324607796195E-3	9.5819548698182419E-3	9.8534093355595771E-3	1.0407030897921599E-2	1.06575564076762E-2	1.1210030057496699E-2	1.1610278606515048E-2	1.2405122852968501E-2	1.2474804143167432E-2	1.2513564861903999E-2	1.2674619103179498E-2	1.3437479827453807E-2	1.3624979912606801E-2	1.4324293552166596E-2	1.4505324985809899E-2	1.5041080999279101E-2	1.5165882634889823E-2	1.5244855635659048E-2	1.5805749204301309E-2	1.6400977405654001E-2	1.6543464231471721E-2	1.7268844300585402E-2	1.7745710584355701E-2	1.8128508769771033E-2	1.835952968243516E-2	1.9193821013952565E-2	1.9371084416920537E-2	1.96982979446053E-2	2.0185501245209889E-2	2.0754676857601993E-2	2.0918583484151199E-2	2.1619679618007953E-2	2.1742436131957577E-2	2.23638941897908E-2	2.3079030550663591E-2	2.3084788690886787E-2	2.3137334789654053E-2	2.3948468272066998E-2	2.4001348083705618E-2	2.4532982997300598E-2	2.492097986987955E-2	2.4985947479397287E-2	2.5720031323657667E-2	2.6483197574792408E-2	2.6539635155384749E-2	2.6697976883472408E-2	2.7409875239026677E-2	2.7599316524110417E-2	2.8246200814070449E-2	2.8791857233808397E-2	2.908582522006558E-2	3.0157396528324294E-2	3.021974156318721E-2	3.0318375525360198E-2	3.1135441384909764E-2	3.1640740841949566E-2	3.1959945110384386E-2	3.2892049050194112E-2	3.2979822527950016E-2	3.3131985010608399E-2	3.3894788588642803E-2	3.4286571703370898E-2	3.4755172568448414E-2	3.5297490177081801E-2	3.5593665781923418E-2	3.6275823125382377E-2	3.6436986851717999E-2	3.733576475012737E-2	3.7348516487647442E-2	3.8208859386208403E-2	3.8475680214907902E-2	3.9041143477639623E-2	3.9299022577708412E-2	4.013383785012907E-2	4.0464263271214801E-2	4.0663563138640717E-2	4.1512687930660264E-2	4.2003664229090132E-2	4.2803102731069395E-2	4.3152396285594398E-2	4.3810694165933015E-2	4.4138102057555098E-2	4.4415192802637352E-2	4.5000000000000012E-2	501.75734553688	501.75693718613394	501.73665306810688	501.71830553712238	501.71719199132269	501.71593653471808	501.69550209936932	501.68159991102237	501.67589255278801	501.66556450409797	501.65270845201945	501.64991578258793	501.64681365400997	501.63174846945697	501.62942733009163	501.62831683743894	501.61734672044656	501.6115587597742	501.60332523036863	501.59406362747501	501.589978159054	501.57810821172438	501.57665278111045	501.57624035076662	501.56441735761399	501.56072369455256	501.55288311996844	501.54970160526238	501.54264908240162	501.53773832216569	501.52729348191269	501.52653807879295	501.52610153126994	501.52413625968188	501.51580824468238	501.51350319187469	501.50615436174593	501.50422359824108	501.49851443057662	501.49740867658045	501.49656298655395	501.49143836760783	501.48524734132894	501.48396819290394	501.47767857865699	501.47280916138396	501.47018182407396	501.46842842046601	501.46134650698133	501.46011941082213	501.45734839634702	501.45429304630704	501.44992407738698	501.44882952634163	501.44379644469694	501.44285086476594	501.43921286336001	501.43377293126969	501.43373965317295	501.43340097331696	501.42870824583827	501.42842502093197	501.42503486781226	501.42299274084593	501.42251368078593	501.41987439328102	501.41506702908993	501.41484271628963	501.41387157694697	501.41123254935445	501.41005475835919	501.40812258699663	501.40513150785364	501.40426069485494	501.39915455002364	501.39896565887869	501.39846090560894	501.39674114992198	501.39445295996001	501.39374903921896	501.38988651174975	501.38969313652262	501.38909474201245	501.38819398912563	501.38686864403701	501.38590217634498	501.38446211047432	501.38368006134402	501.3814719614864	501.38126396514099	501.379438328118	501.37941016834202	501.37860357159195	501.37799870990398	501.37783020416202	501.37773257175002	501.37577871251744	501.37587193118969	501.37525503530156	501.37603096916695	501.37555689085002	501.37438965196338	501.37480134716856	501.37335945459375	501.37392852393998	501.37329978037695	501.37442170938402	20 fins	0	6.3033017439692763E-6	5.8406615736006167E-4	1.1908732398199621E-3	1.2200705920728701E-3	1.2400773865712941E-3	1.8957362259152532E-3	2.0281608177276002E-3	2.3688852965869749E-3	2.8136423229929899E-3	3.0451625768148699E-3	3.5169558365385997E-3	4.0359503726886334E-3	4.0790810123091199E-3	4.1389608012205297E-3	4.7113106466757509E-3	5.0043478528120798E-3	5.3453997727300109E-3	5.6516052970834304E-3	5.9736924692659777E-3	6.3900731817779777E-3	6.6572444033496997E-3	7.0983663626428811E-3	7.4872429863944443E-3	7.7086309712272724E-3	8.1172964874440395E-3	8.3874179243750516E-3	8.5160134964405096E-3	9.0579200874345185E-3	9.1858819720985526E-3	9.6345891860695216E-3	9.7570809399444916E-3	1.0307045175228199E-2	1.0401751292051141E-2	1.0629946103657098E-2	1.09928844217202E-2	1.1206479359507858E-2	1.1459052841924699E-2	1.1766985847799423E-2	1.19592027882109E-2	1.24365999313892E-2	1.2620004419530335E-2	1.2658963518935199E-2	1.2716438374084E-2	1.3330747580944472E-2	1.35272450504508E-2	1.3946197536583901E-2	1.4414718645205901E-2	1.4507784974136599E-2	1.4620896823294776E-2	1.5117008995731599E-2	1.5571820706347727E-2	1.5668645671393998E-2	1.61202963499949E-2	1.6572604341963334E-2	1.6657838598132933E-2	1.7169525939489803E-2	1.7326213208941399E-2	1.7922256904339698E-2	1.8016681468219001E-2	1.8630235478064899E-2	1.8759911217074002E-2	1.9277604255887936E-2	1.9520858074783355E-2	1.9930473790680948E-2	2.0092048398682397E-2	2.05906117851722E-2	2.0653624738332387E-2	2.10391431032434E-2	2.1238959103640799E-2	2.1265290892237301E-2	2.1910481532866847E-2	2.1929687903538067E-2	2.1930646738312402E-2	2.1935878361302202E-2	2.2567663318030399E-2	2.27661931156675E-2	2.3057376668816777E-2	2.3206871030138777E-2	2.366637558129835E-2	2.3783009214741878E-2	2.4288925571139756E-2	2.4370409451123749E-2	2.4834896925371174E-2	2.4990783331741619E-2	2.5426572933630598E-2	2.5942220254319602E-2	2.6025160750153455E-2	2.6119761750241197E-2	2.6645615077151009E-2	2.7085057784509509E-2	2.7211439092399602E-2	2.7637456591031111E-2	2.8051917437406194E-2	2.8192100550899098E-2	2.8588847172791202E-2	2.8977313362155612E-2	2.9141810417957589E-2	2.9332505923325754E-2	2.9716316259921202E-2	3.0208922794003612E-2	3.0212216878945968E-2	3.02180501773502E-2	3.0746283408331299E-2	3.0875383857471479E-2	3.1501581640434602E-2	3.1555129308587997E-2	3.2133909743552042E-2	3.2215764574046568E-2	3.2709872017618401E-2	3.2889836280896388E-2	3.3260804303556595E-2	3.3655531926794102E-2	3.38097676146763E-2	3.402971096656561E-2	3.4384130216980502E-2	3.4843393062006067E-2	3.4921425435639503E-2	3.49761944066906E-2	3.5419589011081901E-2	3.5855377836312395E-2	3.5900305081254288E-2	3.5968514585529451E-2	3.6413290919494787E-2	3.6676600422423739E-2	3.6971299487908088E-2	3.7263925004762652E-2	3.7523168451125286E-2	3.806360034516991E-2	3.8076632344406197E-2	3.8530689601377899E-2	3.8978369464210016E-2	3.8991990537682798E-2	3.9475643775307205E-2	3.9768343651817403E-2	4.0039061571797097E-2	4.0319756259372501E-2	4.0630389840127824E-2	4.1119444250071323E-2	4.1127501419189687E-2	4.1143777535564766E-2	4.1700768850533761E-2	4.1825447681279861E-2	4.2497694808683366E-2	4.2624222967560202E-2	4.3100777157262599E-2	4.3652413308008432E-2	4.3729895308605896E-2	4.3822887657209722E-2	4.4402451338721456E-2	4.4993374558858122E-2	4.5000000000000012E-2	503.05236566499502	503.05236250248396	503.05205025055	503.05179034519369	503.05177688419099	503.051769545561	503.05142266381563	503.05136792363999	503.05122086675232	503.05097778240793	503.05085529884298	503.05063369429598	503.05038114709799	503.05036160472395	503.05033526365469	503.050051731959	503.04989862515907	503.049748267935	503.04959034999001	503.04944494516002	503.04925629495682	503.04911629852899	503.04891936215745	503.0487144624334	503.04862164897395	503.04842594497694	503.04830333470238	503.048236389419	503.04799208076281	503.04792737390432	503.04773325217127	503.04767433261856	503.04743423058	503.04739032879701	503.04728074302182	503.04714297371731	503.04704769232882	503.04694787495998	503.04680114679638	503.04673127239045	503.04651431161869	503.04643905878339	503.04642326180903	503.04639471479896	503.04617430379301	503.04608620377297	503.045936570496	503.04572533149502	503.04569583975837	503.04565032113356	503.04548240154497	503.04529562217601	503.04525554332298	503.04510196930897	503.04490116942407	503.04486713128688	503.04468110333681	503.04463575410898	503.04440554813198	503.04436344210194	503.04416679983194	503.04412084758894	503.043975640491	503.043877499475	503.04373663615098	503.04369478942863	503.04352200451598	503.04349981733856	503.04336776784299	503.04331704130863	503.04331056301601	503.04312022394163	503.04311522521738	503.04311492855413	503.04311330451299	503.04298747025098	503.04291871866195	503.04288094087656	503.04283133750732	503.04270704128339	503.04268609815261	503.04256442402732	503.04253759037397	503.04244919431613	503.04240035024401	503.04233781407493	503.04218132929401	503.04217135829907	503.04214643870102	503.04207974093896	503.04197019120397	503.04193658071802	503.04187103968297	503.04177141943802	503.04174426012003	503.04168151504064	503.04157557512696	503.04155709345002	503.04150322861938	503.04147976193894	503.04134701027419	503.04134676308769	503.04134535175598	503.04127147200899	503.04126624724103	503.04115201713103	503.04114146878038	503.04107288371432	503.04105715930598	503.04101741865139	503.04097841171301	503.04096074965702	503.04087080819897	503.04086674849469	503.04081652732202	503.04082982689363	503.04075018168493	503.04075152235708	503.04074248896001	503.04073043341702	503.04067073668705	503.04067015974414	503.04065899125499	503.04065167277997	503.04059838218899	503.04060398612501	503.04053872613099	503.04055987927899	503.04048410470926	503.04048152069208	503.04048776649205	503.04042319290431	503.04042356991232	503.04042510126231	503.04035420827694	503.04036381004181	503.04031084577463	503.040347723607	503.04026064782232	503.04026109932994	503.04025834104499	503.04024328343081	503.04025626998396	503.04022416371095	503.040207937454	503.04026189171282	503.04016558247099	503.040177337155	503.04016153152901	503.04026049676963	503.04015044293669	503.04015151361801	Radial Distance [cm]
Temeprature [K]
Power from the Beam Down [kW]
0.31250000000000028	0.3128472222222225	0.31319444444444472	0.31354166666666694	0.31388888888888983	0.31423611111111099	0.31458333333333327	0.31493055555555627	0.31527777777777843	0.31562500000000032	0.31597222222222243	0.31631944444444443	0.31666666666666743	0.31701388888888943	0.31736111111111098	0.31770833333333298	0.31805555555555598	0.3184027777777787	0.31875000000000026	0.31909722222222198	0.31944444444444442	0.31979166666666697	0.32013888888888942	0.32048611111111147	0.32083333333333308	0.32118055555555641	0.32152777777777863	0.32187500000000041	0.32222222222222241	0.32256944444444441	0.32291666666666763	0.32326388888888941	0.32361111111111102	0.3239583333333334	0.32430555555555635	0.32465277777777862	0.32500000000000034	0.32534722222222234	0.32569444444444434	0.32604166666666734	0.32638888888888984	0.32673611111111101	0.32708333333333334	0.32743055555555628	0.32777777777777856	0.32812500000000028	0.32847222222222255	0.32881944444444455	0.32916666666666755	0.32951388888888955	0.32986111111111127	0.33020833333333327	0.33055555555555527	0.33090277777777877	0.33125000000000032	0.33159722222222227	0.33194444444444443	0.33229166666666698	0.33263888888888943	0.33298611111111143	0.33333333333333298	0.33368055555555542	0.3340277777777787	0.33437500000000048	0.33472222222222242	0.33506944444444442	0.33541666666666758	0.33576388888888942	0.33611111111111108	0.33645833333333347	0.33680555555555641	0.33715277777777863	0.33750000000000041	0.33784722222222241	0.33819444444444441	0.33854166666666741	0.33888888888888985	0.33923611111111102	0.3395833333333334	0.33993055555555635	0.34027777777777835	0.34062500000000001	0.34097222222222234	0.34131944444444434	0.34166666666666734	0.34201388888888934	0.34236111111111101	0.342708333333333	0.343055555555555	0.34340277777777856	0.34375	0.344097222222222	0.34444444444444428	0.344791666666667	0.34513888888888927	0.34548611111111127	0.34583333333333299	0.34618055555555527	0.34652777777777843	0.34687500000000032	0.34722222222222227	0.34756944444444426	0.34791666666666643	0.34826388888888898	0.34861111111111093	0.34895833333333298	0.34930555555555498	0.34965277777777842	0.35000000000000026	0.35034722222222198	0.35069444444444398	0.35104166666666597	0.35138888888888958	0.35173611111111103	0.35208333333333308	0.35243055555555508	0.35277777777777841	0.35312500000000002	0.35347222222222241	0.35381944444444441	0.35416666666666741	0.35451388888888941	0.35486111111111102	0.35520833333333302	0.35555555555555501	0.35590277777777862	0.35625000000000001	0.35659722222222201	0.35694444444444434	0.35729166666666701	0.35763888888888934	0.35798611111111134	0.358333333333333	0.35868055555555528	0.35902777777777856	0.35937500000000028	0.35972222222222228	0.36006944444444428	0.36041666666666655	0.36076388888888927	0.36111111111111099	0.36145833333333327	0.36180555555555527	0.36215277777777843	0.36250000000000032	0.36284722222222227	0.36319444444444426	0.36354166666666626	0.36388888888888976	0.36423611111111093	0.36458333333333298	0.36493055555555498	0.36527777777777842	0.36562500000000031	0.36597222222222242	0.36631944444444442	0.36666666666666642	0.36701388888888942	0.36736111111111108	0.36770833333333308	0.36805555555555508	0.36840277777777863	0.36875000000000002	0.36909722222222202	0.36944444444444441	0.36979166666666702	0.37013888888888941	0.3704861111111114	0.37083333333333302	0.3711805555555554	0.37152777777777862	0.37187500000000034	0.37222222222222234	0.37256944444444434	0.37291666666666762	0.37326388888888934	0.37361111111111101	0.37395833333333334	0.37430555555555528	0.37465277777777856	0.37500000000000028	0.37534722222222228	0.37569444444444428	0.37604166666666627	0.37638888888888983	0.37673611111111099	0.37708333333333327	0.37743055555555527	0.37777777777777743	0.37812500000000032	0.37847222222222243	0.37881944444444443	0.37916666666666643	0.37951388888888943	0.37986111111111098	0.38020833333333298	0.38055555555555498	0.3809027777777777	0.38125000000000026	0.38159722222222198	0.38194444444444442	0.38229166666666597	0.38263888888888942	0.38298611111111147	0.38333333333333308	0.38368055555555547	0.38402777777777863	0.38437500000000041	0.38472222222222241	0.38506944444444441	0.38541666666666663	0.38576388888888941	0.38611111111111102	0.3864583333333334	0.3868055555555554	0.38715277777777862	0.38750000000000034	0.38784722222222234	0.38819444444444434	0.38854166666666634	0.38888888888888984	0.38923611111111101	0.38958333333333334	0.38993055555555528	0.39027777777777856	0.39062500000000028	0.39097222222222255	0.39131944444444455	0.39166666666666655	0.39201388888888955	0.39236111111111127	0.39270833333333327	0.39305555555555527	0.39340277777777777	0.39375000000000032	0.39409722222222227	0.39444444444444443	0.39479166666666626	0.39513888888888943	0.39548611111111143	0.39583333333333298	0.39618055555555542	0.3965277777777777	0.39687500000000048	0.39722222222222242	0.39756944444444442	0.3979166666666667	0.39826388888888942	0.39861111111111108	0.39895833333333347	0.39930555555555547	0.39965277777777863	0.4	0.40034722222222202	0.40069444444444402	0.40104166666666602	0.40138888888888968	0.40173611111111079	0.40208333333333302	0.40243055555555501	0.40277777777777835	0.40312500000000001	0.40347222222222234	0.40381944444444434	0.40416666666666634	0.40451388888888934	0.40486111111111101	0.405208333333333	0.405555555555555	0.40590277777777756	0.40625	0.406597222222222	0.40694444444444428	0.407291666666666	0.40763888888888927	0.40798611111111127	0.40833333333333299	0.40868055555555527	0.40902777777777743	0.40937500000000032	0.40972222222222227	0.41006944444444426	0.41041666666666643	0.41076388888888798	0.41111111111111093	0.41145833333333298	0.41180555555555498	0.41215277777777742	0.41250000000000026	0.41284722222222198	0.41319444444444398	0.41354166666666597	0.41388888888888958	0.41423611111111103	0.41458333333333308	0.41493055555555508	0.41527777777777741	0.41562500000000002	0.41597222222222241	0.41631944444444441	0.41666666666666641	0.41701388888888941	0.41736111111111102	0.41770833333333302	0.41805555555555501	0.41840277777777762	0.41875000000000001	0.41909722222222201	0.41944444444444434	0.41979166666666601	0.42013888888888934	0.42048611111111134	0.420833333333333	0.42118055555555528	0.42152777777777756	0.42187500000000028	0.42222222222222228	0.42256944444444428	0.42291666666666655	0.42326388888888827	0.42361111111111099	0.42395833333333327	0.42430555555555527	0.42465277777777743	0.42500000000000032	0.42534722222222227	0.42569444444444426	0.42604166666666626	0.42638888888888876	0.42673611111111093	0.42708333333333298	0.42743055555555498	0.42777777777777742	0.42812500000000031	0.42847222222222242	0.42881944444444442	0.42916666666666642	0.42951388888888842	0.42986111111111108	0.43020833333333308	0.43055555555555508	0.43090277777777763	0.43125000000000002	0.43159722222222202	0.43194444444444441	0.43229166666666602	0.43263888888888841	0.4329861111111114	0.43333333333333302	0.4336805555555554	0.43402777777777762	0.43437500000000034	0.43472222222222234	0.43506944444444434	0.43541666666666662	0.43576388888888834	0.43611111111111101	0.43645833333333334	0.43680555555555528	0.43715277777777756	0.43750000000000028	0.43784722222222228	0.43819444444444428	0.43854166666666627	0.43888888888888883	0.43923611111111099	0.43958333333333327	0.43993055555555527	0.44027777777777727	0.4406250000000001	0.44097222222222227	0.44131944444444426	0.44166666666666626	0.44201388888888798	0.44236111111111093	0.44270833333333293	0.44305555555555493	0.44340277777777742	0.44374999999999998	0.44409722222222175	0.44444444444444398	0.44479166666666575	0.44513888888888797	0.44548611111111108	0.44583333333333303	0.44618055555555508	0.44652777777777741	0.44687500000000002	0.44722222222222202	0.44756944444444402	0.44791666666666641	0.44826388888888802	0.44861111111111079	0.44895833333333302	0.44930555555555501	0.44965277777777735	0.45	0.45034722222222201	0.45069444444444401	0.45104166666666601	0.45138888888888862	0.45173611111111073	0.452083333333333	0.452430555555555	0.45277777777777728	0.453125	0.45347222222222228	0.45381944444444428	0.45416666666666627	0.45451388888888827	0.45486111111111099	0.45520833333333299	0.45555555555555499	0.45590277777777743	0.45624999999999927	0.45659722222222199	0.45694444444444426	0.45729166666666599	0.45763888888888798	0.45798611111111098	0.45833333333333293	0.45868055555555498	0.45902777777777742	0.4593749999999997	0.45972222222222198	0.46006944444444398	0.46041666666666642	0.46076388888888797	0.46111111111111103	0.46145833333333308	0.46180555555555508	0.46215277777777741	0.46249999999999941	0.46284722222222202	0.46319444444444402	0.46354166666666602	0.46388888888888863	0.46423611111111079	0.46458333333333302	0.46493055555555501	0.46527777777777735	0.46562499999999962	0.46597222222222234	0.46631944444444434	0.46666666666666634	0.46701388888888834	0.46736111111111101	0.467708333333333	0.468055555555555	0.46840277777777756	0.46874999999999928	0.469097222222222	0.46944444444444428	0.469791666666666	0.47013888888888827	0.47048611111111127	0.47083333333333299	0.47118055555555527	0.47152777777777743	0.47187499999999977	0.47222222222222227	0.47256944444444426	0.47291666666666643	0.47326388888888798	0.47361111111111093	0.47395833333333298	0.47430555555555498	0.47465277777777742	0.47499999999999942	0.47534722222222198	0.47569444444444398	0.47604166666666597	0.47638888888888858	0.47673611111111103	0.47708333333333308	0.47743055555555508	0.47777777777777741	0.47812499999999963	0.47847222222222241	0.47881944444444441	0.47916666666666641	0.47951388888888841	0.47986111111111102	0.48020833333333302	0.48055555555555501	0.48090277777777762	0.48124999999999934	0.48159722222222201	0.48194444444444434	0.48229166666666601	0.48263888888888834	0.48298611111111134	0.483333333333333	0.48368055555555528	0.48402777777777756	0.48437499999999983	0.48472222222222228	0.48506944444444428	0.48541666666666655	0.48576388888888827	0.48611111111110999	0.48645833333333327	0.48680555555555527	0.48715277777777743	0.48749999999999943	0.48784722222222227	0.48819444444444426	0.48854166666666626	0.48888888888888876	0.48923611111110993	0.48958333333333298	0.48993055555555498	0.49027777777777742	0.4906249999999997	0.49097222222222242	0.49131944444444442	0.49166666666666642	0.49201388888888842	0.49236111111110997	0.49270833333333308	0.49305555555555508	0.49340277777777763	0.49374999999999941	0.49409722222222202	0.49444444444444441	0.49479166666666602	0.49513888888888841	0.49548611111111041	0.49583333333333302	0.4961805555555554	0.49652777777777762	0.49687499999999984	0.49722222222222234	0.49756944444444434	0.49791666666666662	0.49826388888888834	0.49861111111111001	0.49895833333333334	0.49930555555555528	0.49965277777777756	0.49999999999999956	0.5003472222222215	0.50069444444444455	0.50104166666666605	0.501388888888888	0.5017361111111095	0.50208333333333299	0.50243055555555449	0.50277777777777699	0.50312499999999849	0.50347222222222132	0.50381944444444404	0.50416666666666532	0.50451388888888749	0.50486111111110998	0.50520833333333304	0.50555555555555498	0.50590277777777659	0.50624999999999898	0.50659722222222159	0.50694444444444453	0.50729166666666603	0.50763888888888853	0.50798611111110958	0.50833333333333297	0.50868055555555503	0.50902777777777697	0.50937499999999858	0.50972222222222197	0.51006944444444402	0.51041666666666519	0.51076388888888802	0.51111111111110996	0.51145833333333302	0.51180555555555551	0.51215277777777657	0.51249999999999896	0.51284722222222201	0.51319444444444395	0.51354166666666601	0.51388888888888795	0.51423611111110956	0.5145833333333325	0.514930555555555	0.5152777777777765	0.515624999999999	0.51597222222222106	0.516319444444444	0.5166666666666655	0.517013888888888	0.5173611111111095	0.51770833333333355	0.51805555555555505	0.51840277777777644	0.51874999999999905	0.51909722222222099	0.51944444444444404	0.51979166666666654	0.52013888888888804	0.52048611111110932	0.52083333333333304	0.52118055555555498	0.52152777777777659	0.52187499999999898	0.52222222222222059	0.52256944444444398	0.52291666666666559	0.52326388888888797	0.52361111111111003	0.52395833333333353	0.52430555555555503	0.52465277777777697	0.52499999999999902	0.52534722222222097	0.52569444444444469	0.52604166666666652	0.52638888888888802	0.52673611111110996	0.52708333333333302	0.52743055555555496	0.52777777777777701	0.52812499999999896	0.52847222222222057	0.52881944444444395	0.52916666666666556	0.52951388888888751	0.52986111111111001	0.53020833333333295	0.530555555555555	0.5309027777777765	0.531249999999999	0.53159722222222106	0.53194444444444455	0.53229166666666605	0.53263888888888855	0.5329861111111095	0.53333333333333299	0.53368055555555505	0.53402777777777699	0.53437499999999849	0.53472222222222099	0.53506944444444404	0.53541666666666532	0.53576388888888804	0.53611111111110998	0.53645833333333304	0.53680555555555554	0.53715277777777659	0.53749999999999898	0.53784722222222103	0.53819444444444453	0.53854166666666603	0.53888888888888853	0.53923611111110958	0.53958333333333297	0.53993055555555503	0.54027777777777697	0.54062499999999902	0.54097222222222097	0.54131944444444402	0.54166666666666596	0.54201388888888802	0.54236111111110996	0.54270833333333368	0.54305555555555551	0.54340277777777657	0.54374999999999951	0.54409722222222101	0.54444444444444395	0.54479166666666656	0.54513888888888795	0.54548611111110956	0.54583333333333295	0.546180555555555	0.5465277777777765	0.546874999999999	0.54722222222222106	0.547569444444444	0.5479166666666655	0.548263888888888	0.54861111111111005	0.54895833333333255	0.54930555555555505	0.54965277777777699	0.54999999999999905	0.55034722222222099	0.55069444444444482	0.55104166666666654	0.55138888888888804	0.55173611111110998	0.55208333333333204	0.55243055555555498	0.55277777777777704	0.55312499999999898	0.55347222222222059	0.55381944444444453	0.55416666666666559	0.55451388888888797	0.55486111111111003	0.55520833333333253	0.55555555555555503	0.55590277777777697	0.55624999999999902	0.55659722222222097	0.55694444444444469	0.55729166666666652	0.55763888888888868	0.55798611111110996	0.55833333333333202	0.55868055555555551	0.55902777777777701	0.55937499999999896	0.55972222222222101	0.56006944444444395	0.56041666666666556	0.56076388888888795	0.56111111111111001	0.56145833333333195	0.56180555555555556	0.5621527777777765	0.562499999999999	0.56284722222222161	0.56319444444444455	0.56354166666666605	0.56388888888888855	0.5642361111111095	0.56458333333333199	0.56493055555555505	0.56527777777777699	0.56562499999999905	0.56597222222222099	0.56631944444444404	0.56666666666666599	0.56701388888888804	0.56736111111110998	0.56770833333333282	0.56805555555555554	0.56840277777777659	0.56874999999999953	0.56909722222222103	0.56944444444444453	0.56979166666666681	0.57013888888888853	0.57048611111110958	0.57083333333333253	0.57118055555555503	0.57152777777777697	0.57187499999999902	0.57222222222222097	0.57256944444444402	0.57291666666666596	0.57326388888888802	0.57361111111111052	0.57395833333333268	0.57430555555555551	0.57465277777777701	0.57499999999999951	0.57534722222222101	0.57569444444444484	0.57604166666666656	0.57638888888888795	0.57673611111111001	0.57708333333333195	0.577430555555555	0.57777777777777695	0.578124999999999	0.57847222222222106	0.57881944444444355	0.5791666666666655	0.579513888888888	0.57986111111111005	0.58020833333333199	0.58055555555555449	0.58090277777777644	0.58124999999999849	0.58159722222222043	0.58194444444444304	0.58229166666666599	0.58263888888888804	0.58298611111110932	0.58333333333333159	0.58368055555555498	0.58402777777777659	0.58437499999999831	0.58472222222222059	0.58506944444444298	0.58541666666666525	0.58576388888888797	0.58611111111110958	0.58645833333333197	0.58680555555555503	0.5871527777777763	0.58749999999999858	0.58784722222222097	0.58819444444444302	0.58854166666666596	0.58888888888888802	0.58923611111110918	0.58958333333333157	0.58993055555555496	0.59027777777777657	0.59062499999999896	0.59097222222222057	0.59131944444444251	0.59166666666666556	0.59201388888888751	0.59236111111110956	0.59270833333333195	0.593055555555555	0.59340277777777617	0.593749999999999	0.59409722222222106	0.594444444444443	0.59479166666666605	0.595138888888888	0.59548611111110916	0.59583333333333199	0.59618055555555449	0.59652777777777644	0.59687499999999849	0.59722222222222043	0.59756944444444249	0.59791666666666532	0.59826388888888749	0.59861111111110998	0.59895833333333204	0.59930555555555498	0.59965277777777659	0.59999999999999898	0.60034722222222103	0.60069444444444386	0.60104166666666681	0.60138888888888853	0.60173611111111003	0.60208333333333253	0.60243055555555503	0.60277777777777752	0.60312499999999902	0.60347222222222097	0.60381944444444369	0.60416666666666596	0.60451388888888802	0.60486111111111052	0.60520833333333268	0.60555555555555551	0.60590277777777701	0.60624999999999951	0.60659722222222101	0.60694444444444384	0.60729166666666656	0.60763888888888884	0.60798611111111001	0.60833333333333195	0.60868055555555556	0.60902777777777695	0.609374999999999	0.60972222222222161	0.61006944444444355	0.6104166666666655	0.61076388888888855	0.61111111111111005	0.61145833333333255	0.61180555555555483	0.61215277777777699	0.61249999999999905	0.61284722222222154	0.61319444444444382	0.61354166666666654	0.61388888888888882	0.61423611111110998	0.61458333333333204	0.61493055555555454	0.61527777777777704	0.61562499999999953	0.61597222222222103	0.61631944444444353	0.61666666666666603	0.61701388888888853	0.61736111111111003	0.61770833333333286	0.6180555555555548	0.61840277777777697	0.6187499999999998	0.61909722222222152	0.61944444444444369	0.61979166666666685	0.62013888888888868	0.62048611111110996	0.62083333333333268	0.62118055555555451	0.62152777777777701	0.62187499999999951	0.62222222222222101	0.62256944444444295	0.62291666666666601	0.62326388888888795	0.62361111111111056	0.62395833333333284	0.62430555555555456	0.62465277777777695	0.62499999999999956	0.62534722222222161	0.62569444444444411	0.62604166666666683	0.62638888888888855	0.62673611111111005	0.62708333333333255	0.62743055555555405	0.62777777777777755	0.62812499999999905	0.62847222222222099	0.62881944444444382	0.62916666666666599	0.62951388888888804	0.62986111111111054	0.63020833333333282	0.63055555555555454	0.63090277777777704	0.63124999999999953	0.63159722222222103	0.63194444444444386	0.63229166666666681	0.63263888888888886	0.63298611111111003	0.63333333333333253	0.6336805555555548	0.63402777777777752	0.63437499999999902	0.63472222222222152	0.63506944444444369	0.63541666666666596	0.63576388888888868	0.63611111111111052	0.63645833333333268	0.63680555555555485	0.63715277777777701	0.63749999999999951	0.63784722222222157	0.63819444444444384	0.63854166666666656	0.63888888888888884	0.63923611111111001	0.63958333333333195	0.63993055555555456	0.64027777777777695	0.64062499999999956	0.64097222222222161	0.64131944444444355	0.64166666666666505	0.64201388888888855	0.64236111111111005	0.6427083333333331	0.64305555555555483	0.64340277777777699	0.64374999999999982	0.64409722222222154	0.64444444444444382	0.64479166666666599	0.64513888888888882	0.64548611111110998	0.64583333333333282	0.64618055555555454	0.64652777777777704	0.64687499999999953	0.64722222222222103	0.64756944444444353	0.64791666666666503	0.64826388888888853	0.64861111111111081	0.64895833333333286	0.6493055555555548	0.64965277777777752	0.6499999999999998	0.65034722222222152	0.65069444444444424	0.65104166666666585	0.65138888888888868	0.65173611111111052	0.65208333333333268	0.65243055555555451	0.65277777777777768	0.65312499999999951	0.65347222222222101	0.65381944444444384	0.65416666666666501	0.65451388888888795	0.65486111111111056	0.65520833333333284	0.65555555555555456	0.65590277777777695	0.65624999999999956	0.65659722222222161	0.65694444444444411	0.65729166666666583	0.65763888888888911	0.65798611111111005	0.65833333333333255	0.65868055555555483	0.65902777777777755	0.65937499999999905	0.65972222222222154	0.66006944444444382	0.66041666666666499	0.66076388888888882	0.66111111111111054	0.66145833333333282	0.66180555555555498	0.66215277777777704	0.66249999999999953	0.66284722222222181	0.66319444444444386	0.66354166666666581	0.66388888888888886	0.66423611111111003	0.66458333333333253	0.6649305555555548	0.66527777777777752	0.6656249999999998	0.66597222222222152	0.66631944444444369	0.66666666666666552	0.66701388888888868	0.66736111111111052	0.66770833333333324	0.66805555555555485	0.66840277777777701	0.66874999999999984	0.66909722222222157	0.66944444444444384	0.66979166666666612	0.67013888888888884	0.67048611111111001	0.67083333333333284	0.67118055555555456	0.67152777777777695	0.67187499999999956	0.67222222222222161	0.67256944444444355	0.67291666666666505	0.67326388888888855	0.67361111111111083	0.6739583333333331	0.67430555555555483	0.67465277777777655	0.67499999999999982	0.67534722222222154	0.67569444444444426	0.67604166666666599	0.67638888888888882	0.67673611111111054	0.67708333333333282	0.67743055555555454	0.67777777777777681	0.67812499999999953	0.67847222222222103	0.67881944444444386	0.67916666666666503	0.67951388888888853	0.67986111111111081	0.68020833333333253	0.68055555555555403	0.68090277777777597	0.68124999999999902	0.68159722222222097	0.68194444444444369	0.68229166666666552	0.68263888888888868	0.68298611111110996	0.68333333333333202	0.68368055555555451	0.68402777777777601	0.68437499999999896	0.68472222222222101	0.68506944444444295	0.68541666666666456	0.68576388888888795	0.68611111111111001	0.68645833333333195	0.68680555555555456	0.6871527777777755	0.687499999999999	0.68784722222222161	0.68819444444444355	0.68854166666666505	0.68888888888888855	0.6892361111111095	0.68958333333333199	0.68993055555555405	0.69027777777777599	0.69062499999999905	0.69097222222222099	0.69131944444444304	0.69166666666666499	0.69201388888888804	0.69236111111110998	0.69270833333333282	0.69305555555555454	0.69340277777777559	0.69374999999999953	0.69409722222222103	0.69444444444444353	0.69479166666666581	0.69513888888888853	0.69548611111110958	0.69583333333333253	0.69618055555555403	0.69652777777777597	0.69687499999999902	0.69722222222222097	0.69756944444444302	0.69791666666666496	0.69826388888888802	0.69861111111111052	0.69895833333333268	0.69930555555555451	0.69965277777777601	0.69999999999999951	0.70034722222222101	0.70069444444444384	0.70104166666666556	0.70138888888888795	0.70173611111111001	0.70208333333333195	0.702430555555554	0.70277777777777595	0.703124999999999	0.70347222222222106	0.70381944444444355	0.7041666666666645	0.704513888888887	0.70486111111111005	0.70520833333333255	0.70555555555555405	0.70590277777777599	0.70624999999999905	0.70659722222222099	0.70694444444444382	0.70729166666666554	0.70763888888888782	0.70798611111110998	0.70833333333333204	0.70868055555555454	0.70902777777777604	0.70937499999999898	0.70972222222222103	0.71006944444444353	0.71041666666666459	0.71076388888888753	0.71111111111111003	0.71145833333333253	0.7118055555555548	0.71215277777777597	0.71249999999999902	0.71284722222222152	0.71319444444444369	0.71354166666666552	0.71388888888888768	0.71423611111110996	0.71458333333333202	0.71493055555555451	0.71527777777777601	0.71562499999999951	0.71597222222222101	0.71631944444444295	0.71666666666666501	0.71701388888888695	0.71736111111111001	0.71770833333333284	0.71805555555555456	0.7184027777777755	0.71874999999999956	0.71909722222222161	0.71944444444444355	0.71979166666666583	0.72013888888888755	0.7204861111111095	0.72083333333333255	0.72118055555555405	0.72152777777777599	0.72187499999999905	0.72222222222222099	0.72256944444444304	0.72291666666666499	0.72326388888888704	0.72361111111111054	0.72395833333333282	0.72430555555555454	0.72465277777777604	0.72499999999999953	0.72534722222222103	0.72569444444444386	0.72604166666666581	0.72638888888888753	0.72673611111111003	0.72708333333333253	0.72743055555555403	0.72777777777777652	0.72812499999999902	0.72847222222222097	0.72881944444444369	0.72916666666666496	0.72951388888888702	0.72986111111111052	0.73020833333333268	0.73055555555555451	0.73090277777777601	0.73124999999999951	0.73159722222222101	0.73194444444444384	0.73229166666666556	19.167370890000001	21.039991690000019	22.912612489999976	23.354910149999998	23.79720781	24.239505470000001	24.68180312000003	25.062571979999976	25.443340839999962	25.824109700000001	26.204878570000005	26.45938808	26.713897599999999	26.968407109999976	27.222916629999986	27.577030760000017	27.931144889999977	28.285259020000002	28.639373150000019	29.02004019	29.400707229999973	29.78137426	30.162041299999977	30.59559346	31.029145620000001	31.312432639999976	31.595719659999975	32.178272120000045	32.760824569999997	33.113476290000001	33.466128010000013	33.850209979999995	34.234291950000006	34.74487989	35.255467830000001	35.602487230000001	35.949506620000001	36.400056409999998	36.850606199999994	37.116186750000004	37.381767309999994	37.761350020000037	38.140932730000046	38.484306469999964	38.827680219999998	39.236680890000002	39.645681569999994	40.004347869999997	40.36301417	40.749782060000001	41.136549950000003	41.489686799999994	41.842823649999993	42.300900079999998	42.758976500000003	43.178406130000013	43.597835750000002	44.034325600000003	44.470815449999996	44.810850659999964	45.150885859999995	45.355049779999995	45.559213700000001	45.932189300000012	46.305164900000001	46.768674340000054	47.232183780000035	47.530290830000013	47.828397880000011	48.035708630000038	48.243019380000035	48.620246870000003	48.997474359999998	49.289491830000003	49.5815093	49.809807139999997	50.038104980000035	50.730575300000055	51.423045610000003	51.823445720000002	52.223845840000045	52.475595630000036	52.727345420000013	53.053000189999999	53.378654969999999	53.450739569999996	53.522824180000001	53.875734620000003	54.228645060000012	54.520008350000012	54.811371629999996	55.181116890000013	55.550862149999993	55.828554560000001	56.10624696	56.427634059999995	56.749021169999999	56.975231270000002	57.201441379999999	57.353710620000001	57.505979850000003	57.997547930000003	58.489116000000003	58.651737279999999	58.814358569999996	59.340377559999965	59.866396550000005	60.158132810000055	60.449869069999963	60.840467319999995	61.231065569999998	61.639823830000012	62.048582100000012	62.310715430000002	62.572848759999999	62.835454159999998	63.098059560000003	63.394015510000003	63.689971449999994	63.952777409999996	64.215583370000004	64.517645900000105	64.819708429999949	65.153267220000004	65.486826010000001	65.560220790000088	65.633615579999983	65.916711910000004	66.199808239999868	66.530133750000005	66.860459259999999	67.275032569999865	67.68960586999998	68.181280670000007	68.672955469999948	68.877042069999959	69.081128680000091	69.47081756999998	69.860506459999982	70.150582329999878	70.440658209999995	70.720080519999897	70.999502829999983	71.307481969999998	71.615461099999948	71.926821779999983	72.238182449999982	72.381156230000002	72.524130020000001	72.867898949999983	73.211667890000086	73.409922969999997	73.608178039999856	73.698671949999948	73.789165859999983	73.990540109999998	74.191914359999998	74.381404689999997	74.570895019999867	74.860699120000007	75.150503209999982	75.460776189999933	75.771049160000004	76.170038969999865	76.569028779999982	76.841465299999996	77.113901819999867	77.346389250000001	77.578876689999959	77.974824870000006	78.370773049999897	78.45049754999998	78.530222060000071	78.767083569999997	79.00394507999998	79.137317670000002	79.270690259999981	79.510714980000074	79.750739690000003	79.783007359999928	79.815275029999981	80.032643100000001	80.25001116	80.743961870000007	81.237912570000006	81.44150704000009	81.645101509999989	81.943695739999995	82.242289970000087	82.444328020000071	82.646366080000007	83.001106919999998	83.355847769999897	83.506876799999958	83.657905819999897	83.679483319999903	83.701060819999981	84.069825990000027	84.438591160000001	84.680584379999928	84.922577599999897	85.450343630000006	85.978109669999995	86.172562909999897	86.367016160000006	86.583073169999949	86.799130180000006	86.788504720000006	86.777879260000006	87.038086109999867	87.298292959999998	87.355313829999929	87.412334700000002	87.567534039999998	87.722733379999866	88.06433595999998	88.405938539999866	88.443734390000003	88.481530250000006	88.576617540000001	88.671704819999889	88.808812259999897	88.94591969000011	88.974606690000087	89.003293690000106	89.117329299999994	89.231364909999996	89.307001999999983	89.382639099999949	89.522894109999868	89.663149129999979	89.872536249999897	90.081923380000092	90.335674969999999	90.589426570000001	90.780676569999983	90.971926560000071	91.102041659999927	91.232156759999981	91.399844220000006	91.567531669999994	91.806671389999948	92.04581109999998	92.353523190000004	92.661235270000006	92.876663230000005	93.092091179999898	93.127824649999994	93.163558129999927	93.024769120000002	92.885980109999878	93.033539070000003	93.181098039999867	93.396741209999988	93.612384369999958	94.023357809999865	94.434331240000006	94.867690179999983	95.301049129999981	95.433821940000087	95.566594749999993	95.795308509999927	96.024022270000003	96.48762374000016	96.951225210000089	96.942432359999927	96.933639520000071	97.513155540000071	98.092671569999979	95.472963280000087	92.853254989999996	96.080786189999927	99.308317379999878	99.386393189999978	99.464469010000087	101.07242869999995	102.68038829999988	102.684674	102.6889597	102.77545259999989	102.8619455	102.71793409999999	102.5739226	104.14293170000001	105.71194070000007	106.78008610000001	107.8482315	107.96023959999999	108.0722476	108.06069359999999	108.04913950000002	108.627065	109.20499049999999	109.36339289999989	109.52179529999998	109.72606940000007	109.93034360000007	110.1282197	110.32609579999998	110.4381563	110.5502168	110.27485470000002	109.99949260000002	109.9761218	109.95275109999993	110.09517	110.23758890000002	109.95746050000002	109.67733199999989	109.46817590000002	109.2590198	109.3417105	109.4244013	109.4964915	109.5685817	109.2051324	108.84168300000009	108.91193020000007	108.98217729999998	109.1769434	109.3717094	110.3599734	111.3482374	110.61734779999998	109.88645829999993	110.141982	110.3975058	110.5754256	110.7533454	111.8051538	112.85696230000001	111.84328450000002	110.82960679999998	110.88319610000001	110.9367853	110.6540514	110.37131749999998	110.7282548	111.08519209999993	111.12953669999995	111.17388139999987	111.42838119999988	111.68288109999988	111.97625360000013	112.2696262000001	112.63765600000002	113.00568579999998	113.735018	114.46435020000007	114.45389209999998	114.44343390000007	113.59245420000002	112.74147440000007	112.56697819999989	112.39248199999993	112.20964920000007	112.0268165	112.7904867	113.5541568	113.84728520000007	114.14041370000002	115.2895628	116.4387119	116.44446850000007	116.45022510000007	116.5355998	116.6209746	116.8652089	117.1094432	117.10232019999989	117.09519709999998	116.3995767	115.70395619999998	115.0674779	114.43099970000007	115.3322008	116.233402	116.166454	116.09950600000002	115.72359370000002	115.3476813	115.46560359999999	115.58352590000007	115.57299740000001	115.5624689	115.6772241	115.79197929999999	116.258295	116.72461079999999	116.49797350000007	116.27133619999987	116.42065490000009	116.56997360000007	115.8664725999999	115.16297169999993	115.72132430000002	116.27967700000001	115.831597	115.383517	116.3821597	117.38080239999987	117.64384709999995	117.9068918	118.1069226	118.30695340000007	118.0617005	117.8164476	117.9733426	118.1302376	117.58070779999993	117.031178	116.90517610000001	116.7791742	117.1577116	117.53624910000002	117.43277509999993	117.32930109999992	117.09481760000007	116.86033399999998	116.94238729999998	117.02444060000002	117.97162220000007	118.91880380000002	118.488989	118.0591742	117.9362959000001	117.81341759999998	117.1577116	116.6424947	117.1235114	117.6045282	118.24094440000009	118.8773607	118.97979170000001	119.0822227	119.3271886	119.5721545	119.91958450000007	120.26701450000007	120.8118561	121.3566977	121.5959182	121.83513869999993	121.29767350000007	120.76020819999998	118.94951130000007	117.13881430000001	118.1748997	119.21098520000002	119.87164749999998	120.53230979999998	120.8245558	121.1168017	120.4878606000001	119.8589195	120.1817372999999	120.5045551	120.37730849999993	120.25006190000002	121.10219799999993	121.9543341	122.0654734	122.17661270000001	122.328163	122.4797133	122.74256680000002	123.0054203	123.02987889999987	123.05433749999995	123.1123637	123.17038999999993	122.7053056	122.24022119999999	123.02715259999998	123.81408399999999	123.97898720000001	124.1438904	123.96170979999999	123.77952920000007	123.94996290000009	124.12039660000001	124.14124400000007	124.16209139999989	124.39278789999987	124.6234844	124.75803709999992	124.8925897	124.77834109999989	124.6640924	124.9617745	125.25945659999998	125.12971579999993	124.9999751	124.9154317	124.83088829999993	124.8060756	124.78126279999999	125.0010558	125.22084879999993	125.15956869999998	125.0982886	124.60883649999992	124.1193844	123.82694290000001	123.5345015	123.7367179	123.9389343	124.79016080000002	125.64138730000001	124.99412530000011	124.34686330000002	124.7025261	125.05818879999993	124.87639499999995	124.6946011	125.61247169999993	126.53034229999993	126.36297639999989	126.1956105	125.7009777	125.2063449	125.51542480000002	125.82450470000002	125.38393009999993	124.94335550000002	125.01486269999999	125.08636989999998	125.53286629999998	125.9793626	126.12321609999998	126.26706950000012	126.5506391	126.83420860000007	126.93042320000013	127.02663769999998	126.72465390000013	126.42267009999998	126.45007879999993	126.4774875	126.43237169999998	126.38725590000007	126.46284970000002	126.5384435	126.4905303	126.44261710000002	126.94261970000011	127.4426224000001	127.27840479999998	127.1141872	126.81706699999999	126.5199468	127.05069210000001	127.5814374	127.57201929999998	127.5626013	127.70137709999995	127.84015300000007	127.53242899999998	127.22470490000002	127.29061990000012	127.35653499999998	127.50377839999987	127.6510219	127.54122300000014	127.43142420000011	127.3849838	127.3385435	126.84458660000007	126.35062979999999	126.77705539999998	127.2034809	127.1977555	127.19202999999999	127.4083116	127.6245931	127.97584190000001	128.32709070000001	127.58452590000009	126.84196110000002	126.9391315	127.03630200000001	126.1135048	125.19070769999998	126.7644901	128.33827260000001	128.55945119999998	128.78062980000001	128.6571519	128.53367409999981	127.8993682	127.2650623	127.1909347	127.1168072	127.35033660000001	127.58386590000002	127.51385470000002	127.44384340000013	127.80808169999995	128.17232000000001	128.23948309999992	128.30664630000021	128.33575589999998	128.36486559999992	128.11778279999982	127.87070009999989	127.93790690000007	128.0051138	127.58189809999998	127.15868249999993	127.6729914999999	128.18730040000014	127.87041849999993	127.55353650000001	128.02212770000014	128.49071880000014	128.181952	127.8731851999999	128.45172080000017	129.03025629999999	128.95133800000028	128.87241960000014	128.627363	128.38230630000032	128.93128760000013	129.48026890000014	129.73146690000004	129.9826649	129.65399149999999	129.32531820000014	128.97830130000014	128.63128449999999	129.06842760000018	129.50557079999982	129.99488159999999	130.48419229999999	130.8900141	131.29583579999985	131.24025269999981	131.18466959999998	130.8900141	131.50862990000007	131.13186059999998	130.75509119999998	130.59580169999998	130.43651209999999	130.9932958	131.55007950000001	131.43949369999999	131.32890800000021	131.2394109	131.14991389999992	131.36817390000004	131.58643390000017	131.26230140000001	130.93816890000014	130.89444360000007	130.85071840000018	130.56392740000001	130.27713650000001	130.50285449999998	130.72857259999998	130.64692259999998	130.56527249999999	129.90122529999999	129.237178	129.49230040000018	129.74742280000001	129.72406859999998	129.70071429999982	130.03060139999999	130.36048850000017	130.03912650000001	129.71776449999982	129.79598089999999	129.87419740000001	129.63996699999998	129.40573650000007	129.10891480000001	128.8120931	129.01421009999999	129.21632700000001	129.26527869999998	129.31423029999999	129.14045730000001	128.96668439999999	128.76241180000014	128.55813920000014	128.91236680000014	129.26659449999985	128.69807449999999	128.12955459999978	127.93115480000007	127.732755	127.35400989999998	126.97526490000007	127.7350479	128.494831	128.0900436	127.68525630000001	127.01061260000007	126.3359689	126.381711	126.42745320000007	126.67652889999989	126.92560469999999	127.00992040000007	127.09423620000007	127.305469	127.5167019	127.64228730000001	127.7678727	127.26681370000007	126.7657548	126.6975715	126.62938819999982	126.5819261	126.53446390000013	126.14802330000002	125.76158260000007	125.38466740000007	125.0077522	125.28651120000002	125.56527029999998	125.3249215	125.08457279999998	125.0305862	124.97659969999999	125.0548495	125.1330993	124.89502809999998	124.6569569	124.70766080000007	124.7583647	124.56155600000002	124.36474729999998	124.1503254	123.93590360000009	122.60851109999993	121.28111850000002	121.80912330000002	122.33712800000002	121.72482530000002	121.1125225	121.5453184	121.9781143	122.03092669999999	122.08373899999989	121.15016730000001	120.21659560000012	119.7889601	119.36132449999999	120.58364589999998	121.8059672	121.65658209999989	121.50719690000007	121.45416430000007	121.40113169999999	121.2031489	121.00516620000002	120.79311520000009	120.58106420000007	120.43033320000002	120.2796022	120.0855212	119.8914401	119.38195279999998	118.87246549999998	118.5798059	118.2871463	118.23566310000002	118.1841799	118.3212384	118.4582968	118.5271613	118.59602580000002	118.35388179999993	118.11173779999993	118.3212384	117.93163079999999	117.73813279999995	117.54463480000007	117.0318223	116.51900990000007	116.29039400000002	116.06177799999998	116.0271589	115.9925398	116.0348429	116.077146	117.73813279999995	115.5564397	115.49781160000013	115.43918360000013	115.28195760000007	115.12473169999993	114.8934024	114.6620731999999	114.6953039	114.7285346	114.3920493	114.05556390000002	114.0086927	113.96182150000007	113.6161548	113.27048809999989	115.49781160000013	112.8239531	112.74321820000007	112.66248330000001	112.2756998	111.8889162	111.9393584	111.98980060000002	111.55722410000007	111.1246477	112.74321820000007	110.67794480000001	110.37455709999998	110.07116950000002	110.03513169999998	109.99909400000007	110.25887229999987	110.51865060000007	110.25623779999998	109.99382490000013	109.41922960000015	108.84463430000002	108.2838726	107.72311089999998	107.66818229999993	107.61325370000007	107.33338279999992	107.0535119	107.1163286	107.1791454	107.05556209999995	106.9319788	110.03513169999998	106.256011	106.01770160000002	105.77939219999988	105.35971670000001	104.94004120000002	104.86498039999998	104.7899196000001	104.5891043	104.38828890000001	104.01621820000007	103.6441475	103.51314470000007	103.38214179999993	103.56710070000007	103.7520595	103.5660319	103.3800043	103.08653809999993	102.793072	102.61147709999995	102.42988229999995	101.9034656000001	101.37704879999993	101.22667370000002	101.0762986	101.28903579999998	101.50177290000001	101.5168968	101.5320207	100.28782050000002	99.043620379999993	98.465892069999981	97.888163750000004	97.920500640000071	97.952837519999903	98.198451819999889	98.444066120000087	98.100919910000002	97.757773689999993	97.250204179999983	96.742634670000086	96.599274820000005	96.455914969999995	96.467531750000006	96.479148539999898	96.029802809999879	95.58045706999998	95.427834790000006	95.275212509999989	94.851461240000006	94.427709969999995	93.973793720000003	93.519877469999983	93.705723449999994	93.891569430000089	94.054927599999999	94.218285780000087	93.869214700000072	93.520143610000005	93.14039674	92.760649869999995	93.008211610000004	93.255773349999927	93.215511039999981	93.175248729999879	92.716685519999999	92.258122319999927	91.942067760000072	91.626013209999982	91.450667240000087	91.275321269999978	91.736222270000027	92.197123280000142	91.516759820000004	90.836396349999958	90.729200910000003	90.622005459999897	90.683757329999878	90.745509209999994	90.641093339999998	90.53667747999998	89.916718660000086	89.296759839999979	89.284455399999999	89.272150960000005	89.038336229999928	88.804521510000001	88.572174739999866	88.339827970000002	87.833989669999994	87.328151359999879	87.696710369999948	88.065269369999996	87.531393789999996	86.997518200000087	87.014983690000108	87.03244918	86.427364220000086	85.822279260000002	85.590176479999982	85.358073689999998	84.547622480000157	83.737171270000005	83.659650959999979	83.582130660000004	83.334268769999994	83.086406879999927	82.740914250000074	82.395421630000001	82.306906229999981	82.218390819999897	81.56050261	80.902614389999997	80.460130919999983	80.01764744000009	80.365886109999877	80.714124780000148	80.420749560000004	80.127374339999903	79.914001229999997	79.700628129999998	79.495120279999995	79.289612430000005	78.994171480000091	78.698730529999878	77.73820825	76.777685980000086	76.730174640000087	76.682663300000002	76.241141900000088	75.799620509999997	75.817171000000002	75.834721500000001	75.903253350000071	75.971785199999928	75.325703229999988	74.679621249999983	79.495120279999995	73.272778549999856	73.497529770000142	73.722280979999979	73.710398789999999	73.698516609999999	73.702840409999979	73.707164210000087	73.27006806	72.832971899999876	72.445486959999982	72.058002019999904	71.47502348000009	70.892044929999983	71.086405380000002	71.280765829999979	70.692242389999933	70.103718949999958	69.823952899999867	69.544186850000003	68.416271769999994	67.28835669999998	68.115903799999998	68.943450900000087	67.376480939999865	65.809510979999999	65.482644949999994	65.155778919999818	65.373691260000001	65.591603610000107	65.495895770000004	65.400187939999981	65.237001190000001	65.07381445	64.051230959999998	63.028647459999995	63.261763790000003	63.494880109999997	63.073060000000005	62.651239889999999	62.416334630000001	62.181429359999996	61.015052290000035	59.848675220000011	59.92278967	59.996904130000011	59.783307360000002	59.569710590000035	58.899515870000037	58.229321140000046	58.663488270000002	59.097655400000001	58.550469379999996	58.003283359999998	58.110026409999996	58.216769459999995	57.640259720000003	57.063749990000012	56.55944384	56.055137700000003	55.748014630000036	55.440891559999947	55.165394330000055	54.889897109999964	54.283771530000003	53.677645950000006	53.788773040000045	53.899900120000012	52.847314089999998	51.794728060000011	51.820884689999964	51.847041319999995	51.681562300000003	51.516083279999997	51.412152920000054	51.308222559999997	50.624485100000001	49.940747649999999	49.350952509999999	48.761157360000013	48.840135980000035	48.9191146	48.441966979999997	47.96481936	47.4823868	46.999954250000002	47.550077989999998	48.100201720000001	46.460046750000004	44.819891779999963	45.623713600000038	46.427535420000012	44.510471209999999	42.59340701	43.278541960000013	43.963676910000011	43.647820320000001	43.331963729999998	42.498422090000012	41.664880449999998	42.034045980000002	42.403211499999998	41.277791230000012	40.152370950000012	40.788252350000036	41.424133750000003	41.414723609999996	41.405313460000002	40.694378250000035	39.983443039999997	39.80970627	39.635969510000002	39.854904489999939	40.073839469999996	39.483637969999997	38.893436459999997	38.479217910000003	38.064999360000002	37.757572130000035	37.450144909999999	37.106877459999964	36.763610010000036	36.437448779999997	36.111287559999937	35.567218390000036	35.023149210000035	35.05856713	35.093985050000001	34.683104150000005	34.272223240000045	34.120238500000013	33.968253760000003	33.501693699999997	33.035133640000055	33.167146350000003	33.299159060000036	33.297237300000013	33.295315550000069	32.746864930000001	32.198414300000046	31.603353980000001	31.008293649999978	30.965798489999976	30.923303319999977	30.103748629999988	29.284193929999986	29.530288339999988	29.776382739999978	29.103121130000005	28.42985951	28.516855570000018	28.603851639999998	28.206234439999989	27.808617239999975	27.598901789999999	27.389186329999987	27.280531809999964	27.171877280000018	26.921190869999986	26.670504449999999	26.565632009999966	26.460759579999962	26.132854020000035	25.804948450000026	25.463621949999975	25.122295439999988	24.843494849999978	24.56469426	24.292134389999976	24.019574519999999	23.857274200000017	23.694973879999999	23.278412959999976	22.861852039999999	22.446694359999977	22.031536679999977	21.571228319999999	21.110919950000017	20.721796449999989	20.33267296	20.26475439	20.196835830000001	19.650043499999999	19.103251170000018	18.965255529999986	18.827259890000001	18.516709120000005	18.206158360000018	18.07720291	17.948247469999973	17.633797460000018	17.319347440000001	16.901339479999976	16.483331519999979	16.15370326	15.82407499	15.67942302	15.534771059999999	15.37699594	15.219220819999999	14.772453090000004	14.325685360000008	14.026432170000009	13.727178979999993	13.614156020000001	13.501133060000001	13.040970779999997	12.580808510000002	12.180374679999998	11.779940850000004	11.774330099999998	11.768719340000001	11.65705075	11.545382160000001	11.130514230000006	10.715646310000009	10.623072220000001	10.530498140000001	10.31851271	10.10652728	9.9421544609999994	9.7777816439999992	9.5427400910000006	9.307698538000011	9.0906280849999987	8.8735576320000096	8.6847148690000004	8.4958721060000002	8.2049100609999979	7.9139480149999999	7.6166913620000001	7.3194347089999949	7.1633460329999954	7.007257356999995	6.7786895539999996	Time [hrs]
Q [kW]
Storage discharge temperature[K]
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