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Abstract

:

An investigation on the heat transfer coefficient (HTC) of a heat pipe heat exchanger (HPHE) was carried out while being installed as a cooling mechanism on photovoltaic panels. The Ecohouse at the University of Technology and Applied Sciences in Muscat, Oman, was used as the case study. The experiment monitored the effect of temperature variations on PV-HPHE-induced power generation. The heat pipes were arranged in a double-sided condenser in a spanwise manner with spacing 50 mm in the center with an inclination angle of 3°. J-type thermocouples (exposed wire, polytetrafluoroethylene (PTFE) insulated) with a tip diameter of 1.5 mm were used. The results indicated mean values of HTC that were measured at 2.346     W  /  m 2     K   . The findings showed that the HTC values possessed a minimal standard error from the effect of variations of the ambient temperature. The mean HTC value of 2.346   W /  m 2     K    can be used in the succeeding experiments using the same novel PV-HPHE setup. Additional results showed the recorded variations from the mean value of the HTC effect on the HPHE heat flow generation, which resulted in a 29% increase in power performance efficiency using PV-HPHE.
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1. Introduction


The Sultanate of Oman has a strong commitment to the promotion of an eco-friendly lifestyle with the creation of a greener future for generations to come. The government of Oman created an initiative to generate energy from renewable resources with a long-term program that started in 2008. Furthermore, the country aims to reduce the reliance on local fossil fuel energy resources, as well as produce a surplus of power that can be shared for the benefit of its citizens [1]. The current study was conducted in the Ecohouse research facility in Oman and aimed to provide a solution to the low power capacity due to the exposure of photovoltaic (PV) panels to the very high ambient temperatures that are experienced in the region. This study is a continuation of Al Mabsali et al.’s [2] experimental investigation, which specified the optimal heat pipe heat exchanger (HPHE) arrangement and installation that can restore the loss in PV performance efficiency and increase power production, as shown in Figure 1.



Table 2019 reached 33.8 TWh, 0.7% higher than in 2018, which was 32.5 TWh and the 2018 supply was 3.7% higher than in 2017 based on the APSR in 2018 [3] and 2019 [4]. In addition to energy management strategies, renewable-energy-driven technologies are the most viable alternatives as solutions to meet the increasing energy demand of the Sultanate. Among these technologies, solar photovoltaics (PVs) are the most promising technology due to the strong support from the Omani government. The APSR, [1] developed a government regulatory focus program called the SAHIM initiative for small-scale grid-connected solar PV systems. SAHIM, which means ‘contribute’ in Arabic, introduced rooftop solar panels to buildings across the country and aimed to generate sustainable and affordable clean energy. The objectives of SAHIM were to promote renewable energy in Oman through the deployment of a clean, sustainable and efficient PV technology on residential and other premises; to promote demand reduction, particularly at times of system peak demand; and thereby reduce quantities of electricity supplied from the main interconnected system that is sourced from the centrally dispatched gas plant to promote distributed generation and thereby reduce the magnitude and cost of transmission and distribution system losses and to deliver long-term reductions in electricity subsidies. However, extreme climates, such as that of Oman, present challenges in terms of exposure of the PV panels to high cell temperatures, which result in performance deterioration.



Al Mabsali et al. [5] conducted an experiment on the panel efficiency of PVs that were installed on the Ecohouse, UTAS, to conclude that the actual power production was inversely proportional to the PV cell temperature when it reached 83.65 °C. This indicated that the efficiency of the PV panels decreased from its rated power output when exposed to higher temperatures. In order to restore the PV panel efficiency and the study proposed to install heat pipe heat exchangers (HPHE) as a passive cooling mechanism. The major finding of the study indicated that the 50 mm HPHE spacing (2.5D, i.e., 2.5 times the diameter of the pipe) had the greatest potential to decrease the panel temperature, with a reduction of 9 °C in the NOCT from 64.5 °C (337.65 K) down to 55.32 °C (328.47 K). The recommended HPHE design installation was made of a double-sided condenser with a middle section installation that had a 90° spanwise orientation towards the PV panel. The experimental testing indicated a temperature drop between the heat pipe and the duct section. The maximum internal temperature of 52.43 °C and minimum internal temperature of 45.61 °C were obtained in the heat pipe section containing water. A temperature of 54 °C was read in the duct section, which was greater than the numerically predicted results in the heat pipes.



Heat transfer in inclined pipes has a very wide range of heat exchanger applications in the industry, one of which is in solar energy collectors. The heat transfer coefficient is defined by the relation of an equation to be proportional to the rate of heat flow affecting similar or different phases of matter. The heat transfer coefficient is inversely proportional to the product of the area over which the heat transfer occurs and the characteristic temperature difference. The heat transfer coefficient has been used in modelling convective heat transfer since the time of Newton in the 18th century. This coefficient is usually determined experimentally and no well-found theoretical approach was available until the last few decades [6]. The HPHE natural convection flow velocities are small and may be negligible. However, in electronics and PV applications, it may be the only relevant mechanism of heat transfer to use in passive cooling.



Churchill and Chu [7] equated the product of the heat transfer coefficient and the length of material to the product of the thermal conductivity of the material and the Nusselt number. The establishment of the HTC of the HPHE simplified the determination of the Nusselt number in the follow-up experiments to be made. The Nusselt number is used to determine the fluid flow in pipes: it is a fully developed laminar flow when less than 4.364 for constant heat flux and 3.66 for uniform wall temperature.



Natural Convective Heat Transfer Coefficient in Inclined Heat Pipes


Chaudhry et al. [8] reviewed standard tubular heat pipe systems, which presented the largest operating temperature range in comparison with other heat pipes and offered viable potential for optimisation and integration into renewable energy systems, such as solar PV. This efficient performance may be affected by the behaviour of convective heat transfer, especially in inclined heat pipes. An inclination effect on heat transfer coefficients during convective condensation was first noticed by Chato [9]. For downwards flows in slightly inclined tubes, raising the inclination increased the heat transfer coefficient because of the subsidence of the liquid depth in the tube. Mosyak and Hetsroni [10] also measured the temperature difference between the top and bottom of a horizontal pipe and slightly inclined pipes and found that increasing the pipe inclination could drastically reduce the temperature difference.



Hetsroni et al. [11] investigated the local heat transfer coefficient of upwards air–water flow in inclined pipes and claimed that the pipe inclination enhanced the two-phase heat transfer. Gualos et al. [12] conducted experimental tests on a thermosyphon loop using water as the working fluid. A two-phase loop consisting only of a condenser and an evaporator separated by the liquid and vapour lines was developed. It used the concept of phase change to transfer energy from the heat source to the condenser. Evaporation and condensation heat transfer coefficients were measured under variations in the heat load. G. N. Kruzhilin [13] proposed a new empirical correlation for evaporation heat transfer in the thermosyphon based on the Cooper correlation, resulting in a mean deviation of 10%. In the condenser section, the experimental measurements followed Wang et al.’s [14] correlation trend. A simple modification of the correlation of Koyama et al. [15] showed excellent quantitative agreement with the current study’s experimental measurements. The results showed that the evaporator thermal resistance could be reduced by up to 75% compared with a smooth surface evaporator at low heat flux. In the same condition, the system thermal resistance could be diminished by up to 20%.



Y. Mori et al.’s [16] study of laminar heat transfer in horizontal circular tubes with a constant heat flux boundary condition was extensively investigated in the past, especially between the 1950s and 1990s. They found that as the density of almost all fluids was dependent on temperature, the addition of heat to the tube wall led to mixed convection due to the temperature gradients inside the thermal boundary layer, which resulted in density differences and buoyancy effects in the presence of gravity. Mohammed et al. [17] paid more attention to the effect of free convection on laminar heat transfer coefficients, especially when the flow was fully developed. The effect of free convection not only increased the heat transfer and pressure drop but also reduced the thermal entrance lengths and induced an early transition to turbulent flow.



Papoutsakis et al. [18] presented an analytical solution for a uniform heat flux over a segment of a duct wall, together with a uniform temperature that was far upstream of the heated section. The approach did not address the arbitrary inlet temperature profiles. Upon its application, due to the finiteness of the wall’s thermal conductivity, the wall heat flux density was never discontinuous.



Colle [19] partially solved this problem by extending the solution to cover what he called ‘arbitrary’ boundary conditions, However, this was still limited to cases where temperature asymptotically behaved like uniform values both upstream and downstream. Warrington and Powe [20] conducted an experiment on natural convection heat transfer between concentrically located isothermal spherical, cylindrical and cubical inner bodies and their isothermal cubical enclosure. The results highlighted that the enclosure shape has only a small effect on the temperature profile and heat transfer results, which never exceeded 3.1%. However, the enclosure length-over-radius ratio applied in the every Nusselt number equation had a significant effects of 13.51 to 18.5% average deviations based on the results. The many different flow patterns and temperature profiles, whether unsteady or not, had very little effect on the overall heat transfer.



The basic principle of fluid viscosity in the calculation of heat transfer coefficient is affected by two major factors, which are the cohesive forces and the molecular momentum transfer, both of which are temperature-dependent. In fluids, an increase in the bulk temperature will cause the viscosity to decrease and can create a significant variation in the heat transfer coefficient values. L. Wang et al. [21] conducted work on the effects of temperature-dependent viscosity on the natural convection in a porous cavity with a circular cylinder under local thermal non-equilibrium (LTNE) conditions. The numerical results showed that the LTNE parameters of the inter-phase heat transfer coefficient on flow and the ratio of fluid-to-solid thermal conductivity increased. The absolute and kinematic viscosities of the fluid are important in the specific applications of the dimensionless numbers that are required in the determination of the value of the heat transfer coefficient.



Nakai and Okazaki [22] investigated the heat transfer from a horizontal wire cylinder using mixed, forced and free convection. Theoretical correlations at small Reynolds and Grashof numbers were given using the expansion method, similar to the cases of pure convection. The effects of the slight convection on the heat transfer were expressed systematically using a parameter in terms of Nusselt, Reynolds, Grashof and Prandtl numbers.



Forsberg [23] used three major dimensionless numbers, namely, the Nusselt, Reynolds and Prandtl numbers, to associate basic considerations that are required for forced convection models. For natural convection, the fluid flow was caused by density gradients in the fluid. Therefore, the Reynolds number has no relevance and can be replaced by the Grashof number with the difference between the surface and bulk liquid temperatures as an absolute value. Furthermore, as adopted in this study, the free convection experimental data were correlated using the Grashof, Prandtl and Nusselt numbers. Another dimensionless number that is found in natural convection correlations was the Rayleigh number, which is the product of the Grashof and Prandtl numbers. The Prandtl number is used to specify the steady phase of a refrigerant that is exposed to temperature variations. The local convective heat transfer coefficient can be calculated accurately using the Nusselt number. The Nusselt number is the ratio of convective to conductive heat transfer at a boundary in a fluid and is also used to determine fluid flow in pipes. Conduction heat transfer is greater than convection heat transfer when the value of the Nusselt number is less than 1. This result is an indication that the liquid phase of water is stable and has not transformed to vapour during the heat transfer process.





2. Mathematical Principles


This section explains the mathematical equations that were used in the determination of the mean value of the natural heat transfer coefficient to be applied in the heat flow calculation of the HPHE. The HTC was also determined from the experimental set-up as an empirical value that is exclusive to the novel PV-HPHE apparatus under investigation. The results were utilised to ascertain the PV-HPHE power performance with respect to the effects of various temperatures observed using the Thermocouples, Picolog and Watchpower software.



2.1. Governing Equations—Newton’s Law of Cooling


Davidzon [24] theory and practice of heat transfer mechanisms calculations were often directed to a value called the ‘heat transfer coefficient’, which is experimentally defined from Newton’s law of cooling (Equation (1)), along with Fourier’s law. The intensity of energy transfer in the form of heat depends on the difference in the temperatures of the interacting physical systems, which was a generalisation of experiments by Newton. Using Equation (1) in the calculation of convective heat transfer concluded that this was probably not Newton’s law in general, but a kind of expression that can be supported by experiments under some conditions, but not under others. Their study recommended that an actual observation of the heat transfer coefficient should be determined in every experimental setup. Citing the physics of the phenomenon of heat exchange, further development of the existing equations from models is necessary, or the creation of new, more adequate equations from models is required.


     Q  =  h   A     (   T W  −  T ∞   )   



(1)






  Q =  h   A    Δ  T  lm    



(2)




where Q—heat transferred per unit time or heat flow (W), h—empirical value of the overall heat transfer coefficient (W/m2 °C), A—heat transfer area (m2),    T W   —temperature of the heating surface (wall temperature (°C)); T∞—ambient temperature (°C). In relation to Equations (1) and (2), q = Q/A is the heat flux (W/m2).




2.2. Temperature-Dependent Property Data


Calculations of the temperature variations due to convection were compared using Chatterjee et al.’s [25] mean theoretical bulk liquid temperature Tb. In this study, the bulk temperature was calculated from the mean values of the evaporator and condenser sections inlet liquid temperatures. The data were taken from 10:00 a.m. to 2:00 p.m. when the liquid flow was thermally fully developed.


   T b  =    T  con , in   +  T  evap , in    2   



(3)







R. Sinnott and G. Towler’s [26] basic design procedure and theory presented the general equation for the temperature driving force that is applied in a shell and tube heat exchanger. This equation was used to calculate the mean temperature difference ΔTm and could be estimated by applying a correction factor Ft to the logarithmic mean temperature.


  Δ  T m  =  F t    Δ  T  lm    



(4)






  Δ  T  lm   =    (   T l  −  t 2   )  −  (   T 2  −  t 1   )    ln    (   T l  −  t 2   )     (   T 2  −  t 1   )       



(5)






  R =    (   T l  −  T 2   )     (   t 2  −  t 1   )     



(6)






  S =    (   t 2  −  t 1   )     (   T l  −  t 1   )     



(7)






   F t  =      (   R 2  + 1  )    1 n  [     (  1 − S  )     (  1 − RS  )     ]     (  R − 1  )  1 n  [    2 − S  [  R + 1 −    (   R 2  + 1  )     ]    2 − S  [  R + 1 +    (   R 2  + 1  )     ]     ]     



(8)




where ΔTm—log mean temperature. T1—hot fluid inlet temperature, T2—hot fluid outlet temperature, t1—cold fluid inlet temperature and t2—cold fluid inlet temperature. R and S are dimensionless temperature ratios and not considered in this study. This is because R is equal to the shell-side fluid flow rate times the fluid mean specific heat divided by the tube-side fluid flow rate times the tube-side fluid specific heat. S is a measure of the temperature efficiency of the exchanger. For a one-shell, two-tube pass exchanger, the PV-HPHE apparatus has no tubes installed and this will result in t1 = 0 and t2 = 0. When t1 = 0 and t2 = 0, then Ft = −1.



According to R. Sinnott and G. Towler [26], utilising Equation (8) is the same for co-current flow, but the terminal temperature differences will be (T1 − t1) and (T2 − t2). The application of Equation (8) was based on the following conditions: when there is no change in the specific heats, the overall heat transfer coefficient is constant, and there are no heat losses. In a design, these conditions can be assumed to be satisfied, provided that the temperature change in each fluid stream is not large. The characteristics of Equation (8) are almost compatible with the function of the HPHE in this study.



The determination of the properties of water that were required in this study is specified in this section. The thermal conductivity k, heat capacity Cp, density ρ and dynamic viscosity μ were calculated based on temperature-dependent polynomials at constant pressure with temperature increments. The polynomials cited from [27] are listed below in Equations (9)–(12).


  ρ = 1001.3 − 0.155  T b  − 2.658 ×   10   − 3    T b 2   



(9)






    log   10   μ = − 2.750 − 0.0141  T b  + 91.9 ×   10   − 6    T b 2  − 311 ×   10   − 9    T b 3   



(10)






  cp = 4209 − 1.31  T b  + 0.014  T b 2   



(11)






  k = 0.5706 + 1.756 ×   10   − 3    T b  − 6.46 ×   10   − 6    T b 2   



(12)







A correlation under laminar flow using dimensionless numbers was determined to predict the effect of the power capacity efficiency of an inclined partially filled HPHE that was exposed to passive cooling. The dimensionless numbers that were taken from [7] that were used in the determination of the empirical equation of the convective heat transfer coefficient were as follows:


     Prandtl number      Pr =    cp μ   k       



(13)






     Grashof number      Gr =    g   β     (   T s  −  T ∞   )       L   3     v 2         



(14)






     Reynolds number        Re  f  =     Q  ˙  ρ     μ D         



(15)






     Rayleigh number         g   β     (   T s  −  T b   )       D   3     v α         



(16)






     Nusselt number      Nu = 0.36 + 0.518      (    Ra      [  1 +    (    0.559   Pr    )     9  16      ]      16  9       )     1 4         



(17)








2.3. Data Reduction


According to Chaudhry et al.’s [28] experimental determination of the thermal performance of the heat pipe heat exchanger, it is required that the temperatures that are taken from the phase refrigerant be precise. The accuracy of measurements from different locations of the heat exchanger to determine the rate of heat transfer across its length must be specified. The characterisation of the evaporator section was carried out by averaging the temperature measurements at the respective locations at regular time intervals. The density and specific heat capacity values were taken in accordance with the source temperatures. The rate of heat transfer in the evaporator section was formulated using Equation (18).


    q ″   =     m  ˙      C p     (   T b   )     A  surface      



(18)







Quantification of the thermal performance of the heat pipes was based on the concept of heat exchanger effectiveness. The effectiveness of a heat exchanger is the ratio of the actual rate of heat transfer by the heat exchanger to the maximum possible heat transfer rate between the phase materials, as formulated in Equation (19).


  ε =    q  actual      q  max     =    T  e ,  inlet    −  T  e ,  outlet       T  e ,  inlet    −  T  c ,  inlet       



(19)







Chatterjee et al. [25] applied the Buckingham Pi theorem regarding liquid properties on a dimensioned surface area, given in Equation (20), to determine the heat flux based on the temperature-dependent polynomial that was cited by the National Institute of Standards and Technology [29]. Churchill and Chu’s [7] convective heat transfer coefficient was used and is shown in Equation (21).


   A  surface   =  π DL   



(20)






  h =  k L  Nu  



(21)




where q″ is the heat flux that is transferred to the liquid in the HPHE. The fluid properties, such as heat capacity Cp, coefficient of thermal conductivity k, density ρ and dynamic viscosity μ in Equations (9)–(12), were calculated at the average bulk temperature, i.e., Tb, as given by Equation (3). The heat transfer area was a surface and was calculated as given in Equation (20).



The heat flow Q in watts (W) could be derived from the equation used in the determination of the PV and PV-HPHE power generation and the experimental data that was produced on site. The difference in the power generation between the PV panel and PV-HPHE from the data in the Watchpower software was used in the determination of the power performance of HPHE, as shown in Equation (22). The mean value of the HPHE efficiency was established using the data taken from 2 to 14 August 2020. The HPHE efficiency is the ratio of its power performance relative to the PV panel power generation, as shown in Equation (23).



Because of the limitation in the number of thermocouples in the Picolog, no data of the PV panel power generation was taken from the period of 14–21 September 2020. By using Equations (22) and (23), the PV panel generation could be determined using Equation (24). This could be achieved by substituting the established mean value of the HPHE efficiency and the PV-HPHE power generation data taken from 14 to 21 September 2020.



The theoretical equation of the HPHE power generation was formulated and could be equated to its theoretical heat flow Q, as shown in Equation (25). This could be determined with the use of the established mean value of the HPHE efficiency and any provided data from the power generation of the PV-HPHE.


   P  HPHE   =  P  PV − HPHE   −  P  PV    



(22)






   Efficiency    =    (   P  PV − HPHE   −  P  PV    )     P  PV      



(23)






   Efficiency    =  (     P  PV − HPHE      P  PV      )  −  (     P  PV      P  PV      )   










   P  PV − HPHE   =  (  Efficiency + 1  )   P  PV    










   P  PV   =    P  PV − HPHE     Efficiency + 1    



(24)






   P  HPHE   =    P  PV − HPHE   −      P    PV − HPHE      (  Efficiency + 1  )     










   P  HPHE   =  P  PV − HPHE      [  1 −  1   (  Efficiency + 1  )     ]   










   P  HPHE   =  P  PV − HPHE      [     (  Efficiency + 1  )  − 1    (  Efficiency + 1  )     ]   










   P  HPHE   = Q =  P  PV − HPHE      [    Efficiency    (  Efficiency + 1  )     ]   



(25)









3. Experimental Methodology


Two similar PV panels were used in the experiment. The first PV panel was used to set a baseline model and provide independent data of power performance. The second PV panel incorporated the HPHE and was used to obtain the panel temperature variations and the effect on PV power production. The PV panel specifications were the following: 1956 × 992 × 6 mm3 surface dimensions, polycrystalline silicone PV module with a maximum power of 300 WVMP and 36 V. R. G. Ross’s [30] approximation equation was used to calculate the PV cell temperature:


   T  Cell   =  T  ambient   +    (  NOCT − 20  )  × S   800    



(26)




where    T  Cell    —PV surface cell temperature;    T ∞   —ambient temperature; NOCT is the PV nominal operating cell temperature; and S is the solar irradiation, which is equal to 911.11 W/m2 (Al Mabsali et al) [2].



In order to monitor the effect of temperature variations on PV power generation, thermocouples were installed at seven locations of the apparatus. The first sensor was installed to determine the ambient temperature and two sensors were attached to the PVs’ top and bottom surfaces. Four sensors were installed in the heat pipes in which two sensors were on the external surface of the evaporator and condenser. Another two sensors were placed to determine the bulk temperature of the evaporator and condenser sections’ inlet liquid temperatures. The total computational domain was split and refined at two specific surfaces, namely, the heat pipe external wall and the internal zone where the liquid is located. The data observations were taken from 14 to 21 September 2020 as the basis of the relationship of the variables under investigation.



3.1. Boundary Conditions and Solution Techniques


The PV-HPHE boundary conditions vary with the different working conditions. The fraction of the absorbed solar radiation as heat input in accordance with the PV panel surface temperature was considered as the PV electrical power generation. The decrease in PV-HPHE efficiency is affected by the increased temperature of the PV panel and the natural convection heat transfer of the bulk liquid that is absorbed by the heat pipes, which contributes an important part regarding the temperature reduction of the PV panels.



The temperature-dependent properties of the working fluid that is used within the heat pipes were accurately determined. The range of fluid density and dynamic viscosity values are tabulated in Table 1. The refrigerant thermal performance with increasing temperatures due to the convection heat transfer was investigated. The applied boundary conditions on the heat exchanger computational domain comprised a specific heat capacity with an initial temperature of 20 °C and was computed using linear interpolation as the mean bulk temperature increased.



The total cross-sectional area of the test section was 0.561 m2 and the evaporator-to-condenser length was 0.248 m, indicating a negligibly low mean Reynolds number < 5. This dimensionless number was replaced by the Grashof number, which was proven applicable to natural convection heat transfer under laminar flow. Churchill and Chu’s [7] theoretical and experimental equation was specified to analyse the temperature in order to achieve a direct comparison with the obtained results. The laminar regime boundary layer theory was utilised to derive numerical solutions for cylinders exposed to convective heat transfer. Saville and Churchill [31] showed that these solutions are quite accurate for moderate Rayleigh numbers where the wake was confined to a small region at the rear of the cylinder. For the asymptotic cases of Pr approaching ∞ and 0, [32] and [31], respectively, derived solutions for the mean Nusselt number. The boundary conditions of the HPHE empirical heat transfer coefficient were investigated by using the mean outdoor temperature values that were observed during the testing period of 14–21 September 2020.




3.2. Experimental Set Up


The experiment was carried out on site. A heat pipe heat exchanger (HPHE) was installed below the PV panel, as shown in Figure 1 and Figure 2. The HPHE and PV panel temperature measurements were monitored during the same period. Two theoretical temperature equations that were cited from related studies were used to compare the data taken from the experimental results. The first equation was the mean theoretical bulk liquid temperature that was used by Chatterjee et al. [25]. The second equation was the mean temperature difference general equation for the temperature driving force. This equation was applied by R. Sinnott and G. Towler [26] in a shell and tube heat exchanger for the purpose of validation.



The HPHE middle section was used for testing and carrying out the experimentation. The setup comprised of 40 pcs–20 mm diameter cylindrical copper heat pipes with a length of 492 mm, which were inserted on a 496 × 1959 × 30 mm3 rectangular aluminum duct. The heat pipes were arranged in a double-sided condenser direction that was spanwise with a spacing of 50 mm in the centers with an inclination angle of 3°.



Alammar et al. [33] investigated the effect of the inlet temperature of the cooling water. The results showed that a fill ratio of 65% caused the period to increase with increasing inlet temperature for all four angles. This was also true for fill ratios of 25 and 100% at the angle of 10° only. The results for the remaining angles of 90, 60 and 30° and fill ratios of 25 and 100% had period decreases as the inlet temperature increased. In addition, for fill ratios of 25 and 100%, a small period was obtained at angles of 90 and 60° and inlet temperatures of 20 and 25 °C. The result was consistent for the fill ratio of 100% at an angle of 30°. Chatterjee et al. [25] presented an experimental investigation of single-phase heat transfer characteristics in a partially filled inclined rotating heated pipe with continuous axial liquid flow. The flow rate range of 100–830 mL/min and rotation rate range of 10–300 revolutions per minute were investigated by adopting various inclination angles from 0 to 6°. The wall heat flux (1405–10,784 W/   m 2   ) was varied within the bounds of the single-phase flow operation. The local heat transfer coefficient along the length of a partially filled inclined rotating pipe was reported. The experimental results recommended the operation of a partially filled rotating pipe heat transfer equipment in nearly horizontal configuration to produce the maximum heat transfer within the experimental domain of this study.



The PICOlog6 J-type thermocouples (exposed wire, polytetrafluoroethylene (PTFE) insulated) with a tip diameter of 1.5 mm and a tip temperature range between −270 and 1820 °C were used to measure the temperature (Figure 2a,b). Discrete points were located at the inlet and outlet of the evaporator and condenser physical domain in order to quantify the performances of the heat pipe system at specific measurement locations. The thermocouple points were located 0.248 m into the evaporator (J6 and J7) from the origin and 0.496 m (J3 and J5) in the heat pipe condenser section (X-direction), spaced 0.009 m apart, and was kept constant in the Y- and Z-directions. The liquid fill ratio was constant at 65%, with a total volume of 59 mL.
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Figure 2. (a) Schematic diagram of the experimental setup of PV-HPHE with spanwise 50 mm spacings in the middle arrangement. (b) PV-HPHE with spanwise 50 mm spacings in the middle arrangement (above) and the HPHE cross-section (bottom). A baseline experiment was done from August 1 to 12, 2020, to determine the power performance efficiency of the PV-HPHE installed on site, as shown in Figure 3a,b. Two sets of PV panels were installed on site. The first PV panel was installed using 2 thermocouple sensors on the top and bottom surfaces to monitor the temperature and the power generation. The second PV panel was installed in the HPHE parallel to the bottom surface, with 2 thermocouple sensors on the top and bottom surfaces to monitor the temperature and the power generation similarly to what is shown in Figure 2a,b, where the results presented in Tables 5 and 6. The first PV panel served as an independent apparatus to monitor the baseline data of the power generation. The second PV-HPHE panel was the controlled apparatus and was used to investigate how the power generation efficiency was affected by the variables of the HPHE angle of inclination set at 6° and using a 65% refrigerant fill ratio (FR) in the evaporator section. 
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Figure 3. (a) Determination of the power performance efficiency of the PV-HPHE that was installed in the Ecohouse, University of Technology and Applied Sciences, Muscat, Oman. (b) Physical site of the solar photovoltaic panel installation with heat pipe heat exchanger. 
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3.3. Experimental Uncertainties


The experimental uncertainties of parameters were calculated using the standard uncertainty equation [34]. The significance of the value of uncertainty established the boundary limitations of the variables of the PV-HPHE under investigation. The standard uncertainties of different parameters that were used in the experimental measurement are shown in Table 2.





4. Results and Discussion


Using the data shown in Table 3, the relationship of ambient temperature with the HPHE heat flow generation was calculated using the mean temperature Tb [25] and the logarithmic temperature ∆Tm [26]. The resulting uniform characteristics and consistent proportionality of each heat flow that was derived from the mean and logarithmic temperatures, respectively, are presented in Figure 4. The actual heat transfer coefficient varied from 2.31 to 2.36   W /  m 2     K    and was inversely proportional to both the HPHE heat flow that was calculated using the mean liquid bulk temperature Tb and the mean logarithmic temperature ΔTm, as shown in Figure 4.



The mean heat transfer coefficient of 2.34   W /  m 2     K    was calculated and used to determine the mean heat flow of the HPHE, as shown in Figure 5. The effect between the mean convective heat transfer coefficient and the HPHE heat flow that was generated using the mean bulk liquid temperature Tb showed uniform characteristics when related to the ambient temperature as the baseline. The mean HTC was used to calculate the mean HPHE heat flow and a comparison between the actual HTC was used to calculate the actual HPHE heat flow with both having the bulk temperature Tb, as shown in Figure 6 and Figure 7, using the ambient temperature as the baseline. The result showed an approximate proportionality of the mean and actual HPHE heat flows with the variation in the ambient temperature.



4.1. Validation of Fluid Dimensionless Numbers


The results of the dimensionless numbers were within the range of the boundary conditions. The Reynolds number of 1.55 was in the range of sub-laminar flow and was very low, which showed the existence of natural (free) convective heat transfer in the HPHE. The dimensionless number that was used as an option in the calculation of natural convection was the Grashof number, whose mean was equal to 2.23 × 108. The mean Prandtl number of 5.0 was greater than air and lesser than water. The product of the Grashof and Prandtl numbers resulted in the mean Rayleigh number of 1.115 × 109, which was the basis of the type of equation to determine the Nusselt number. The Nusselt number is a ratio of the convective to the conductive heat transfer of the liquid. The mean Nusselt number was equal to 0.935, and hence less than 1, which can be interpreted as the HPHE heat transfer of bulk liquid involving less free convection and more conduction, as shown in Table 4.




4.2. Effect of Ambient Temperature on the HPHE Thermal Performance


The relationship between the ambient temperature variations and the HPHE thermal performance was analysed. The results showed that that the thermal performance was inversely proportional to the ambient, mean bulk liquid and mean logarithmic temperatures. When the ambient temperature decreased, the HPHE mean bulk liquid and mean logarithmic temperatures also decreased, while the thermal performance increased, as shown in Figure 8.




4.3. Effect of HPHE Heat Flow on the PV-HPHE Power Generation Capacity


To test the power generation efficiency that was contributed by the HPHE in the experimental setup to be compared to the thermal performance and heat flow generation, the experimental data results recorded on site from 1 to 12 August 2020 were utilised. This was the period when the apparatus had not experienced operational interference and had achieved continuous data recording. The data were derived from a similar setup of experimental apparatus composed of a separate PV panel as the independent variable, which was compared to the PV-HPHE as the dependent variable. Seven thermocouples were installed on the top and bottom surfaces of both PV and PV-HPHE, two on the external surfaces of the evaporator and condenser of the HPHE and the last was used to monitor the ambient temperature.



The experimental setup had a fill ratio of 65% and an angle of inclination of 3 ° . The solar irradiation was 911.11 W/m2 (Al Mabsali et al) [2]. The power capacity was taken within the time frame of 10 a.m.–2 p.m. This was when the solar orientation was approximately perpendicular to the surface of the PV panel. The maximum PV-HPHE power generation was selected from a 15min interval data recording every hour. Using Equations (22)–(25), the results of the experimental setup are shown in Table 5 and Table 6, showing a mean PV-HPHE vs. PV power performance efficiency of 29%.



The experimental data that was taken from 14–21 September 2020, shown in Table 7, was used to determine the HPHE efficiency, where the power baseline data were taken from a separate observation period, shown in Table 5 and Table 6. Using a similar PV-HPHE panel, the results of the HPHE heat flow, thermal performance and the 29% PV-HPHE power capacity performance from Table 5, Table 6 and Table 7 were plotted, as shown in Figure 9. Most of the PV-HPHE daily results had a direct proportionality to the HPHE heat flow generation and were indirectly proportional to the thermal performance.





5. Conclusions


In this study, HPHE technology was used as a passive PV cooling system to increase its power production capacity so that it is suitable for the hot and arid climate of Oman. This is a novel concept, as heat pipes involving water as a sustainable refrigerant have not been previously tested for cooling purposes in photovoltaic systems to increase their operative performance under harsh climate conditions. Using mathematical principles based on the ambient temperature, mean bulk temperature and mean logarithmic temperature equations, the establishment of the thermal profile of the PV embedded HPHE systems was modelled. The HPHE mean convective heat transfer coefficient of 2.346    W /  m 2     K    was calculated. Using the ambient temperature as the baseline, approximate results were produced when substituted with the actual HTC values (Figure 6 and Figure 7). The relationship of the ambient temperature with the HPHE heat flow generation from the mean temperature Tb (Chatterjee et al.) and logarithmic temperature ∆Tm (Sinnot et al.) showed uniform curve characteristics. The results showed that the dependent variables in HPHE mechanisms that were affected by independent temperature variables are consistent and reliable (Figure 5). The relationship of the mean HTC and actual HTC values applied separately to the heat flow equation using mean bulk temperature showed uniform proportionality with the ambient temperature (Figure 8). The effect of the thermal performance was indirectly proportional to the ambient, mean bulk liquid and mean logarithmic temperatures (Figure 9). The HPHE power capacity was determined from the experimental setup and was used to correlate its effect, which resulted in a high frequency of direct proportionality to the HTC and thermal performance.



In summary, the experimental results showed that the HTC values had a minimal standard error due to the effect of variations in the ambient temperature. The use of the mean HTC of 2.346     W  /  m 2     K    established a specific benchmark that can be used in the succeeding research in this area using PV-HPHE setups.
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Nomenclature








	Nomenclature
	



	A
	Area (m2)



	Cp
	Heat capacity (J/kg K)



	D
	Inner diameter of pipe (m)



	h
	Heat transfer coefficient (W/m2 K)



	k
	Thermal conductivity (W/m K)



	NOCT
	Nominal operating cell temperature (°C)



	S
	Insolation level = 1 kW/m2

Ecohouse = 911 W/m2



	v
	Kinematic viscosity



	    Q  ˙    
	Volume flow rate (m3/s)



	    m  ˙    
	Mass flow rate (kg/s)



	     q ″     
	Heat flux (W/m2)



	Ft
	Correction factor



	L
	Length (m)



	T
	Temperature (°C)



	ΔTm
	Log mean temperature difference (°C)



	    q  actual     
	Heat transfer, actual (W)



	    q  max     
	Heat transfer, ideal (W)



	g
	Acceleration due to Earth’s gravity



	Subscript
	



	Surface
	Pipe surface



	b
	Bulk liquid



	w
	Local wall



	Cell
	PV cell



	∞
	Ambient temperature



	Con. in
	Condenser in



	Evap. in
	Evaporator in



	   e ,  inlet    
	Temperature at inlet to evaporator



	   c ,  inlet    
	Temperature at inlet to condenser



	   e ,  outlet    
	Temperature at outlet to evaporator



	Greek Symbols
	



	ε
	Thermal performance



	µ
	Dynamic viscosity (N s/m2)



	ρ
	Density (kg/m3)



	ω
	Angular velocity (rad/s)



	  β  
	Coefficient of thermal expansion



	α
	Thermal diffusivity



	K
	Local thermal conductivity (W/m°C)



	Non-Dimensional Numbers
	



	Prandtl number
	   Pr =    cp μ   k    



	Grashof number
	   Gr =    g   β     (   T s  −  T ∞   )       L   3     v 2      



	Reynolds number
	   Re =     Q  ˙   ρ    μ D      



	Rayleigh number
	   Ra =    g   β     (   T s  −  T b   )       D   3     v α      



	Nusselt number
	   Nu = 0.36 + 0.518      (    Ra      [  1 +    (    0.559   Pr    )     9  16      ]      16  9       )     1 4      



	Abbreviations
	



	APSR
	Authority for Public Services Regulation



	HTC
	Heat transfer coefficient



	HPHE
	Heat pipe heat exchanger



	PV
	Photovoltaic



	PV-HPHE
	Photovoltaic heat pipe heat exchanger



	UTAS
	University of Technology and Applied Sciences
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Figure 1. PV-HPHE apparatus isometric model (left) and captured infrared image (right) that were taken from the bottom surface in the Ecohouse, UTAS (formerly HCT), Muscat, Oman. 
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Figure 4. Relationship between the ambient temperature and the HPHE heat flow generation from the mean temperature Tb (Chatterjee et al.) and logarithmic temperature ∆Tm (Sinnot et al.). 
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Figure 5. Effect of the actual convective heat transfer coefficient on the HPHE heat flow from Tb using the ambient temperature as the baseline. 
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Figure 6. Effect of the mean convective heat transfer coefficient applied to the mean HPHE heat flow from Tb using the ambient temperature as the baseline. 
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Figure 7. Comparison of the mean h used in the HPHE heat flow and the actual h used in the HPHE heat flow from Tb using the ambient temperature as the baseline. 
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Figure 8. Relationship between the ambient temperature the HPHE thermal performance. 
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Figure 9. Relationship between the HTC and the HPHE power capacity generation and thermal performance. 
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Table 1. Temperature-dependent properties of water.
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Date

	
Mean Bulk Temp

	
Bulk Temp Diff.

	
Local Thermal Conductivity

	
Heat Capacity

	
Fluid Density

	
Fluid Viscosity

	
Thermal Diffusivity

	
Kinematic Viscosity

	
Coeff. of Thermal Expansion




	
Tb (°C)

	
ΔT (°C)

	
k (W/m °C)

	
Cp (J/(kg °C))

	
ρ (kg/m3)

	
μ (N s/m2)

	
α = k/ρCp (m2/s)

	
ν = μ/ρ (m2/s)

	
β (210−6/20 °C)






	
14/09/20

	
33.21

	
8.96

	
0.622

	
4180.934

	
992.22

	
7.44 × 10−4

	
1.50 × 10−7

	
7.50 × 10−7

	
3.49 × 10−4




	
16/09/20

	
32.63

	
9.14

	
0.621

	
4181.162

	
992.41

	
7.53 × 10−4

	
1.50 × 10−7

	
7.59 × 10−7

	
3.43 × 10−4




	
17/09/20

	
32.91

	
9.17

	
0.621

	
4181.050

	
992.32

	
7.49 × 10−4

	
1.50 × 10−7

	
7.55 × 10−7

	
3.46 × 10−4




	
18/09/20

	
32.30

	
9.24

	
0.621

	
4181.292

	
992.52

	
7.58 × 10−4

	
1.50 × 10−7

	
7.64 × 10−7

	
3.39 × 10−4




	
19/09/20

	
32.32

	
9.35

	
0.621

	
4181.286

	
992.51

	
7.58 × 10−4

	
1.50 × 10−7

	
7.64 × 10−7

	
3.39 × 10−4




	
20/09/20

	
33.61

	
9.34

	
0.622

	
4180.786

	
992.09

	
7.38 × 10−4

	
1.50 × 10−7

	
7.44 × 10−7

	
3.53 × 10−4




	
21/09/20

	
34.98

	
9.20

	
0.624

	
4180.307

	
991.63

	
7.18 × 10−4

	
1.51 × 10−7

	
7.24 × 10−7

	
3.67 × 10−4
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Table 2. Experimental uncertainties.
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Parameter.

	
Standard Uncertainty




	
Average

	
Standard Deviation

	
Standard Error






	
Mean bulk temperature (°C)

	
33.137

	
0.940

	
0.355




	
Mass flow rate (kg/s)

	
   2.057 ×   10   − 5     

	
   6.467 ×   10   − 7     

	
   2.444 ×   10   − 7     




	
Heat flow (W)

	
0.791

	
0.024

	
0.011




	
Heat transfer coefficient (W/m2 K)

	
2.346

	
0.015

	
0.006




	
Reynolds number Re

	
1.534

	
0.078

	
0.030




	
Nusselt number Nu

	
0.936

	
0.006

	
0.002




	
Rayleigh number Ra

	
   1.112 ×   10  9    

	
   6.518 ×   10  7    

	
   2.464 ×   10  7    




	
Prandtl number Pr

	
5.014

	
0.107

	
0.040




	
Grashof number Gr

	
   2.220 ×   10  8    

	
   1.707 ×   10  7    

	
   6.452 ×   10  6    




	
PV-HPHE power generation efficiency

	
0.289

	
0.054

	
0.015




	
HPHE power generation (W) (Equation (25))

	
18.577

	
1.599

	
0.604




	
HPHE thermal performance

	
0.761

	
0.008

	
0.003
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Table 3. HPHE Heat flow generated from convective heat transfer coefficient.
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Date

	
Tilt Angle

	
Fill Ratio

	
Ambient Temp.

	
Overall HTC

	
Total Cross-Sectional Area

	
Change in HPHE Internal Temperature Tb (°C)

	
HPHE Mean Bulk Temperature, (Chatterjee et al., 2018)

	
Calculated HPHE Heat Flow, (Chatterjee et al., 2018)

	
HPHE Logarithmic Internal Temperature (Sinnott and Towler, 2020)

	
Calculated HPHE Heat Flow (Sinnott and Towler, 2020)

	
Thermal Performance of HPHE




	
(%)

	
(°C)

	
h

	
A (m2)

	
TE,in

	
TC,in

	
Tb (°C)

	
Q (W)

	
Logarithmic ΔTm (°C)

	
Q (W)

	
ε = qactual/qmax






	
14/09/20

	
3°

	
65

	
36.08

	
2.313

	
0.01018

	
28.74

	
37.69

	
33.21

	
0.782

	
33.01

	
0.777

	
74.44%




	
16/09/20

	
35.69

	
2.346

	
0.01018

	
28.06

	
37.20

	
32.63

	
0.779

	
32.41

	
0.774

	
76.40%




	
17/09/20

	
35.91

	
2.347

	
0.01018

	
28.32

	
37.50

	
32.91

	
0.786

	
32.70

	
0.781

	
76.31%




	
18/09/20

	
35.32

	
2.347

	
0.01018

	
27.68

	
36.92

	
32.30

	
0.772

	
32.08

	
0.766

	
76.27%




	
19/09/20

	
35.36

	
2.357

	
0.01018

	
27.65

	
36.99

	
32.32

	
0.775

	
32.09

	
0.770

	
76.71%




	
20/09/20

	
36.58

	
2.356

	
0.01018

	
28.94

	
38.28

	
33.61

	
0.806

	
33.39

	
0.801

	
76.37%




	
21/09/20

	
37.83

	
2.354

	
0.01018

	
30.38

	
39.58

	
34.98

	
0.838

	
34.78

	
0.833

	
76.29%
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Table 4. Dimensionless numbers that were based on the local temperature variations.
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Date

	
Mean Bulk Temp

	
Bulk Temp Diff.

	
Ts − Tb

	
Reynold’s No.

	
Prandtl No.

	
Grashof No.

	
Rayleigh No.

	
Nusselt No.

	
Actual HTC




	
Tb (°C)

	
ΔT (°C)

	
(°C)

	
Re

	
Pr = Cp × μ/k

	
Gr

	
Ra/LEC

	
Ra/DE

	
Ra/DE = Gr × Pr

	
Nulocal

	
h = k × Nu/LEC






	
14/09/20

	
33.21

	
8.96

	
2.19

	
34.654

	
5.00

	
2.03 × 108

	
3.89 × 105

	
1.02 × 109

	
1.02 × 109

	
0.922

	
2.31




	
16/09/20

	
32.63

	
9.14

	
2.41

	
35.852

	
5.07

	
2.15 × 108

	
4.16 × 105

	
1.09 × 109

	
1.09 × 109

	
0.937

	
2.35




	
17/09/20

	
32.91

	
9.17

	
2.41

	
37.092

	
5.04

	
2.19 × 108

	
4.22 × 105

	
1.10 × 109

	
1.10 × 109

	
0.937

	
2.35




	
18/09/20

	
32.30

	
9.24

	
2.43

	
41.296

	
5.11

	
2.11 × 108

	
4.12 × 105

	
1.08 × 109

	
1.08 × 109

	
0.938

	
2.35




	
19/09/20

	
32.32

	
9.35

	
2.50

	
31.668

	
5.11

	
2.17 × 108

	
4.24 × 105

	
1.11 × 109

	
1.11 × 109

	
0.942

	
2.36




	
20/09/20

	
33.61

	
9.34

	
2.46

	
35.124

	
4.96

	
2.35 × 108

	
4.46 × 105

	
1.17 × 109

	
1.17 × 109

	
0.939

	
2.36




	
21/09/20

	
34.98

	
9.20

	
2.42

	
36.251

	
4.81

	
2.54 × 108

	
4.67 × 105

	
1.22 × 109

	
1.22 × 109

	
0.935

	
2.35
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Table 5. Experimental observation of the PV-HPHE panel characteristics.






Table 5. Experimental observation of the PV-HPHE panel characteristics.





	
Date

	
Tilt Angle

	
Fill Ratio

	
Ambient Temp.

	
NOCT

	
Ave. Solar Irradiation S

	
Pico Log Temp. Readings between 10:00–14:00 h (°C)

	
PV Cell Temp.

	
Actual Panel Power Production




	
(%)

	
(°C)

	
(°C)

	
(W/m2)

	
Top

	
Bottom

	
(°C)

	
(W)






	
01 August 2020

	
3°

	
65

	
28.98

	
32.15

	
911.11

	
32.15

	
32.83

	
42.81

	
70.50




	
02 August 2020

	
29.08

	
32.15

	
911.11

	
32.15

	
33.08

	
42.91

	
70.44




	
03 August 2020

	
29.32

	
32.27

	
911.11

	
32.27

	
33.03

	
43.29

	
71.13




	
04 August 2020

	
31.25

	
34.10

	
911.11

	
34.10

	
34.73

	
47.30

	
71.25




	
05 August 2020

	
31.23

	
33.86

	
911.11

	
33.86

	
34.66

	
47.01

	
70.81




	
06 August 2020

	
31.08

	
33.64

	
911.11

	
33.64

	
34.26

	
46.61

	
71.38




	
07 August 2020

	
31.12

	
33.82

	
911.11

	
33.82

	
34.34

	
46.86

	
72.06




	
08 August 2020

	
30.25

	
31.16

	
911.11

	
31.16

	
31.28

	
42.96

	
72.00




	
09 August 2020

	
31.55

	
33.70

	
911.11

	
33.70

	
33.94

	
47.15

	
71.63




	
10 August 2020

	
34.06

	
36.36

	
911.11

	
36.36

	
36.90

	
52.69

	
70.63




	
11 August 2020

	
33.33

	
37.06

	
911.11

	
37.06

	
36.67

	
52.76

	
80.50




	
12 August 2020

	
31.23

	
35.13

	
911.11

	
35.13

	
34.89

	
48.46

	
71.63
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Table 6. Experimental observations of the PV panel characteristics.






Table 6. Experimental observations of the PV panel characteristics.





	
Date

	
Ambient Temp. (°C)

	
NOCT (°C)

	
Ave. Solar Irradiation S (W/m2)

	
Pico Log Temp. Readings between 10:00–14:00 h (°C)

	
PV Cell Temp.

	
Actual Panel Power Production

	
PVHP vs. PV Performance Efficiency




	
Top

	
Bottom

	
(°C)

	
(W)

	
(%)






	
01 August 2020

	
28.98

	
34.16

	
911.11

	
34.16

	
33.59

	
45.11

	
53.19

	
32.55%




	
02 August 2020

	
29.08

	
34.44

	
911.11

	
34.44

	
33.81

	
45.52

	
55.31

	
27.34%




	
03 August 2020

	
29.32

	
34.53

	
911.11

	
34.53

	
33.83

	
45.86

	
57.19

	
24.37%




	
04 August 2020

	
31.25

	
36.38

	
911.11

	
36.38

	
35.63

	
49.90

	
56.13

	
26.95%




	
05 August 2020

	
31.23

	
36.20

	
911.11

	
36.20

	
35.46

	
49.68

	
57.88

	
22.35%




	
06 August 2020

	
31.08

	
35.95

	
911.11

	
35.95

	
35.13

	
49.24

	
56.19

	
27.03%




	
07 August 2020

	
31.12

	
35.97

	
911.11

	
35.97

	
35.02

	
49.31

	
56.31

	
27.97%




	
08 August 2020

	
30.25

	
31.97

	
911.11

	
31.97

	
31.35

	
43.88

	
55.94

	
28.72%




	
09 August 2020

	
31.55

	
35.52

	
911.11

	
35.52

	
34.53

	
49.23

	
55.06

	
30.08%




	
10 August 2020

	
34.06

	
37.99

	
911.11

	
37.99

	
37.73

	
54.55

	
56.50

	
25.00%




	
11 August 2020

	
33.33

	
39.52

	
911.11

	
39.52

	
37.74

	
55.55

	
56.19

	
43.27%




	
12 August 2020

	
31.23

	
37.25

	
911.11

	
37.25

	
35.49

	
50.88

	
54.50

	
31.42%
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Table 7. Experimental observations of the PV-HPHE panel and HPHE from the Picolog data.






Table 7. Experimental observations of the PV-HPHE panel and HPHE from the Picolog data.





	
Date

	
Tilt Angle

	
Fill Ratio

	
Ambient Temp.

	
NOCT

	
Ave. Solar Irradiation S

	
Picolog Temp. Readings between 10:00–14:00 h (°C)

	
PV Cell Temp.

	
Watchpower Ave. PV-HPHE Power Production

	
Overall HTC

	
Total Cross-Sectional area

	
Change in HPHE Internal Temperature Tb (°C)

	
Calculated PV Power Based on Mean Theoretical Efficiency, Equation (24)

	
Calculated HPHE Generated Power Based on Mean Theoretical Efficiency, Equation (22)

	
Calculated HPHE Generated Power Based on Mean Theoretical Efficiency, Equation (25)

	
Thermal Performance of HPHE




	
(%)

	
(°C)

	
(°C)

	
(W/m2)

	
Top

	
Bottom

	
(°C)

	
(W)

	
h

	
A (m2)

	
TE,in

	
TC,in

	
(W)

	
(W)

	
(W)

	
ε = qactual/qmax






	
14/09/20

	
3°

	
65

	
36.08

	
37.58

	
911.11

	
37.58

	
37.11

	
56.11

	
77.31

	
2.31

	
0.01018

	
28.74

	
37.69

	
59.93

	
17.380

	
17.38

	
74.44%




	
16/09/20

	
35.69

	
36.92

	
911.11

	
36.92

	
36.52

	
54.96

	
82.63

	
2.35

	
0.01018

	
28.06

	
37.20

	
64.05

	
18.575

	
18.57

	
76.40%




	
17/09/20

	
35.91

	
37.14

	
912.11

	
37.14

	
36.77

	
55.45

	
85.31

	
2.35

	
0.01018

	
28.32

	
37.50

	
66.13

	
19.179

	
19.18

	
76.31%




	
18/09/20

	
35.32

	
36.65

	
913.11

	
36.65

	
36.27

	
54.33

	
96.88

	
2.35

	
0.01018

	
27.68

	
36.92

	
75.10

	
21.778

	
21.78

	
76.27%




	
19/09/20

	
35.36

	
36.78

	
914.11

	
36.78

	
36.39

	
54.54

	
75.13

	
2.36

	
0.01018

	
27.65

	
36.99

	
58.24

	
16.889

	
16.89

	
76.71%




	
20/09/20

	
36.58

	
37.92

	
915.11

	
37.92

	
37.57

	
57.08

	
81.06

	
2.36

	
0.01018

	
28.94

	
38.28

	
62.84

	
18.223

	
18.22

	
76.37%




	
21/09/20

	
37.83

	
39.65

	
916.11

	
39.65

	
39.24

	
60.34

	
80.13

	
2.35

	
0.01018

	
30.38

	
39.58

	
62.11

	
18.013

	
18.01

	
76.29%
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