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ABSTRACT


A potential method of reducing capital as well as installation costs of solar water heaters is to switch from components made of glass and copper to components made of light weight plastics.

 Polymeric glazings offer significant potential for cost savings both as direct substitutes for glass cover plates in traditional collector systems and as an integral part of all-polymeric systems. These potential savings include lower material cost and reductions in shipping, handling and installation costs due to lower weight and the lack of fragility of polymers. But how is the thermal performance of plastic-covered collectors compared to that of glass-covered collectors? Is it economical to substitute one material for the other? These are questions that remain unanswered, however possible solutions will be presented in this study.
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INTRODUCTION

1.1 SUMMARY

An immense amount of energy from the sun strikes the surface of the earth every day. This energy may be captured and used in the form of heat in "solar thermal" applications, or it may be converted directly into electricity to power electrical devices using photovoltaic cells. Throughout history, humans have used the heat from sunlight directly to cook food and heat water and homes. Today, solar collectors can gather solar thermal energy in almost any climate to provide a reliable source of energy for many applications including hot water for homes, residential heating, and hot water for industries such as laundry and food processing.

The ramification of increased global implementation and usage of renewable energy technologies is a "Win-Win" situation for everyone involved. It is truly possible to both conserve the global environment while stimulating its economy at the same time. 

There are currently several barriers to the adoption of solar thermal energy technologies, but opportunities exist to overcome them. One of the facts that discourages people from installing these kind of technologies is the high initial cost.


A potential method of reducing capital as well as installation costs of solar water heaters is to switch from components made of glass and copper to those made of light weight plastics. This paper has been written in an effort to lower the high initial costs of the system, by studying the viability of substituing glass covers for plastic covers in solar flat-plate collectors.

1.2 OBJECTIVES


The main objective of  this study is to compare the thermal performance of a plastic-covered collector with a glass-covered collector. Due to the importance of the IR energy exchange between the absorber plate and the sky when considering plastic covers, an accurate model of the sky is necessary for obtaining reliable results. Thus, another objective will be the development of a sky model, which must be precise and easy to work with. Basically, the purpose of this research is to set a complete methodology for the study of the thermal behaviour of any plastic-covered solar flat-plate collector. 

1.3 ENGINEERING EQUATION SOLVER (EES)


Enginnering Equation Solver (EES) is a program developed by Professor Sandford A. Klein of the Solar Energy Laboratory, University of Wisconsin – Madison.  It can solve a system of algebraic, differential, and complex equations,  perform optimization, provide linear and nonlinear regression and generate publication-quality plots. Since it automatically identifies and groups equations to be solved simultaneously, the solver always operates at optimum efficiency. Many mathematical functions, thermophysical properties, and transport properties are also provided by built-in functions that are helpful in solving engineering problems in thermodynamics, fluid mechanics, and heat transfer. With these features, the user is able to concentrate more on his/her problem. The calculation programs needed to fulfill our objectives will be developed with EES.

[image: image98.png]Initial Solar-

Weighted
Hemispherical
Thickness Transmittance
Material Product Description (nm) Form (A =300 to 2500 nm)
PET! Mylar D Non UV-stable 0.18 Film 86.7
PET Melinex 442/400 Non UV-stable 0.10 Film 86.2
PET Melinex D 387 UV-stabilized 0.03 Film 85.4
PET Melinex D 389 UV-stabilized 0.03 Film 85.4
PEN? Kaladex Biaxially oriented and 0.10 Film 84.6
heat set

ETFE’ Tefzel 150 ZMC Heat-stabilized 0.04 Film 93.8
ETFE Tefzel 250 ZMC Heat-stabilized 0.06 Film 94.0
ETFE Duratar CS50 Non-oriented 0.05 Film 93.7
ETFE Duralar E Mono-axially oriented 0.05 Film 93.9
E-CTFE* Halar Clear NP 0.05 Film 92.9
PEA’ Teflon PM Heat-stabilized 0.05 Film 95.8
PFA Teflon PH Heat-shrinkable 0.05 Film 95.7
PVDF* Kynar 0.03 Film 93.9
Acrylic Korad Klear UV absorbers 0.05 Film 89.3
Polycarbonate  Lexan HP92WDB UV/mar coating 0.18 Film 89.2
Polycarbonate  Lexan HP92WDB UV/mar coating 0.51 Film 86.6
Polycarbonate  Lexan Thermoclear UV coating 5.99 Twin- 74.8

Wall
Polycarbonate  Lexan Thermoclear UV coating 7.92 Twin- 77.0

Wall
Polycarbonate  Lexan Thermoclear UV coating 10.03 Twin- 76.4

Wall
Polycarbonate  Lexan XL10 UV/mar coating 3.00 Sheet 79.6
Polycarbonate ~ APEC 9351 Heat stabilized 3.18 Sheet 83.0
Polycarbonate ~ APEC 9353 UV & Heat stabilized 3.35 Sheet 799
Polyetherimide  Ultem 1000 0.10 Film 83.5
Polyetherimide  Ultem 1000 0.18 Film 78.7
Polyethylene UV coating 0.13 Film 86.8
Polystyrene Sheet 85.1
PVC’ DuraGlas 1.02 Sheet 82.9

'PET =PolyEthylene Terephthalate
*PEN=PolyEthylene Naphthalate
*ETFE=Ethylene-TetraFluoroEthylene

*E-CTFE=Ethylene-ChloroTriFluoroEthylene

SPFA= PerFluoroAlkoxy fluorocarbon
*PVDF=PolyVinyliDene Fluoride
’PVC=PolyVinyl Chloride



[image: image99.png]N
N
5]
o

2000
1750
1500
1250
1000
750
500
250

Direct Normal Spectral Irradiance,W/m2 pum

O3 =0.35cm (NTP)
w =2cm

Extraterrestrial 2_"3:/'” Atmo1sphere, p=0
4 Rayleigh Attenuation rvass =
0]
H: O
o/
2 H-0,CO,
5
H20 H20 H,0,CO,
05 H20 | ) |
0.5 1.0 1.5 2.0 25 3.0 3.5

Wavelength, um

4.0





BACKGROUND THEORY (From Duffie and Beckman)

1.4 SUMMARY


This chapter is intended to review those aspects that are important in the design and analysis of solar collectors and systems. It begins with a review of radiation heat transfer, focusing in the blackbody and its properties. The next sections explain some convection correlations for parallel plates and wind-induced flow. Coming after, a detailed discussion about the radiation characteristics of surfaces is presented. Finally, the transmission, reflection, and absorption of solar radiation by the cover is discussed.

1.5 THE BLACKBODY RADIATION AND PLANCK’S LAW.


By definition a blackbody is a perfect absorber of radiation. No matter what wavelengths or directions describe the radiation incident on a blackbody, all incident radiation will be absorbed. A blackbody is an ideal concept since all real substances will reflect some radiation.


A blackbody is a also a perfect emitter of thermal radiation. In fact, the definition of a blackbody could have been put in terms of a body that emits the maximum possible radiation. Radiation in the region of the electromagnetic spectrum from approximately 0.2 to approximately 1000 (m is called thermal radiation and is emitted by all substances by virtue of their temperature. The wavelength distribution of radiation emitted by a blackbody is given by Planck’s Law
:
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where C1 and C2 are called the first and second radiation constants, C1=3.7405*10-16 m2W and C2=0,0143879 mK [Duffie and Beckman, 1991].


It is also of interest to know the wavelength corresponding to the maximum intensity of blackbody radiation. By differentiating Planck’s distribution and equating to zero, the wavelength corresponding to the maximum of the distribution can be derived. This leads to Wien’s displacement law, which can be written as:
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STEFAN-BOLTZMAN EQUATION

Planck’s law gives the spectral distribution of radiation from a blackbody, but in engineering calculations the total energy is often of more interest. By integrating Planck’s law over all wavelengths, the total energy emitted by a blackbody is found to be 
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where ( is the Stefan-Boltzmann constant and is equal to 5.6697*10-8 W/m2K4. This constant appears in essentially all radiation equations [Duffie and Beckman, 1991].

1.6 SKY RADIATION 

To predict the performance of  solar collectors, it will be necessary to evaluate the radiation exchange between a surface and the sky. The sky can be considered as a blackbody at some equivalent sky temperature Ts so that the actual net radiation between a horizontal flat plate and the sky is 
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The equivalent blackbody sky temperature of (2.4.2) accounts for the facts that the atmosphere is not at a uniform temperature and that the atmosphere radiates only in certain wavelength bands. The atmosphere is essentially transparent in the wavelength region from 8-14 (m, but outside of this “window” the atmosphere has absorbing bands covering much of the infrared spectrum. Several relations have been proposed to relate Ts for clear skies to measured meteorological variables. Berdahl and Martin (1984) used extensive data from the United States to relate the effective sky temperature to the dew point temperature, dry bulb temperature, and hour from midnight t by the following equation
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Where Ts and Ta are in degrees Kelvin and Tdp is the dew point temperature in degrees Celsius. The experimental data covered a dew point range from –20 C to 30 C. The range of the difference between sky and air temperatures is from 5 C in a hot, moist climate to 30 C in a cold, dry climate [Duffie and Beckman, 1991].

NATURAL CONVECTION BETWEEN FLAT PARALLEL PLATES

The rate of heat transfer between two plates inclined at some angle to the horizon is of obvious importance in the performance of flat-plate collectors. Free convection heat transfer data are usually correlated in terms of two or three dimensionless parameters: the Nusselt number Nu; the Rayleigh number Ra; and the Prandtl number Pr. Some authors correlate data in terms of the Grashof number, which is the ratio of the Rayleigh number to the Prandtl number. The Nusselt, Rayleigh and Prandtl numbers are given by
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where


h= heat transfer coefficient


L= plate spacing


k= thermal conductivity


g=gravitational constant


(’= volumetric coefficient of expansion (for an ideal gas (’=1/T)


(T= temperature difference between plates


(= kinematic viscosity


(= thermal diffusivity


For parallel plates the Nusselt number is the ratio of a pure conduction resistance to a convection resistance [i.e. Nu=(L/k)/(1/h)] so that a Nusselt number of unity represents pure conduction. In an experimental study using air, Hollands et al. (1976) give the relationship between the Nusselt number and Rayleigh number for tilt angles from 0o to 75o as
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Where the meaning of the + exponent is that only positive values of the terms in the square brackets are to be used [Duffie and Beckman, 1991].

1.7 WIND CONVECTION COEFFICIENTS

The heat loss from flat plates exposed to outside winds (free-standing collectors) is important in the study of solar collectors. Sparrow et al. (1979) did wind tunnel studies on rectangular plates at various orientations and found the following correlation over the Reynolds number range of 2(104 to 9(104:
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Where the characteristic length is four times the plate area divided by the plate perimeter.


The flow over a collector mounted on a house (flush-mounted collector) is not always well represented by wind tunnel tests of isolated plates. The collectors will sometimes be exposed directly to the wind and other times will be in the wake region. The roof itself will certainly influence the flow patterns. Also, nearby trees and buildings will greatly affect local flow conditions. Mitchell (1976) investigated the heat transfer from various shapes and showed that many shapes were well represented by a sphere when the equivalent sphere diameter is the cube root of the volume. 

When free and forced convection occur simultaneously, McAdams recommends that both values be calculated and the larger value used in calculations. Consequently, it appears that a minimum value of 5 W/m2-C occurs in solar collectors under still air conditions. For forced convection over buildings the results of Mitchell can be used [Duffie and Beckman, 1991].
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1.8 BROADBAND EMITTANCE AND ABSORPTANCE

The concepts shown in this section are simplified by assuming that there is no directional dependence of ( and (. For further details refer to chapter 4 and [Duffie and Beckman, 1991].  The monochromatic emittance at wavelength ( is E(/E(b, the ratio of the energy emitted at a wavelength to what it would be if it were a blackbody.


The total emittance is found by integrating over wavelengths from zero to infinity:
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Monochromatic absorptance is the fraction of the incident radiation at wavelength ( that is absorbed. The total absorptance for a surface for a given incident spectrum is found by integrating over wavelengths from zero to infinity:

	
[image: image11.wmf]0

0

i

i

Id

Id

ll

l

al

a

l

¥

¥

=

ò

ò


	(2.7.2)


In contrast to emittance, which is specified by the nature of the surface and its temperature, absorptance depends on an external factor, the spectral distribution of incident radiation. A specification of ( is meaningless unless the incident radiation is described. In the context of solar energy, the incident radiation is most of the time the solar energy spectrum, but in this study the sky radiation will be used [Duffie and Beckman, 1991].

1.9 REFLECTION OF RADIATION

For smooth surfaces Fresnel has derived expressions for the reflection of unpolarized on passing from medium 1 with a refractive index n1 to medium 2 with refractive index n2:
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where (1 and (2 are the angles of incidence and refraction. Equation (2.8.1) represents the perpendicular component of unpolarized radiation, r(, and equation (2.8.2) represents the parallel component of unpolarized radiation. (Parallel and perpendicular refer to the plane defined by the incident beam and the surface normal.) Equation (2.8.3) then gives the reflection of unpolarized radiation as the average of the two components.

 The angles (1 and (2 are related to the indices of refraction by Snell’s law,
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Thus if the angle of incidence and refractive indices are known, equations (2.8.1) through (2.8.3) are sufficient to calculate the reflectance of the single interface. For radiation at normal incidence both (1 and (2 are zero, and equations (2.8.2) and (2.8.3) can be combined to yield
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If one medium is air (i.e. a refractive index of nearly unity), equation (2.8.5) becomes
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In solar applications, the transmission of radiation is through a slab or film of material so there are two interfaces per cover to cause reflection losses. At off-normal incidence, the radiation reflected at an interface is different for each component of polarization, so the transmitted and reflected radiation becomes partially polarized. Consequently, it is necessary to treat each component of polarization separately.


Neglecting absorption in the cover material shown in Figure 2.1 and considering for the moment only the perpendicular component of polarization of the incoming radiation, (1- r() of the incident beam reaches the second interface. Of this, (1- r()2 passes through the interface and r((1- r() is reflected back to the first, and so on. Summing the transmitted terms, the transmittance for the perpendicular component of polarization is
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Exactly the same expansion results when the parallel component of polarization is considered. The parallel and perpendicular components are not equal (except at normal incidence), and the transmittance of initially unpolarized radiation is the average transmittance of the two components [Duffie and Beckman, 1991]. 
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of ozone. (d) Absorption from all atmospheric constituents for a path through the cloudless atmosphere,
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Weighted
Hemispherical
Thickness Transmittance
Material Product Description (nm) Form (A =300 to 2500 nm)
PET! Mylar D Non UV-stable 0.18 Film 86.7
PET Melinex 442/400 Non UV-stable 0.10 Film 86.2
PET Melinex D 387 UV-stabilized 0.03 Film 85.4
PET Melinex D 389 UV-stabilized 0.03 Film 85.4
PEN? Kaladex Biaxially oriented and 0.10 Film 84.6
heat set

ETFE’ Tefzel 150 ZMC Heat-stabilized 0.04 Film 93.8
ETFE Tefzel 250 ZMC Heat-stabilized 0.06 Film 94.0
ETFE Duratar CS50 Non-oriented 0.05 Film 93.7
ETFE Duralar E Mono-axially oriented 0.05 Film 93.9
E-CTFE* Halar Clear NP 0.05 Film 92.9
PEA’ Teflon PM Heat-stabilized 0.05 Film 95.8
PFA Teflon PH Heat-shrinkable 0.05 Film 95.7
PVDF* Kynar 0.03 Film 93.9
Acrylic Korad Klear UV absorbers 0.05 Film 89.3
Polycarbonate  Lexan HP92WDB UV/mar coating 0.18 Film 89.2
Polycarbonate  Lexan HP92WDB UV/mar coating 0.51 Film 86.6
Polycarbonate  Lexan Thermoclear UV coating 5.99 Twin- 74.8

Wall
Polycarbonate  Lexan Thermoclear UV coating 7.92 Twin- 77.0

Wall
Polycarbonate  Lexan Thermoclear UV coating 10.03 Twin- 76.4

Wall
Polycarbonate  Lexan XL10 UV/mar coating 3.00 Sheet 79.6
Polycarbonate ~ APEC 9351 Heat stabilized 3.18 Sheet 83.0
Polycarbonate ~ APEC 9353 UV & Heat stabilized 3.35 Sheet 799
Polyetherimide  Ultem 1000 0.10 Film 83.5
Polyetherimide  Ultem 1000 0.18 Film 78.7
Polyethylene UV coating 0.13 Film 86.8
Polystyrene Sheet 85.1
PVC’ DuraGlas 1.02 Sheet 82.9

'PET =PolyEthylene Terephthalate
*PEN=PolyEthylene Naphthalate
*ETFE=Ethylene-TetraFluoroEthylene

*E-CTFE=Ethylene-ChloroTriFluoroEthylene

SPFA= PerFluoroAlkoxy fluorocarbon
*PVDF=PolyVinyliDene Fluoride
’PVC=PolyVinyl Chloride










Figure 2.1 Transmission through one nonabsorging cover
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1.10 ABSORPTION BY GLAZING

The absorption of radiation in a partially transparent medium is described by Bouguer’s law, which is based on the assumption that the absorbed radiation is proportional to the local intensity in the medium and the distance x that the radiation has traveled in the medium:
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Where K is the proportionality constant, the extinction coefficient, which in general, is a function of wavelength. Integrating along the actual path length in the medium (i.e., from zero to L/cos() yields
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where the subscript a is a reminder that only absorption losses have been considered [Duffie and Beckman, 1991]. 

1.11   OPTICAL PROPERTIES OF COVER SYSTEMS

The transmittance, reflectance, and absorptance of a single cover, allowing for both reflection and absorption losses, can be determined by ray-tracing techniques similar to those used to derive equation (2.8.7). For the perpendicular component of polarization, the transmittance, reflectance and absorptance of the cover are:
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	(2.10.3)


Similar results are found for the parallel component of polarization. For incident unpolarized radiation, the optical properties are found by the average of the two components.

1.12   SPECTRAL DEPENDENCE OF TRANSMITTANCE

Most transparent media transmit selectively; that is, transmittance is a function of wavelength of the incident radiation. Glass, the material most commonly used as cover material in solar collectors, may absorb little of the solar energy spectrum if its Fe2O3 content is low. If its Fe2O3 content is high, it will absorb in the infrared portion of the solar spectrum. Note that, in general,  the transmission is not a strong function of wavelength in the solar spectrum except for this “heat absorbing” glass. Glass becomes substantially opaque at wavelengths longer than approximately 3 (m and can be considered as opaque to long-wave radiation.

Some collector cover materials may have transmittances that are more wavelength dependent than low-iron glass, and it may be necessary to obtain their transmittance for monochromatic radiation and then integrate over the entire spectrum. If there is no significant angular dependence of monochromatic transmittance, the transmittance for incident radiation of a given spectral distribution is calculated by
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If there is an angular dependence of ((, the total transmittance at angle ( can be written as
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where (((() is calculated by the equations of the preceding section, using monochromatic values of the index of refraction and absorption coefficient, and I(I(() is the incident monochromatic intensity arriving at the cover system from angle ( [Duffie and Beckman, 1991].



POLYMER MATERIALS AND THEIR POTENTIAL APPLICATIONS AS COVERS IN SOLAR FLAT-PLATE COLLECTORS (Abstract from Jorgensen, G.“A Review of Polymer Materials for Solar Water Heating Systems,” Journal of Solar Energy)
1.13 SUMMARY

According to the U.S. Department of energy, one million homes, about 1 percent of U.S. residences, use solar water heaters. Financial incentives provided by state tax credits and utility rebate and financing programs have not been sufficient to substantially increase market share. Undoubtedly, the relatively high initial cost of a solar water heater discourages many people from using them. 

Cost of an installed system depends on the geographic location as well as the percentage of the water heating load provided by solar heat rather than electricity or gas.

A reasonable estimate of cost for a system providing 60 to 75 percent of the load is $3,500 in existing homes and $2,400 in new homes (based on prices in Sacramento, California and Eugene, Oregon where utility incentives have recently been offered to homeowners). The installed cost for a conventional gas or electric water heater is $300 to $600, depending on its efficiency.

A potential method of reducing capital as well as installation costs of solar water heaters is to switch from components made of glass and copper to components made of light weight plastics. This concept is not new, but commercial success has been limited except for unglazed, low temperature solar swimming pool collectors.

Prior efforts have focused on developing glazing and absorbers for flat-plate collectors. In the early 1980’s, significant research was devoted to use of thin films. However, commercial collectors for water heating did not result from these efforts. The use of polymer glazings has been moderately successful. One system certified in the U.S. uses a Teflon inner glazing and a glass outer glazing.

In this chapter we will discuss some polymer materials, specially their optical properties, in order to make a comparison with glass glazings. Polymeric glazings offer significant potential for cost savings both as direct substitutes for glass cover plates in traditional collector systems and as an integral part of all-polymeric systems. These potential savings include lower material cost and reductions in shipping, handling and installation costs due to lower weight and the lack of fragility of polymers.

1.14 POLYMERIC GLAZING MATERIALS

The cost goal for low-cost collector system glazings is $10/m2 of collector area. Glazings should have high transmittance across the solar spectrum and must resist long term (10-20 years) exposure to service conditions including elevated operating temperatures (55-90 C) and solar ultraviolet (UV) light. They must retain mechanical integrity (for example, impact resistance and flexural rigidity) under these harsh environmental stresses. 

Another very important property is the transmittance across the infrared spectrum. This optical behaviour is going to influence the top loss coefficient of the solar flat-plate collector, and thus the useful gain of the solar thermal system.

A review of candidate glazing materials that existed fifteen years ago, along with relevant initial (unweathered) physical properties is provided in the [Jorgensen, G., 2000].
Present efforts emphasize:

1) identification of new/improved candidate glazings

2) evaluation of optical and mechanical durability during to actual and simulated service conditions

CANDIDATE SAMPLES

Depending upon collector design, polymer glazings having a number of forms can be considered. These include thin film, rigid sheet, and multichannel constructions. A number of candidate materials have been identified by reviewing the literature and through discussions with experts within the polymer and solar manufacturing  industries. The table below, lists polymer materials that are being tested, both outdoor and accelerated.

Table 3.1  Candidate Polymeric Film Glazing Materials (From Jorgensen, G.)

Polyethylene terephthalate (PET, a polyester) films have high optical clarity, are low cost, and exhibit good mechanical properties. However, the continuous use temperature of PET is fairly low (around 90 C) and its UV resistance is generally poor. In recent years, UV-stabilized products have been developed by incorporating UV absorbers into the bulk films. One concern with this approach is that such additives cannot prevent deleterious reactions from occurring at the surface.  The viability of such materials, for use as solar glazings has not yet been demonstrated; consequently, the National Renewable Energy Laboratory in cooperation with several universities around the U.S, is conducting some tests and experiments.

Polyethylene Naphthalate (PEN) has been developed as a more expensive alternative to PET that has improved thermal and mechanical properties. However, the resistance of optical transmittance to UV exposure is questionable and must be demonstrated.

Many fluoropolymers exhibit excellent UV stability and heat resistance. Unfortunately, these materials are fairly expensive, necessitating their use in thin film form. Film products such as Tefzel, Duralar, Halar, Teflon, and Kynar (Table 3.1) exhibit very high spectral transmittance and many have sufficient tear resistance to be considered as collector glazings. These materials are being subjected to exposure testing to quantify their durability under service conditions.

Like fluoropolymers, acrylic is also inherently UV resistant. However, acrylic generally cannot withstand the operating temperatures experienced by solar collector glazings. In addition, acrylic is fairly brittle and therefore susceptible to hail impact damage, even in sheet form. Korad acrylic film may be too brittle to be used alone as a glazing but it has excellent UV-screening properties. As such, Korad is being considered as a candidate UV-screening layer in laminate constructions. 

In a laminate construction, a synergetic relationship can be achieved between the UV-screen layer and the substrate to which it is bonded. The UV-screen layer keeps UV light away from the substrate glazing that otherwise might be unusable because of its lack of resistance to UV exposure. The substrate glazing provides structural integrity and a thermal barrier for the UV-screen.  The UV-screen can also provide protection for downstream elements that might be otherwise be non-UV weatherable (for example, a polymeric absorber), thereby making an all-polymeric construction a possibility.

Two candidate substrates of particular interest are PET and Polycarbonate. As for the screens, two commercially available UV screening films are of particular interest: Korad and Tedlar (a fluoropolymer).  Both of these screens are available with a pressure-sensitive adhesive for ease of lamination to a substrate material. The effectiveness of these UV screening films has been measured by experts before, by laminating the protective films to glass substrates and exposing these constructions to accelerated weathering in the Ci5000 WOM. Any change in transmittance with exposure was caused by loss of functionality of the UV screen/adhesive combination only, because UV radiation doesn’t affect the optical properties of the glass.  The spectral hemispherical transmittance of the Tedlar/glass and Korad/glass laminates are shown in the following figures. We have to be careful when reading this plots.  As we are using an accelerated test, the time given is not in a real time basis.

          

Figure  3.1 (a) Hemispherical transmittance of Tedlar UV screen laminated to glass vs. time in the accelerated test. (b) Hemispherical transmittance of Korad UV screen laminated to glass vs. time in the accelerated test. (From Jorgensen, G.)
Several important features are evident. First, the unweathered cut-on wavelength of Tedlar is considerably lower (~378 nm) than Korad (~390 nm); in addition, the cut-on profile of Tedlar is considerably less sharp (378(16 nm) than Korad (390(10 nm).

Considerably more UV light is transmitted by Tedlar than by Korad. Consequently Korad provides a more effective UV-screen. Furthermore, upon weathering, Tedlar loses its functionality much more rapidly than Korad.  Thus, Korad is the preferred UV-screening film and has been used in conjunction with a number of polymeric glazing constructions.

Polycarbonate (PC) has high optical clarity and excellent impact strength. However, under UV exposure it will yellow and become brittle. Recently, stabilized versions of polycarbonate have been developed. For example, Bayer has two products designated APEC 5391 and APEC 5393.  The first is a thermally stabilized formulation (having a maximum continuous use temperature up to 180 C) and the second is both heat and UV stabilized.

General Electric has incorporated an integral UV-screening coating (that is also mar-resistant) into a number of their Lexan products, and Thermoclear (twinwall multichannel). This new products, specially the twinwall multichannel, are still being tested.


Figure  3.2 Twinwall multichannel cover
Polyetherimide is a high performance thermoplastic material having high temperature resistance and low moisture absorption. It is thermoformable and heat-sealable to a wide range of other polymers. The weatherability of this material, with and without UV-screening layers, is largely uncertain and requires further investigation.

Finally, several commodity polymer materials are being considered based upon their very low cost. Such materials generally do not weather well outdoors, but National Renewable Energy Laboratory is investigating whether incorporation of UV-screening layers will provide adequate protection to make these inexpensive candidates viable for solar applications. For example, a polyethylene (PE) film having an integrated UV-screening coating (intended for solar greenhouse applications) has been identified as a candidate polymeric glazing. This material, with and without an additional Korad UV-screen layer, is under durability exposure testing. 

DuroGlas is a polyvinyl chloride (PVC) product for which significant outdoor weathering data (10 years at two locations in Switzerland) are available. PVC is known to degrade upon exposure to UV so the effectiveness of UV screens with this material is also of interest. 

Most of the materials listed in the table, have not been under test long enough to establish useful results.  But there is some data available for the two APEC PC sheets (9351 and 9353) in bibliography.

Figure  3.3 Solar weighted hemispherical transmittance for APEC PC-9351 and 9353 glazings with and without Korad UV screen as a function of accelerated exposure
This two plastic sheets have been exposed (both with and without Korad UV-screens) for extended lengths of time in an accelerated test facility and outdoors. The accelerated test are run continuously for 24 hours a day. The time reported is the actual time in the test facility. Extrapolation of the test time to operation outdoors can be estimated by multiplying the time by two to account for the concentration of the Ci5000 and then by 2 or 3 to account for the number of daylight hours in a day.

As shown in the figures, the unscreened 9351 material degrades very rapidly; the unscreened 9353 also degrades, but at a reduced rate. The addition of UV stabilizers in these materials may not prevent harmful surface reactions from occurring. Lamination of Korad onto 9351 provides good protection for ~75 days (accelerated test) but a precipitous loss in the hemispherical transmittance occurs thereafter. When a UV-screen is used with the 9353, excellent protection is afforded and no loss of the transmittance occurs for up to ~250 days of exposure.

Figure  3.4 Solar weighted hemispherical transmittance for APEC PC-9353 glazings with and without Korad UV screen as a function of outdoor exposure

For the data on samples exposed outdoors, measurements were made as received from field exposure and then after cleaning. This procedure results in two data points at the same exposure time. The lower value is obtained before cleaning and the higher value after cleaning. 


[image: image27.wmf]
Figure  3.5 Solar weighted hemispherical transmittance for APEC PC-9351 glazing with and without Korad UV screen as a function of outdoor exposure. Two data points, cleaned and uncleaned.

The effectiveness of Korad UV-screen with 9351 during outdoor weathering is shown in the figure. Without the Korad, significant loss in the transmittance is experienced after about 3 months exposure at all outdoor sites. With the UV-screen, protection is provided for up to a year. But in any case, the accelerated test shows that this 9351 PC sheet does not have a good long term behaviour, even with the Korad UV-screen.  As for the 9353 PC, without a UV-screen, the cleaned samples show very little loss in the transmittance. After a year of exposure in Arizona and Colorado, ( is unchanged. As for Florida, ( decreases by 7%.  With the Korad UV-screen, no loss in performance is detected at any of the outdoor sites, in agreement with the accelerated exposure test results [Jorgensen, G., 2000].
1.15 WAVELENGTH VARIATION OF TRANSMISSION

Plastics are in general more transparent than glass. They absorb in the ultraviolet like glass but, unlike glass they are damaged by these ultraviolet photons. This is the reason why UV-screens are needed for them.  Plastics have variable transmission in the infrared depending upon the thickness and the molecular bonds present in the particular plastic. Vibrations of chemical bonds give rise to absorption bands observed in the near infrared (NIR) and in the mid-infrared (MIR) regions. Absorptions concerning strong chemical bonds between C, N, O and light atoms such as H are easily seen in the NIR region spanning the range 0,8-2,5 (m. These bands are combinations of first and second overtones of the fundamental frequencies observed in the MIR region.  

Simple plastics like polyethylene have few absorption bands, whereas complex molecules like Mylar have strong absorption bands in the middle of the environmental thermal emission region. Figure  3.6 is an example of the spectral transmittance of a polymeric material.
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Figure  3.6  Infrared spectral transmittance of a polycarbonate
As we can see in Figure  3.7, a low iron glass has a constant behaviour both in the solar and in the NIR spectrum. As for the MIR (not represented), the transmittance drops very close to zero, and it remains the same for wavelengths beyond this region.
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Figure 5.7.1 Spectral transmittance of 6 mm thick glass with various iron oxide contents for
incident radiation at normal incidence. Data from Dietz (1954).




Figure  3.7 Spectral transmittance of 6 mm thick glass with various iron oxide contents for incident radiation at normal incidence [Duffie, and Beckman, 1991]

In Figure  3.8 the spectral distribution for a non-selective surface (=0,95 and for a selective surface (=0,1 have been represented.  According to Planck’s law, this energy distribution is located in the mid-infrared region (MIR), where glass is opaque and plastic is not.
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Figure  3.8  Spectral distribution of the energy emitted by the absorber plate 

The infrared transmittance of plastics is important in collector behaviour. Glass, being opaque to the thermal infrared ((=0), traps heat radiation coming from the absorber plate, thus raising the temperature of the absorber plate and increasing the value of the useful gain of the system.  In the other hand, plastics being relatively transparent, allow thermal radiation to escape. So, when choosing a polymeric cover for our collector, we have to pay a special attention to the infrared transmittance curves, in order not to lose much thermal radiation.

The behaviour of the IR spectrum for polymers, makes the calculations for the performance of the solar system more difficult compared to the IR spectrum for glass.

Because of the plastics being partially transparent in the IR, a new heat radiation exchange must be taken into account, and that is the one between the absorber plate and the sky. The modes of heat transfer through a one plastic-covered solar flat-plate collector are represented in Figure  3.9.
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Figure  3.9 Heat exchange between a plastic-covered collector and the sky


This heat radiation exchange will be studied with more detail in the following chapters, and a new mathematical model of the sky will be discussed.

DEVELOPMENT OF INFRARED RADIATION SKY MODELS (Contains extracts from Berdahl, P. and Fromberg, R., “The Thermal Radiance of Clear Skies” Solar Energy)

1.16 SUMMARY

As noted in the previous chapter, a new heat exchange equation is needed for the IR exchange in polymeric glazing when used in solar flat-plate collectors. The problem has a very simple formulation. It is nothing more than an energy balance between the absorber plate and the sky.
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If the emitted radiation of a surface exceeds the absorbed radiation, the surface will lose energy. The effective sky temperature
 is almost invariably lower than the ambient temperature
 because the atmospheric temperature decreases with elevation and the atmosphere is partly transparent to radiation over a range of wavelengths called the atmospheric window within the infrared region of the spectrum.

On a planetary scale, the infrared exchanges between the atmosphere and space allows the earth  to maintain an equilibrium temperature by emitting the great quantities of heat gained each day from the sun.  A quantitative understanding of sky radiation is necessary for designing solar flat-plate collectors with plastic covers. An accurate model of sky radiation is needed for predicting radiative losses from the collector to the sky.

The sky’s thermal radiation during the summer at midlatitudes is typically 400 W/m2. A 5% error in measurement or estimation of this radiation (difficult to achieve) represents 20 W/m2. Yet the net radiation loss of a surface at ambient temperature under clear skies is about 70 W/m2. Thus a 5% error in determining the atmospheric radiation represents a 30% error in the net cooling of the solar collector, which emphasizes the need for accurate measurements and models.

1.17 CHARACTERISTICS OF THE SKY RADIATION

1.17.1 Atmospheric Attenuation of Solar Radiation

Solar radiation at normal incidence received at the surface of the earth is subject to variations due to two significant phenomena:

1) Atmospheric scattering by air molecules, water and dust

2) Atmospheric absorption by H2O, CO2, O3
Scattering of radiation as it passes through the atmosphere is caused by interaction of the radiation with air molecules, water (vapor and droplets), and dust. The degree to which scattering occurs is a function of the number of particles through which the radiation must pass and of the size of the particles relative to (, the wavelength of the radiation.  The path length of the radiation is described by the air mass. The particles of water and dust encountered by the radiation depends on air mass and on the time and location-dependent quantities of dust and moisture present in the atmosphere.

Air molecules are very small relative to the wavelength of the solar radiation, and scattering occurs in accordance with the theory of Rayleigh. Rayleigh scattering is significant only at short wavelengths, above 0.6 (m it has little effect on atmospheric transmittance.

Dust and water in the atmosphere have a larger particle sizes than the air molecules due to aggregation of water molecules and condensation of water on dust particles of various sizes. These effects are more difficult to treat than the effects of Rayleigh scattering by air molecules, as the nature and extent of dust and moisture particles in the atmosphere are highly variable with location and time.

As shown in absorption of radiation in the atmosphere in the solar energy spectrum is due largely to ozone in the ultraviolet and to water vapor and carbon dioxide in bands in the infrared.  There is almost complete absorption  of short-wave radiation by ozone in the upper atmosphere at wavelengths below 0.29 (m. Ozone absorption decreases as ( increases above 0.29 (m, until at 0.35 (m there is no absorption, except for a weak ozone absorption band near  (=0.6 (m.


Figure  4.1 An example of the effects of Rayleigh scattering and atmospheric absorption on the spectral distribution of beam irradiance [Iqbal, 1983]
Water vapor absorbs strongly in bands in the near infrared (NIR) part of the solar spectrum, with strong absorption bands centered at 1.0, 1.4, and 1.8 (m. Beyond 2.5 (m, the transmission of the atmosphere is very low due to absorption by H2O and CO2. The energy in the extraterrestrial  spectrum at (>2.5 (m is less than 5% of the total solar spectrum, and energy received at the ground at (>2.5 (m is very small [Duffie and Beckman, 1991].

The absorption of solar energy in the atmosphere increases its temperature, and the sky emits this stored energy, as thermal infrared radiation.

1.17.2 The Thermal Sky Radiation

The 5-50 (m portion of the infrared spectrum contains most of the radiation emitted by bodies near ambient temperature. The Figure  4.2 shows the fraction of the energy emitted by a black body below various wavelengths for two temperatures within the ambient range. 

Figure  4.2 Fraction of blackbody energy with wavelength less than (*. The horizontal axis is linear in Ln((*). The vertical axis is linear in Ln[f/(1-f)], where f is the fraction in question. [Berdahl and Fromberg, 1982]
Water vapor and carbon dioxide bands account for most of the absorption in a cloudless atmosphere. Ozone and other constituents are of secondary importance. Since Kirchhoff’s law states that the absortivity of a material must equal its emissivity at the same wavelength, the absorption due to water vapor and CO2 in the atmosphere leads to corresponding emission.  The absorption spectra of H2O, CO2, O3 and air are given in Figure  4.3.  Strong water vapor absorption bands fall below 8 (m where vibrational transition occur. 


Figure  4.3  (a) Absorption due to water vapor along a 10 km path with a 1gm/cm2 water vapor, (b) Absorption due to CO2 along a 5 km path at sea level, (c) Absorption due to 0.3 atm-cm of ozone. (d) Absorption from all atmospheric constituents for a path through the cloudless atmosphere [Berdahl and Fromberg, 1982]

Above 13 (m lie the rotational transitions which become stronger above 20 (m.  Carbon dioxide (CO2) is highly absorptive from 14 to 16 (m due to vibrational transitions. Thus it is the second most important absorber even though it constitutes only 0.03% of the atmosphere by volume. Ozone absorbs in the region from 9.4 to 9.8 (m, but plays a major role in radiative exchange only at high altitudes. A superposition of all these components’ spectra, reveals several gaps, where the atmosphere is rather transmissive.  In Figure  4.4 and Figure  4.5, the spectral emission of several portions of a cloudless sky are shown.
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Figure  4.4 Estimated spectral radiance of the cloudless sky for zenith angles of 0, 60, 75 and 90. Assumptions, typical summer conditions: Ta=21 C, Tdp=16 C [Berdahl and Fromberg, 1982]

The zenith (0o) emission spectrum is very similar to that of a blackbody with the temperature of the air near the earth’s surface, except for the large “hole” extending from 8 to 13 (m. This weak emission from 8 to 13 (m is caused by the “atmospheric window” apparent in the absorption spectrum (Figure  4.3).  As for sky radiation coming from the horizon (90o), the path is so long, that we can consider the radiation as that of a blackbody, at the ambient temperature. Figure  4.5 shows the radiance from clear sky in the winter. Due to the smaller amounts of water vapor present, the principle atmospheric window produces a deeper minimum, and a secondary window appears in the 16-22 (m range.
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Figure  4.5 Estimated spectral radiance of the cloudless sky for zenith angles of 0, 60, 75 and 90. Assumptions, typical winter conditions: Ta= -1 C, Tdp= -5 C [Berdahl and Fromberg, 1982]
For most cooling applications (warm summertime atmospheric conditions) the secondary window is unimportant; however, for dry conditions which primarily occur in the winter, it must be included in any spectral analysis.

Outside the atmospheric window, the sky radiation is, to a good approximation, equal to that of a blackbody at the temperature of the air near the ground. For precise analysis, small corrections to this blackbody radiance can be introduced by considering the variation of temperature with height (lapse rate) near the ground [Berdahl and Fromberg, 1982].
1.18 RADIATION INTENSITY AND FLUX

It is often necessary to describe the directional characteristics of a general radiation field in space. The radiation intensity I is used for this purpose and is defined as the energy passing through an imaginary plane per unit area per unit time and per unit solid angle whose central direction is perpendicular to the imaginary plane. Thus, if (E represents the energy per unit time passing through (A and remaining within (w, then intensity is:
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The intensity I has both a magnitude and a direction and can be considered as a vector quantity. The intensity can be used to determine the flux through any plane. Consider an elemental area (A on an imaginary plane covered by a hemisphere of radius R as shown in Figure  4.6.
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Figure  4.6 Schematic of radiation flux

The energy per unit time passing through an area (A’ on the surface of the hemisphere to the area (A is equal to
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where (A’/R2 is the solid angle between (A and (A’, and (Acos( is the area perpendicular to the intensity vector. The energy flux per unit solid angle in the (,( direction can then be defined as: 
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	(4.3.3)


The radiation flux is then found by integrating over the hemisphere. The sphere incremental area can be expressed in terms of the angles ( and (, but as the sky radiation is independent of ( we will consider horizontal rings across the sphere. As for the intensity, it depends on the wavelength (() and on the airmass ((), I=I((,(). It is convenient to define (=cos ( so that
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1.19 OPTICAL PROPERTIES AND SKY RADIATION

In the background (Section 2.10) we discussed the formulas needed to obtain the optical properties of any transparent material. This section, describes with more detail how to calculate this properties for radiation coming from the sky. Basically, the thermal sky radiation depends on the air mass and on the wavelength: I=I((,(). Also, the transmittance of a glazing can be expressed in terms of ( and (: 
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where KL(() can be obtained from the normal spectral transmission provided by the manufacturer, ( is the refraction angle for an incident angle of ( (both angles related by Snell’s law), and r(  is the reflection of the perpendicularly polarized radiation as seen in previous chapters. A similar expression exist for the parallel component of polarization. According to the definition of the transmittance, and for a given (I
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So, integrating from (=0 to (=(/2 as described in the previous section 
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For incident unpolarized radiation, the optical properties are found by the average of the two components: 
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The equations for the absorptance and reflectance are found following the same reasoning
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1.20 DIFFERENT SKY MODELS

In the following sections we will present models to analyze the exchange of radiation between the sky and a surface near the ground.  Starting with the simplest and ending with the most accurate but also most complicated of the existing models, we will present a relatively easy technique to calculate the optical properties of polymer glazings, based on interpolation of empirical data available in the open literature.

1.20.1 Black and isotropic sky

The simplest model considers the sky radiation as that of a blackbody at the ambient temperature. Neglecting the window in the 8-13 (m and considering that the income radiation doesn’t depend on the zenith angle.
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According to this basis, the total energy reaching the ground will be:
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where (, is the result of integrating the Planck’s equation across the whole spectrum and for a hemisphere. 

Black Isotropic sky, with window

The black isotropic sky with window model is a reasonable approximation to what is really happening. For this model, the 8-13 (m window is going to be taken into account. As the emittance of the sky is continuously changing, mainly due to the weather conditions, location and season, we will assume a fixed spectrum for this emittance as it has been shown previously in Figure  4.3. As for the spectral radiance refer to Figure  4.7.

Figure  4.7  Estimated spectral radiance for a given emittance spectra

So, the energy coming from the sky at any angle, at a given wavelength will be:
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Finally, integrating across the spectrum and for a hemisphere and remembering that this is an isotropic model, the total incoming sky radiation can be calculated as
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1.20.2 The use of transmittances to estimate radiances

This model is the most precise one, but it is non-viable due to all the data required, and because nowadays the measuring equipment available is not accurate enough to perform the calculations needed. The goal is to estimate the sky radiance based on measured properties of the atmospheric constituents, like temperatures and transmittances.

A practical strategy is to measure and compile the spectral transmittances of the atmosphere as a function of its temperature and constituents and to use the radiative transfer equation to produce corresponding radiances.  Suppose one has obtained, by whatever means, the infrared transmittance ((z)
 as a function of elevation z above the site for which sky radiance is to be calculated. The transmittance will generally be averaged over some spectral interval (( about the wavelength ( for a path which need not be vertical. Atmospheric scattering can usually be neglected for thermal radiation. Under these conditions it is possible to compute the sky radiance averaged over the spectral interval (( using the following procedure.

Let the atmosphere be divided into a number of horizontal layers by means of levels labeled 1,2,... Let (i,j be the transmittance between the levels i and j.

By Kirchoff’s law the emission from the layer between levels n and n+1 is B((,Tn)(1-(n,n+1), where B((,Tn) is the Planck function representing the radiance (per unit solid angle) of a black body with temperature Tn. The explicit dependence of ( upon ( has not been shown to simplify the notation. The spectral radiance as seen at ground level is obtained by accounting for the transmittance between level n and the ground, (level 1), and summing over n
:
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Averaging this equation over some small range of ( is now indicated but the average of the term containing two factors of  ( would be very difficult to obtain. Therefore this quadratic term is eliminated by the use of the identity:
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The Radiance can consequently be written in the form:
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This equation can now be averaged over a small range of wavelengths about (, with these averages denoted by bars:
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The Planck function was taken outside the average by using the assumption that the average will be performed over sufficiently small wavelength ranges such that the Planck function is essentially constant. Let ((( ,z,() be the known spectral transmittance of the atmosphere averaged about some small spectral interval about ( from ground level to elevation z in the direction given by zenith angle (. If the number of layers tends to infinity, n((, then the spectral radiance of the atmosphere (per unit solid angle) is given by:
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The expression for the total, hemispherical sky radiance S is the integrated form of the previous equation:
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Where d( represents an increment of solid angle in the direction specified by the zenith angle (, [Berdahl and Fromberg, 1982].

The practical way of getting the data needed for the application of this technique, would be by flying balloons with radiometers and thermo-couples. With the radiometer the transmittance between a layer and the ground ((n,1) can be measured and with the thermocouples T(z) can be obtained. As noted before, this technique is only useful from a theoretical point of view.

Real sky

Looking for a compromise between accuracy and computing cost, a semi-empirical model of the sky is proposed. First, it is required to make measurements of the total spectral sky radiation reaching the ground with instruments like a Spectral Radiometer (for angular and spectral measurements of the sky radiation) and a Pyrgeometer (for global measurements of atmospheric thermal flux). The results, taken from [Berdahl and Fromberg, 1982], have been shown in Figure  4.4 and Figure  4.5.

Because of the difficulty and cost of measuring the spectral radiation, only two measurements have been provided, one for the summer and other for the winter, each of them accounting for four different air masses. The main task in developing this model is to interpolate this experimental data, so as to know the radiation for every value of ( and (, needed to calculate the optical properties in the IR for a polymeric glazing.

The emittance of the sky for a given atmospheric temperature distribution is defined as:
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Also the emittance of a gas can be expressed in terms of its transmittance. For the transmittance we only consider absorption, because the gases don’t reflect radiation. With these considerations and taking into account Kirchoff’s law:
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Where KL(() is assumed to be independent of the air mass, and cos ( accounts for the effect of path length (i.e. air mass). So, KL(() is known then the incoming radiation for any air mass can be estimated. But when analyzing the data from [Berdahl and Fromberg, 1982], different solutions for KL, are obtained depending on the couples being compared, so some fit factors must be introduced in order to match the experimental measurements with the theoretical background. 

For example, for a given wavelength (see Figure  4.4 or Figure  4.5) and a given air mass, the emittance of the sky can be calculated as the ratio: Esky((i,(i,Tatm,ground)/Ebb((i,Tatm,ground), which must be equal to (1-e-KL((i)/cos(i). The KL((i) product should be the same regardless of the (i taken, because it is a property of  the medium. But when comparing experimental data, KL((i) turns out to be different for each (i analyzed (see Figure  4.8). In order to match experimental results with the theoretical background some fit factors are introduced (see (4.5.13)).
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Figure  4.8 KL(() for (=0, 60, 75o in the primary window region
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This fit factors are wavelength dependent and are listed in the Appendix B.

Considering (fo=1), the rest of the equations have been fitted to have the same KL(() value. As for 90o we cannot obtain any information, hence we can freely choose a value for f90.

Using Engineering Equation Solver (EES) to calculate all the fit factors, which are wavelength dependent, it can be seen that for some wavelengths the value of f tends to decrease when the air mass increases, and for others the f values have a random behaviour. Because ( =75o is the closest value to 90o, and the tendency observed in f, we have adopted the criteria that f90=f75.
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Figure  4.9 Fit factors for three different wavelengths

Basically, now if we want to know the spectral sky radiation for any air mass, we just have to interpolate the f for every wavelength. 
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Figure  4.10 shows the results of a computer simulation of the real sky model for six different air masses, (four of them used previously to built the model and two more interpolated air masses) the results are:

1) For (=0, 60, 75, 90o the results are exactly the same as the data taken from [Berdahl and Fromberg, 1982]

2) For (=30, 800 the results are respectful with the window and with the initial data used to build the model
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Figure  4.10 Results from the computer program Sky radiation.ees
Using all these concepts an EES function has been built. Giving the ambient temperature, wavelength and air mass as the input parameters, this algorithm returns the radiation in W/sr-m2-(m. According to (4.4.4), i((,() is needed to solve the transmittance of the plastic cover, so the convenience of this EES function is clear when trying to calculate the double integral.

In following chapters we will describe a practical application of this sky model, and we will discuss the results obtained for the optical properties of the plastic, when the only data available is the radiation for one day in the summer and another in the winter.



COLLECTOR OVERALL HEAT LOSS COEFFICIENT

1.21 SUMMARY

In steady state, the performance of a solar collector is described by an energy balance that distributes the incident solar energy into useful energy gain, thermal losses and optical losses. The thermal energy lost from the collector to the surroundings by conduction, convection, and infrared radiation can be represented as the product of a heat transfer coefficient UL times the difference between the mean absorber plate temperature Tpm and the ambient temperature Ta. In steady state the useful energy output of a collector of area Ac is the difference between the absorbed solar radiation and the thermal loss:
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Where UL can be expressed as:
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The main goal of this chapter is to calculate UTop for a plastic glazing, in order to analyze the thermal performance of solar collectors with polymeric covers.

1.22 TECHNIQUES FOR CALCULATING UTOP
There are three ways of calculating the collector’s top heat loss coefficient. The traditional method, Klein’s empirical equation and the net radiation method. After describing each of them we will try to choose the most appropriate for calculating UTop of our plastic-cover solar collector.

1.22.1 The traditional method

If  the heat transfer coefficient between the plate and the ambient, then we could easily calculate the Qtop,loss can be calculated as:
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The traditional technique for calculating the Utop [Duffie and Beckman, 1991], can be easily understand especially regarding the heat transfer processes that take place.  The easiest way to understand this method is by comparing heat flows with electrical currents, temperatures with voltages and electrical resistances with thermal resistances. Where Ui (heat loss coefficient) and the Ri (thermal resistance) are related by:
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As for a one-cover flat-plate collector, the thermal network and its simplified version can be represented as:
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Figure  5.1 Thermal network for a one-cover flat-plate collector, and simplified network [Duffie and Beckman, 1991].

The purpose in this section is to convert the thermal network into an equivalent and simpler network. All the processes start in the plate. Solar energy S, equal to the incident solar radiation reduced by optical losses IT(((), is absorbed in the plate. This absorbed energy S, as shown in the Figure  5.1, is distributed to thermal losses through the top and bottom and to useful energy gain Qu. 

The energy loss through the top is the result of convection and radiation between parallel plates. The steady-state energy transfer between the plate at Tp and the cover at Tc is the same as the energy lost to the surroundings from the top cover. The loss through the top per unit area is then:
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	(5.2.3)


Where hc,p-c is the convection heat transfer coefficient between two inclined parallel plates (see 2.5). Another way of writing this equation would be:
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	(5.2.4)


The resistance R2 can then be expressed as:
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The resistance R1 from the top cover to the surroundings has the same form, but the convection heat transfer coefficient is hw, also known as the wind convection coefficient (see 2.6). The radiation resistance from the top cover accounts for radiation exchange with the sky at Tsky. For convenience, this resistance has been referenced to the ambient temperature Ta, so that the radiation heat transfer coefficient can be written as:
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For this one cover system, the top loss coefficient from the collector plate to the ambient is:
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The energy loss through the bottom of the collector is represented by two series resistors, R3 and R4 (see Figure  5.1), where R3 represents the resistance to heat flow through the insulation and R4 represents the convection and radiation resistance to the environment. The magnitudes of R3 and R4 are such that it is usually possible to assume R4 is zero and all resistance to heat flow is due to the insulation. Thus, the back loss coefficient Uback is approximately:
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For most collectors the evaluation of edge heat losses is complicated. However, in a well-designed system, the edge loss should be small so that is not necessary to predict it with great accuracy. Tabor (1958) recommends edge insulation of about the same thickness as bottom insulation. The edge losses are then estimated by assuming one-dimensional sideways heat flow around the perimeter of the collector system. The losses through the edge should be referenced to the collector area. If the edge loss coefficient-area product is (UA)edge, then the edge loss coefficient, based on the collector area Ac, is:
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If it is assumed that all losses occur to a common sink temperature Ta. The collector overall loss coefficient UL is the sum of the top, bottom, and edge loss coefficients:
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The preceding discussion of top loss coefficients is based on covers like glass that are opaque to long-wavelength radiation. If a plastic material is used to replace one or more covers, the equation for Utop must be modified to account for some infrared radiation passing directly through the cover. For a single cover that is partially transparent to infrared radiation, the net radiant energy transfer directly between the collector plate and the sky is:
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	(5.2.11)


Where (c and (c are the transmittance and reflectance of the cover for radiation from Tp and from Ts (assuming that the transmittance is independent of source temperature or that Tp and Ts are nearly the same), and (p and (p are the emittance and reflectance of the plate for long-wave radiation. The top loss coefficient then becomes:
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	(5.2.12)


Where hr,c-s is the radiation heat transfer coefficient between the cover and the sky. The evaluation of the radiation heat transfer coefficients must take into account that the cover is partially transparent. The heat transfer coefficient for the radiation between the opaque plate and the partially transparent cover is given by:
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The procedure for solving the top loss coefficient is an iterative process. So the evaluation of Utop used to be time-consuming, and because of that many Utop versus Tp graphs were prepared for different number of covers and weather conditions (See Figure  5.2). With the development of computers these calculations are not a problem anymore.
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Figure  5.2 Top loss coefficient calculation [Duffie and Beckman, 1991]

1.22.2 Klein’s empirical Formula


The graphs for Utop are convenient for hand calculations but they are difficult to use on computers. The solution to the set of equations used to be time consuming even with a computer some years ago, since many thousands of solutions may be required. This fact, made scientists look for an easier and quicker way of obtaining Utop. But it wasn’t until (1979) when Klein, following the basic procedure of Hottel and Woertz (1942), came out with an empirical relationship useful for both hand and computer calculations. This relationship fits the graphs for Utop for mean plate temperatures between ambient and 200 C within (0.3 W/m2-oC.
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	(5.2.14)


Where,

N= number of glass covers

f= (1+0.089hw – 0.1166hw(p)(1+0.07866N)

C= 520(1-0.000051(2) for 0o<(<70o , if  70o<(<90o then use (=70o
e= 0.430(1-100/Tpm)

(= collector tilt (degrees)

(g= emittance of glass (0.88)

(p= emittance of the plate

Ta= ambient temperature (K)

Tpm= mean plate temperature (K)

hw= wind heat transfer coefficient (W/m2-oC)

But Klein’s equation has been obtained for glass surfaces only, thus we cannot use it for our purpose [Beckman and Duffie, 1991].

1.22.3 The traditional method modified for Tsky ( Tambient


In the previous sections we have talked about two different techniques to obtain Utop. In both of them it has been assumed that the radiative heat exchange between the collector and the surroundings was at Tsky=Tamb. This assumption works well most of the time, but there are exceptions for which we have to consider a different value for Tsky (see 2.4). 

1.22.4 The Net Radiation Method

The Net Radiation Method [Siegel, R., J.R. Howell, 1972] is based on formulating energy balances for the different surfaces involved in the heat exchange process.
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Figure  5.3 Diagram of the Net Radiation Method
Analyzing each of the variables:
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	(5.2.15)


Where S is the total thermal energy coming from the sky, (cov,sky is the reflectance of the cover for sky radiation, (cover is the emittance of the cover, (cov,plate is the transmittance of the cover for radiation coming from the plate, (cov,sky is the transmittance of the cover for radiation coming from the sky, (cov,plate is the reflectance of the cover for radiation coming from the plate, (absorber is the emittance of the plate and (absorber,IR is the reflectance of the plate for IR radiation. Performing an energy balance on the cover, Utop can be easily obtained:
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	(5.2.16)



Where hw is the wind heat transfer coefficient, and hc,p-c is the convection heat transfer coefficient between plate and cover. For our calculations we have considered that, by whatever means, Tabsorber is known.


The advantages of this method are many. It is easy to understand and it is not restricted to any material. For these reasons, we will use the net radiation method to calculate the top loss coefficient of plastic-covered solar flat-plate collectors.

RESULTS AND DISCUSSION

1.23 SUMMARY


The topic of this chapter is the comparison between the different methods and models discussed in previous chapters. Thus, two different glazing materials: glass and Teflon, will be discussed. The goal is to set a methodology for analyzing plastic covers regardless of its composition. So, although all the examples are for Teflon, we describe a general technique valid for any polymeric glazing material. 


All the calculations listed on this chapter have been performed with the help of computer programs written in Engineering Equation Solver (EES). These programs are included in the Appendix.
 GLASS


Assuming a glass cover with IR optical properties: (IR=0, (IR=0.91, (IR=0.09, 

the top loss coefficient is calculated using the different methods described in previous chapters. The three methods are: “Klein’s formula”, “the traditional method” and “the net radiation method”, the following conditions will be used: Tsky=Tamb for a summer day in a midlatitude location, an ambient temperature of 21 C, a wind convection coefficient of 5 W/m2 and a non-selective surface. 

Under these conditions and for a one cover flat-plate collector, the Utop vs. Tp are shown in Figure  6.1.
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Figure  6.1 Top loss coefficients


As can be seen there are no differences in the calculation of Utop following the different methods. Now let’s try three more realistic models like: “the modified traditional method” for Tsky(Tamb, “the black isotropic sky with window”, and “ the real sky model”. The results are shown in Figure  6.2.
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Figure  6.2 Top loss coefficient for glass calculated using four different sky assumptions (summer)

Three important aspects can be seen in this figure. First, there is only a small difference between the calculated Utop values for the more realistic sky models. This difference increases as the plate’s temperature approaches to the ambient temperature. Second, there is a significant difference between the traditional model of Tsky=Ta and the more accurate sky models. These facts raise a very interesting question: Is it worth using these more accurate techniques? A good compromise between accuracy and computing time would be “the modified traditional method” using Berdahl and Martin’s correlation (see 2.4) for the Tsky. The third interesting aspect shown in this figure is the difference in shape between the graphs. While the traditional method’s plot tends to a finite value when Tp(Tamb, the other plots, obtained with more realistic sky models, tend to infinite for the same condition. This is due to the definition of the Utop (6.2.1). For the “traditional method”, as Tp approaches to Tamb both the Qlosses and (Tp-Tamb) tend to zero, so the fraction Qlosses/(Tp-Tamb) tends to a finite number. With the models in which Tsky(Tamb, whenever Tp(Tamb, Qlosses are not zero because Tsky is lower than Tamb, but (Tp-Tamb) tends to zero so the fraction tends to infinite.
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Figure  6.3 shows the heat transfer for the two situations as a function of the temperature difference (Tp-Ta).

[image: image90.wmf]0

10

20

30

40

50

0

50

100

150

200

250

300

(

T

p

-

T

a

m

b

)

Q

l

o

s

s

,

p

l

a

s

t

i

c

Q

l

o

s

s

e

s

 

f

o

r

 

T

s

k

y

<

T

a

m

b

Q

l

o

s

s

e

s

 

f

o

r

 

T

s

k

y

=

T

a

m

b

T

a

m

b

=

2

9

4

 

K

 


Figure  6.3 Qlosses as a function of (Tp-Ta)

1.24 TEFLON

As noted in previous sections and chapters, another methodology as well as a more detailed sky model are needed when analyzing solar flat-plate collectors with polymeric glazing. In particular, three different sky models will be discussed.

shows the transmission versus wavelength for Teflon. This data is used as an input for an EES program called:  Sky Radiation.ees, in which four different solutions for the Teflon’s optical properties are obtained, one for each of the four sky models studied.
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Figure  6.4 Transmission vs. wavelength for the Teflon (courtesy of DuPont)

	SUMMER
	
	
	
	Esky (W/m2)

	Black isotropic sky (without window)
	0.5223
	0.4437
	0.02963
	423.65

	Black isotropic sky (Tsky dif Tamb)
	0.5216
	0.4434
	0.02957
	350.3

	Black isotropic sky (with window)
	0.5153
	0.4352
	0.0294
	338.5

	Real sky
	0.5324
	0.4342
	0.02996
	329.6


Table 6.1  Optical properties for the four different models for the summer

Taking these optical properties for the four models, as the input variables for another EES program called: Net Radiation Method.ees, the top loss coefficients can be calculated, Figure  6.5 shows Utop vs. Tp plot for one cover collector for a summer day (Tamb=21 C) in a midlatitude region, with hw=5 (W/m2-oC) and a non-selective surface:
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Figure  6.5  Utop for the Teflon using four different models (Summer)

The differences in the calculated values for Utop are especially significant for “the black isotropic sky (without window) model” when compared with the others. Where for a typical value of Tp=340 K, the relative difference in the Utop calculation between “the real sky model” and “the black isotropic sky (without window) model” is as high as 20%.

Again, looking for a compromise between accuracy and computing time, “the isotropic sky (with window) model” would be the best selection. As for winter time (Tamb= -1 C), hw=5 (W/m2-oC) and a non-selective surface, the optical properties and the Utop vs. Tp plot for one cover collector are:

	WINTER
	
	
	
	Esky (W/m2)

	Black isotropic sky (without window)
	0.5216
	0.4434
	0.02957
	310.38

	Black isotropic sky (Tsky dif Tamb)
	0.521
	0.443
	0.0295
	216.2

	Black isotropic sky (with window)
	0.5258
	0.4429
	0.0298
	251.5

	Real sky
	0.5439
	0.4257
	0.02964
	211.2


Table 6.2  Optical properties for the four different models (winter)
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Figure  6.6  Utop for the Teflon using four different models (Winter)

As seen in Figure  6.6, “the black isotropic sky (with window)” model doesn’t give as good values as it did for the summer time. The reason for this behavior is a result of a model assumption that is needed due to the lack of data; the spectral emittance of the sky has been assumed constant for the whole year. During the winter the amount of water vapor in the atmosphere is less than in the summer so that the spectral emittance of the sky changes, since this consideration is not taken into account, the results can be misleading. As for the “the black isotropic sky Tsky(Tamb”, the results are nearly the same as those given by “the real sky”, but with much less computing effort. And finally the Utop values returned by “the black isotropic sky (without window) model” are again far from being reliable.


Plotting both summer and winter results for the real sky (see Figure  6.7), it can be noted that there is a real difference between the summer and winter curves, because of the variation in the composition of the atmosphere with the season. 
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Figure  6.7 Utop comparison between summer and winter (Non-selective surface)

The next step will be to analyze the top loss coefficient for absorber plates with selective treatment. This is shown in Figure  6.8. Plots are for “the real sky model” for both summer and winter conditions.
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Figure  6.8 Utop comparison between summer and winter (Selective surface)

Note that the top loss coefficient values are much lower than those for a non-selective surface. Also the variation of the Utop with plate temperature in the case of a selective surface is less than with the non-selective surface.

1.25  COMPARISON BETWEEN TEFLON AND GLASS


A quick comparison between previously shown Utop graphs for the glass and for the Teflon (see Figure  6.2 and Figure  6.5), reveals that the glass has a much better behavior as a cover than the Teflon. But if we consider an absorber plate with selective treatment, the results are much more optimistic for the Teflon (see Figure  6.9), as the difference in the thermal performance between the two collectors is minimum.
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Figure  6.9 Utop comparison between glass and Teflon for a selective surface

 
Finally, the top loss coefficients for both selective and non-selective surfaces are plotted on the same graph for the two glazing materials (see Figure  6.10).
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Figure  6.10 Utop comparison between glass and Teflon for both selective and non-selective surfaces

As it can be seen, the selective treatment makes a big difference when comparing the two materials. In example, for a non-selective surface at a temperature of 360 K, the difference in the Utop between Teflon and glass is approximately 2 W/m2-K, whereas for a selective surface at the same temperature the difference is less than 0.25 W/m2-K. 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK


A new semi-empirical model of the sky called “the real sky model” has been developed, in addition a methodology is presented for analyzing the top loss coefficient of a solar-flat plate collector, regardless of the glazing material used. This methodology is based on the net radiation method (see section 5.2.4).

A comparison between two collectors, one with a plastic cover (Teflon) and the other with a glass cover, has been performed using this methodology. The results, from the thermal point of view, are optimistic for Teflon covers whenever a selective treatment is made on the absorber plate (see Figure  6.10).

Since the non-glass results shown in this study are only for Teflon, more polymeric materials should be tested: Polycarbonate sheets and Fiberglass-reinforced polyester sheets, because these polymers have better optical properties than the Teflon especially in the IR. Combining these polymeric sheets with UV protecting layers, better results than shown for Teflon could be expected from the comparison with glass-covered collectors.
Finally, an exhaustive economic analysis is recommended in order to check the potential viability of producing plastic-covered solar flat plate collectors.

APPENDIX A

METHODOLOGY AND EES PROGRAMS


Basically, the methodology that has to be followed to calculate the top loss coefficient consists on three steps:

1) The “Transmission vs. wavelength” data of the material must be introduced as a “Look-up table” in an EES program called “Sky radiation.ees”

2) Running: “Sky radiation.ees” the optical properties in the IR of the material are obtained
3) Introducing the optical properties into another program called: “Net Radiation Method.ees” the Utop vs. Tp plot is calculated

The methodology is always the same regardless of the season, but some parameters that are already inside the programs must be chosen in case we want to perform the calculations for different times of the year. These are:

· The ambient temperature

· The Esky ((() graphs 

· The total energy coming from the sky Esky,tot 
SKY RADIATION.EES

"Sky radiation.ees : The real sky model"
"Juan Lekube, Research Assistant (juanlekube@hotmail.com)

William A. Beckman, Professor (Beckman@me.engr.wisc.edu)

Solar Energy Laboratory (SEL)

University of Wisconsin-Madison

December 2000"
"!List of functions =============================================="
Function Planck\T5(LT)

{$Planck\T5 This function returns 1/T^5 times the energy emitted from a black body at temperature T over a small wavelength range centered about L .  

L is the wavelength in micrometers and T is the absolute temperature in either K or R, depending on the EES units system.}

If (UnitSystem('SI')=1) then



C_1:=0.59552197e8 "[W*microm^4/(m^2*sr)]"


C_2:=14387.69 "[micron*K]"

else



C_1:=0.18878e8



C_2:=25897.84


endIf


Planck\T5:=(2*C_1)/(LT^5*(exp(c_2/(LT))-1))

End Planck\T5

Function Planck_sky(lambda,T)

{$Planck_sky

This function returns the Planck spectral radiation from the sky}

Planck_sky=T^5*planck\T5(lambda*T)

End Planck_sky

Function Rad(lambda,theta,T)

"This function returns the sky radiation for given values of the wavelength, air mass, and ambient temperature"
"For summer calculations, just substitute winter for summer everywhere"
E_90=interpolate1('Winter_90',lambda,Radiance,lambda=lambda)

KL_0=interpolate1('KL_Winter',lambda,KL_0,lambda=lambda)

{E_bb=Planck_sky(lambda,T)

"Blackbody Radiation"}
f_0=interpolate1('KL_Winter',lambda,f_0,lambda=lambda)

f_60=interpolate1('KL_Winter',lambda,f_60,lambda=lambda)

f_75=interpolate1('KL_Winter',lambda,f_75,lambda=lambda)

f_90=interpolate1('KL_Winter',lambda,f_90,lambda=lambda)

IF (theta>=0) And (theta=<60) Then


f=(f_60-f_0)/(60-0)*theta+f_0

ELSE



IF (theta>60) And (theta=<75) Then





f=(f_75-f_60)/(75-60)*(theta-60)+f_60



ELSE





f=f_75



endif

endif

If (lambda>=5) AND (lambda=<25) THEN


Rad=(1-exp(-f*KL_0/cos(theta)))*E_90

ELSE


Rad=Planck_sky(lambda,T)

Endif

End

"!Calculation of fit factors and optical properties for the summer ============"
{T=294 "[K]"
"Ambient temperature for a summer day"

E_90=interpolate1('Summer_90',lambda,Radiance,lambda=lambda)

E_75=interpolate1('Summer_75',lambda,Radiance,lambda=lambda)

E_60=interpolate1('Summer_60',lambda,Radiance,lambda=lambda)

E_0=interpolate1('Summer_0',lambda,Radiance,lambda=lambda)

"Calculations of KL"

E_0/E_90=1-exp(-KL_0)

E_60/E_90=1-exp(-KL_60/cos(60))

E_75/E_90=1-exp(-KL_75/cos(75))

KL_0=interpolate1('KL_summer',lambda,KL_0,lambda=lambda)

KL_60=interpolate1('KL_summer',lambda,KL_60,lambda=lambda)

KL_75=interpolate1('KL_summer',lambda,KL_75,lambda=lambda)

"Calculation of the fit factors"

f_0=1

f_60=KL_60/KL_0

f_75=KL_75/KL_0

f_90=f_75}
"!Calculation of fit factors and optical properties for the winter ==============="
{T=272 "[K]"
 "Ambient temperature for a summer day"

E_90=interpolate1('Winter_90',lambda,Radiance,lambda=lambda)

E_75=interpolate1('Winter_75',lambda,Radiance,lambda=lambda)

E_60=interpolate1('Winter_60',lambda,Radiance,lambda=lambda)

E_0=interpolate1('Winter_0',lambda,Radiance,lambda=lambda)

"Calculations of KL"

E_0/E_90=1-exp(-KL_0)

E_60/E_90=1-exp(-KL_60/cos(60))

E_75/E_90=1-exp(-KL_75/cos(75))

KL_0=interpolate1('KL_Winter',lambda,KL_0,lambda=lambda)

KL_60=interpolate1('KL_Winter',lambda,KL_60,lambda=lambda)

KL_75=interpolate1('KL_Winter',lambda,KL_75,lambda=lambda)

"Calculation of the fit factors"

f_0=1

f_60=KL_60/KL_0

f_75=KL_75/KL_0

f_90=f_75}
"!Commands to find the incoming energy from the sky ===================="

{E_lambda_theta=Rad(lambda,theta,T)

E_theta=integral(E_lambda_theta,lambda,0.1,105,0.1)
"The limits have been chosen according to the blackbody tables in SETP book"

E_tot=2*pi*integral(E_theta*mu,mu,0.01,1,0.01)

mu=cos(theta)}
"!E_tot=328.4 W/m^2 For the summer T_amb=294 K"
"!E_tot=211.2 W/m^2 For the Winter T_amb=272 K"
"!SUMMER, WINTER optical calculations ============================"
T=272
"[K]" 
{T=294 "[K]" "For the summer"}
E_tot=211.2  "[W/m^2]"

{E_tot=328.4 "[W/m^2]" "For the summer"} 

"!Wavelength step size.  Need to use 0.1 due to the very strong dependence of tau_lambda on lambda.  However, step=1 is fast for debugging."
step=0.1 

"!Find the monochromatic value of KL. All the data comes from normal radiation measurements"
T_lambda_n=INTERPOLATE1('Teflon',lambda,transmittance,lambda=lambda)/100 
"For the teflon"
tau_lambda_n=exp(-kL_lambda)

rho_n=((refrInd-1)/(refrInd+1))^2

T_lambda_n=tau_lambda_n*((1-rho_n^2)/(1-(rho_n*tau_lambda_n)^2))*((1-rho_n)/(1+rho_n))

"!Snell's equation"
chi=arcsin(sin(theta)/RefrInd) 

"!Parallel and perpendicular monochromatic-spectral transmittance"      

Tau_lambda_theta=exp(-KL_lambda/cos(chi)) 

rho_perp=(sin(chi-theta)/sin(chi+theta))^2    

rho_para=(tan(chi-theta)/tan(chi+theta))^2

T_perp_lambda_theta=Tau_lambda_theta*(1-rho_perp)^2/(1-rho_perp^2*tau_lambda_theta^2)

T_para_lambda_theta=tau_lambda_theta*(1-rho_para)^2/(1-rho_para^2*tau_lambda_theta^2)

R_perp_lambda_theta=rho_perp*(1+T_perp_lambda_theta*tau_lambda_theta)

R_para_lambda_theta=rho_para*(1+T_para_lambda_theta*tau_lambda_theta)

A_perp_lambda_theta=((1-rho_perp)*(1-tau_lambda_theta))/(1-rho_perp*tau_lambda_theta)

A_para_lambda_theta=((1-rho_para)*(1-tau_lambda_theta))/(1-rho_para*tau_lambda_theta)

"!Use the following two equations for transmittance of sky radiation."
T_perp_theta=integral(T_perp_lambda_theta*Rad(lambda,theta,T),lambda, 0.1, 105,step)

T_para_theta=integral(T_para_lambda_theta*Rad(lambda,theta,T),lambda,0.1, 105,step)

R_perp_theta=integral(R_perp_lambda_theta*Rad(lambda,theta,T),lambda, 0.1, 105,step)

R_para_theta=integral(R_para_lambda_theta*Rad(lambda,theta,T),lambda, 0.1, 105,step)

A_perp_theta=integral(A_perp_lambda_theta*Rad(lambda,theta,T),lambda, 0.1, 105,step)

A_para_theta=integral(A_para_lambda_theta*Rad(lambda,theta,T),lambda,0.1, 105,step)

"!Integrate over the hemisphere"
mu=cos(theta)

T_perp=2*pi*integral(T_perp_theta*mu,mu,0.01,1,0.01)/E_tot

T_para=2*pi*integral(T_para_theta*mu,mu,0.01,1,0.01)/E_tot

R_para=2*pi*integral(R_para_theta*mu,mu,0.01,1,0.01)/E_tot

R_perp=2*pi*integral(R_perp_theta*mu,mu,0.01,1,0.01)/E_tot

A_para=2*pi*integral(A_para_theta*mu,mu,0.01,1,0.01)/E_tot

A_perp=2*pi*integral(A_perp_theta*mu,mu,0.01,1,0.01)/E_tot

"!Average the parallel and perpendicular components"
tau_cover=(T_perp+T_para)/2

alpha_cover=(A_para+A_perp)/2

rho_cover=(R_para+R_perp)/2

ERROR=1-(tau_cover+alpha_cover+rho_cover)

"!Knowns"
RefrInd=1.344
"index of refraction assumed to be constant"
"!Results for the WINTER

alpha_cover_sky=0.4257

tau_cover_sky=0.5439

rho_cover=0.02964"
"!Results for the SUMMER

alpha_cover_sky=0.4342
tau_cover_sky=0.5324
rho_cover=0.02996"
COMMENTS ABOUT THE PROGRAM


The program has been designed to make only one calculation, either summer or winter, at a time. So, the comment symbols for the season being calculated should be removed from the program when running it. As for the results, some of them must be studied very carefully, specially the fit factors, because EES cannot always converge in the solution. This convergence problems occur mainly outside the 8-14 (m window.

NET RADIATION METHOD.EES

"Net Radiation Method.ees"
"Juan Lekube, Research Assistant (juanlekube@hotmail.com)

William A. Beckman, Professor (beckman@me.engr.wisc.edu)

Solar Energy Laboratory (SEL)

University of Wisconsin - Madison 

December 2000"
"!List of functions ============================================"
Function Planck\T5(LT)

"This function returns 1/T^5 times the energy emitted from a black body at temperature T over a small wavelength range centered about L .  

L is the wavelength in micrometers and T is the absolute temperature in either K or R, depending on the EES units system."

If (UnitSystem('SI')=1) then



C_1:=0.59552197e8 "[W*microm^4/(m^2*sr)]"


C_2:=14387.69 "[microm*K]"

else



C_1:=0.18878e8



C_2:=25897.84


endIf


Planck\T5:=(2*pi*C_1)/(LT^5*(exp(c_2/(LT))-1))


End Planck\T5

Function Planck_sky(lambda,T)

"This function returns the Planck spectral radiation from the sky where the window, 8-14 micro meters is assumed to emit no radiation."

Planck_sky=T^5*planck\T5(lambda*T)

End Planck_sky

Function h_conv_parallel(T_c,T_p,Slope,L)

"Convection between parallel plates"

g=9.8
"[m/s^2]"

T_m=(T_c+T_p)/2
"[K]"

DynVisc=VISCOSITY(Air,T=T_m)
"[N*s/m^2]" "dynamic viscosity"

Density=DENSITY(Air,T=T_m,P=1.013)
"[Kg/m^3]"

KinVisc=DynVisc/Density

"[m^2/s]"

Pr=PRANDTL(Air,T=T_m)


k=CONDUCTIVITY(Air,T=T_m)
"[W/(m*K)]"
"Thermal conductivity"

dt=(T_p-T_c)



"[K]"

beta=Slope



"[degrees]"

If (dt>0) then


Ra=g*dt*L^3*Pr/(KinVisc^2*T_m)


"Numero de Rayleigh"

Nu#=1+1.44*(1-1708*((sin(1.8*beta))^(1.6))/(Ra*cos(beta)))*Max((1-1708/(Ra*cos(beta))),0)+Max(((Ra*cos(beta)/5830)^(1/3))-1,0)



h_conv_parallel=Nu#*k/L



"coef. conv. between the plate and the cover"

else

"Means that the convection is from cover to the plate"

Ra=-g*dt*L^3*Pr/(KinVisc^2*T_m)


Nu#=1+1.44*(1-1708*((sin(1.8*beta))^(1.6))/(Ra*cos(beta)))*Max((1-1708/(Ra*cos(beta))),0)+Max(((Ra*cos(beta)/5830)^(1/3))-1,0)


h_conv_parallel=Nu#*k/L


endif

End h_conv_parallel

Function h_w(T_a,WindSpeed,Lenght,Width)


"Function to calculate the wind-loss coefficient, Mitchell's formula from SETP"
"For a free standing collector. We are not going to condider the flush mounted collector because we don't know the dimensions of the building, and anyway the wind losses for a free standing are higher so our calculations are going to be conservative"

DynVisc_air=VISCOSITY(Air,T=T_a)
"[N*s/m^2]" "dynamic viscosity"

Density_air=DENSITY(Air,T=T_a,P=1.013)


KinVisc_air=DynVisc_air/Density_air

"[m^2/s]"

Pr#_air=PRANDTL(Air,T=T_a)


k_air=CONDUCTIVITY(Air,T=T_a)


L_eq=4*(Lenght*Width)/(2*(Lenght+Width))


D_h=L_eq


Re#_w=Density_air*WindSpeed*D_h/DynVisc_air
"Reynolds number"

Nu#_w=0.86*Re#_w^(1/2)*Pr#_air^(1/3)


h_w=Max(Nu#_w*k_air/L_eq,5)

end h_w

"!Klein's formula for calculating the Utop for the glass ===================="
{U_top_net_glass=U_Top_(T_p,T_a,Slope,hw,epsilon_plate_IR,Ncov)

Ncov=1}
"!Conventional technique for calculating Utop =========================="
"Energy exchange between sky and plate with glass cover.

Glass is assumed to be opaque and gray."
{0=Q_conv_glass_absorber+Q_rad_glass_absorber-Q_wind_glass-Q_rad_glass_sky

Q_rad_glass_absorber=sigma#*(T_p^4-T_g^4)/(1/epsilon_p+1/epsilon_g-1)

Q_conv_glass_absorber=h_conv_parallel(T_g,T_p,Slope,L)*(T_p-T_g)

Q_wind_glass=h_w(T_a,WindSpeed,Lenght,Width)*(T_g-T_a)

Q_rad_glass_sky=epsilon_g*sigma#*(T_g^4-T_s^4)

Q_loss_glass=q_conv_glass_absorber+q_rad_glass_absorber

U_top_net=Q_loss_glass/(T_p-T_a)}
epsilon_p=0.95
"We are not considering a selective surface yet"
epsilon_g=0.91

{T_s=T_a}
"Berdahl relationship for ambient temperature and sky temperature"
{T_s=T_a*(0.711+0.0056*T_dp+0.000073*T_dp^2+0.013*cos(15*t))^(1/4)
"[K]"

T_dp=DEWPOINT(AirH2O,T=T_a,P=1.013,r=0.7)-273

"[C]"

t=0}
"! NET RADIATION METHOD =================================="
"Our goal is to compare the differences between the two covers. One checking that must be done, is the calculation of the U_top for the glass using the net radiation method"
q_o_sky=radiation_sky

q_i_sky=q_o_plastic_top

q_i_plastic_top=q_o_sky

q_o_plastic_top=rho_sky*q_i_plastic_top+tau_plate*q_i_plastic_bottom+epsilon_cover*sigma#*T_c^4

q_i_plastic_bottom=q_o_absorber

q_o_plastic_bottom=tau_sky*q_i_plastic_top+epsilon_cover*sigma#*T_c^4+rho_plate*q_i_plastic_bottom

q_i_absorber=q_o_plastic_bottom

q_o_absorber=epsilon_plate_IR*sigma#*T_p^4+rho_plate_IR*q_i_absorber

"!Energy balance on the plastic"
q_i_plastic_top+q_i_plastic_bottom-q_o_plastic_top-q_o_plastic_bottom-q_plastic_air+q_absorber_plastic_convection=0

hw=h_w(T_a,WindSpeed,Lenght,Width)

q_plastic_air=hw*(T_c-T_a)

q_absorber_plastic_convection=h_parallel*(T_p-T_c)

h_parallel=h_conv_parallel(T_c,T_p,Slope,L)

Q_loss_plastic=q_o_absorber+q_absorber_plastic_convection-q_i_absorber

U_top_net=Q_loss_plastic/(T_p-T_a)

"!DATA ===================================================="
"!TEFLON"
"!Black Isotropic model (with window)"
"Summer"
{tau_sky=0.5153

"Transmittance of plastic for sky radiation"

alpha_sky=0.4352
"Absorptance of plastic for sky radiation"

rho_sky=0.0294
"Reflectance of plastic for sky radiation"

radiation_sky=338.5  "[W/m^2]"}
"Winter"
{tau_sky=0.5258

"Transmittance of plastic for sky radiation"

alpha_sky=0.4429
"Absorptance of plastic for sky radiation"

rho_sky=0.0298

"Reflectance of plastic for sky radiation"

radiation_sky=251.5   "[W/m^2]"}
"!Real sky model"
"Summer"
{tau_sky=0.5324

alpha_sky=0.4342

rho_sky=0.02996

radiation_sky=329.6  "[W/m^2]"}
"Winter"
{tau_sky=0.5439

alpha_sky=0.4257

rho_sky=0.02964

radiation_sky=211.2  "[W/m^2]"}
"!Isotropic and black sky (without window)"
"Summer"
tau_sky=0.5223

alpha_sky=0.4437

rho_sky=0.02963

radiation_sky=423.65 "[W/m^2]"
"Winter"
{tau_sky=0.5216

alpha_sky=0.4434

rho_sky=0.02957

radiation_sky=310.38 "[W/m^2]"}
"!Isotropic and black sky with Tsky dif  Tamb (without window)"
"Summer"
{tau_sky=0.5216
alpha_sky=0.4434
rho_sky=0.02957
radiation_sky=350.3 "[W/m^2]"}
"Winter"
{tau_sky=0.521
alpha_sky=0.443
rho_sky=0.0295
radiation_sky=216.2 "[W/m^2]"}
"!Optical properties for the radiation coming from the plate"
tau_plate=0.23545 + 0.0006476*T_p

"Transmittance of plastic for absorber plate radiation"
alpha_plate=0.65609 - 0.00059032*T_p
"Absorptance of plastic for absorber plate radiation"
rho_plate=0.052387 + 0.00003984*T_p

"Reflectance of plastic for absorber plate radiation"
epsilon_cover=0.65609 - 0.00059032*T_c
"Emittance of plastic due to its temperature"
"!GLASS"
"!Optical properties for the radiation coming from the plate"
{tau_plate=0


alpha_plate=0.91

rho_plate=0.09

epsilon_cover=0.91}


"!Optical properties for the radiation coming from the sky"
{tau_sky=0

alpha_sky=0.91

rho_sky=0.09}
COMMENTS ABOUT THE PROGRAM


The program has been designed to make only one calculation, either summer or winter, at a time. So, the comment symbols for the season being calculated should be removed from the program when running it. The same process should be followed for the material being analyzed. Especial care must be taken with the values of the ambient temperature, total sky radiation, and selective or non-selective treatment. All this variables must be changed or uncommented whenever the program is run.

APPENDIX B

THE FIT FACTORS


In the table below, the fit factor values as a function of wavelength and air mass are listed. Both summer and winter calculations are included. Note that outside the primary window (8-14 (m) and secondary window (16-22 (m), a convergence in the fit factor values is not always obtained, but as in those regions all the air masses behave like a blackbody, the fit factors are not needed at all. 

	 
	SUMMER
	WINTER

	m)
	fo
	f60
	f75
	f90
	fo
	f60
	f75
	f90

	5
	1
	1
	1
	1
	1
	1
	1
	1

	5.067
	1
	1
	1
	1
	1
	1
	1
	1

	5.134
	1
	1
	1
	1
	1
	1
	1
	1

	5.201
	1
	1
	1
	1
	1
	1
	1
	1

	5.268
	1
	1
	1
	1
	1
	1
	1
	1

	5.334
	1
	1
	1
	1
	1
	1
	1
	1

	5.401
	1
	1
	1
	1
	1
	1
	1
	1

	5.468
	1
	1
	1
	1
	1
	1
	1
	1

	5.535
	1
	1
	1
	1
	1
	1
	1
	1

	5.602
	1
	1
	1
	1
	1
	1
	1
	1

	5.669
	1
	1
	1
	1
	1
	1
	1
	1

	5.736
	1
	1
	1
	1
	1
	1
	1
	1

	5.803
	1
	1
	1
	1
	1
	1
	1
	1

	5.87
	1
	1
	1
	1
	1
	1
	1
	1

	5.936
	1
	1
	1
	1
	1
	1
	1
	1

	6.003
	1
	1
	1
	1
	1
	1
	1
	1

	6.07
	1
	1
	1
	1
	1
	1
	1
	1

	6.137
	1
	1
	1
	1
	1
	1
	1
	1

	6.204
	1
	1
	1
	1
	1
	1
	1
	1

	6.271
	1
	1
	1
	1
	1
	1
	1
	1

	6.338
	1
	1
	1
	1
	1
	1
	1
	1

	6.405
	1
	1
	1
	1
	1
	1
	1
	1

	6.472
	1
	1
	1
	1
	1
	1
	1
	1

	6.538
	1
	1
	1
	1
	1
	1
	1
	1

	6.605
	1
	1
	1
	1
	1
	1
	1
	1

	6.672
	1
	1
	1
	1
	1
	1
	1
	1

	6.739
	1
	1
	1
	1
	1
	1
	1
	1

	6.806
	1
	1
	1
	1
	1
	1
	1
	1

	6.873
	1
	1
	1
	1
	1
	1
	1
	1

	6.94
	1
	1
	1
	1
	1
	0.4749
	1
	1

	7.007
	1
	1
	1
	1
	1
	0.3581
	1
	1

	7.074
	1
	1
	1
	1
	1
	0.7512
	1.011
	1.011

	7.14
	1
	1
	1
	1
	1
	0.7742
	0.8622
	0.8622

	7.207
	1
	1.001
	1.001
	1.001
	1
	0.7417
	0.8892
	0.8892

	7.274
	1
	1.167
	1.164
	1.164
	1
	0.7253
	0.5435
	0.5435

	7.341
	1
	1.755
	0.3131
	0.3131
	1
	0.7216
	0.5317
	0.5317

	7.408
	1
	1.971
	0.6051
	0.6051
	1
	0.726
	0.5492
	0.5492

	7.475
	1
	0.7521
	0.5153
	0.5153
	1
	0.7278
	0.544
	0.544

	7.542
	1
	0.6918
	0.6643
	0.6643
	1
	0.7255
	0.5444
	0.5444

	7.609
	1
	0.7281
	0.7639
	0.7639
	1
	0.7312
	0.5525
	0.5525

	7.676
	1
	0.7383
	0.6677
	0.6677
	1
	0.7458
	0.5613
	0.5613

	7.742
	1
	0.7385
	0.5993
	0.5993
	1
	0.6927
	0.4857
	0.4857

	7.809
	1
	0.7397
	0.5681
	0.5681
	1
	0.7756
	0.6116
	0.6116

	7.876
	1
	0.7347
	0.5473
	0.5473
	1
	0.7984
	0.6415
	0.6415

	7.943
	1
	0.6606
	0.5263
	0.5263
	1
	0.7854
	0.6391
	0.6391

	8.01
	1
	0.8052
	0.6515
	0.6515
	1
	0.798
	0.67
	0.67

	8.077
	1
	0.8012
	0.6651
	0.6651
	1
	0.8028
	0.676
	0.676

	8.144
	1
	0.8155
	0.6878
	0.6878
	1
	0.7933
	0.6687
	0.6687

	8.211
	1
	0.848
	0.7329
	0.7329
	1
	0.8054
	0.6838
	0.6838

	8.278
	1
	0.8406
	0.7457
	0.7457
	1
	0.8241
	0.7052
	0.7052

	8.344
	1
	0.8384
	0.7441
	0.7441
	1
	0.8427
	0.7288
	0.7288

	8.411
	1
	0.8479
	0.7565
	0.7565
	1
	0.862
	0.7624
	0.7624

	8.478
	1
	0.8723
	0.7912
	0.7912
	1
	0.8741
	0.7879
	0.7879

	8.545
	1
	0.8787
	0.8096
	0.8096
	1
	0.8835
	0.802
	0.802

	8.612
	1
	0.8846
	0.825
	0.825
	1
	0.8755
	0.7995
	0.7995

	8.679
	1
	0.8835
	0.8311
	0.8311
	1
	0.8839
	0.8033
	0.8033

	8.746
	1
	0.88
	0.8298
	0.8298
	1
	0.8772
	0.7956
	0.7956

	8.813
	1
	0.8828
	0.8337
	0.8337
	1
	0.8751
	0.7959
	0.7959

	8.88
	1
	0.8813
	0.8338
	0.8338
	1
	0.8729
	0.7869
	0.7869

	8.946
	1
	0.8807
	0.8326
	0.8326
	1
	0.8451
	0.7426
	0.7426

	9.013
	1
	0.8852
	0.8378
	0.8378
	1
	0.7187
	0.5701
	0.5701

	9.08
	1
	0.8959
	0.8496
	0.8496
	1
	0.7154
	0.5383
	0.5383

	9.147
	1
	0.8939
	0.8467
	0.8467
	1
	0.7677
	0.5982
	0.5982

	9.214
	1
	0.8666
	0.8004
	0.8004
	1
	0.7793
	0.6104
	0.6104

	9.281
	1
	0.8329
	0.74
	0.74
	1
	0.7736
	0.6108
	0.6108

	9.348
	1
	0.8351
	0.7313
	0.7313
	1
	0.7776
	0.6166
	0.6166

	9.415
	1
	0.8445
	0.7426
	0.7426
	1
	0.7837
	0.6257
	0.6257

	9.482
	1
	0.8481
	0.7468
	0.7468
	1
	0.7963
	0.6373
	0.6373

	9.548
	1
	0.8522
	0.7516
	0.7516
	1
	0.8085
	0.6568
	0.6568

	9.615
	1
	0.8601
	0.7626
	0.7626
	1
	0.8301
	0.6944
	0.6944

	9.682
	1
	0.8687
	0.7751
	0.7751
	1
	0.8507
	0.7323
	0.7323

	9.749
	1
	0.8824
	0.7933
	0.7933
	1
	0.8695
	0.7737
	0.7737

	9.816
	1
	0.8978
	0.8217
	0.8217
	1
	0.8834
	0.8006
	0.8006

	9.883
	1
	0.914
	0.8547
	0.8547
	1
	0.8896
	0.8144
	0.8144

	9.95
	1
	0.9249
	0.8801
	0.8801
	1
	0.9004
	0.8364
	0.8364

	10.02
	1
	0.9283
	0.8937
	0.8937
	1
	0.8956
	0.8324
	0.8324

	10.08
	1
	0.9359
	0.9117
	0.9117
	1
	0.9055
	0.8491
	0.8491

	10.15
	1
	0.9349
	0.9164
	0.9164
	1
	0.913
	0.8607
	0.8607

	10.22
	1
	0.9336
	0.9153
	0.9153
	1
	0.912
	0.8677
	0.8677

	10.28
	1
	0.9349
	0.9172
	0.9172
	1
	0.9227
	0.8846
	0.8846

	10.35
	1
	0.9382
	0.9219
	0.9219
	1
	0.9195
	0.8898
	0.8898

	10.42
	1
	0.947
	0.9348
	0.9348
	1
	0.9314
	0.903
	0.903

	10.48
	1
	0.9526
	0.9476
	0.9476
	1
	0.9346
	0.9062
	0.9062

	10.55
	1
	0.9562
	0.9545
	0.9545
	1
	0.9342
	0.9095
	0.9095

	10.62
	1
	0.9512
	0.9501
	0.9501
	1
	0.9416
	0.9204
	0.9204

	10.69
	1
	0.9511
	0.9487
	0.9487
	1
	0.9443
	0.928
	0.928

	10.75
	1
	0.9496
	0.9474
	0.9474
	1
	0.9509
	0.9369
	0.9369

	10.82
	1
	0.9513
	0.9495
	0.9495
	1
	0.9446
	0.9354
	0.9354

	10.89
	1
	0.9533
	0.9532
	0.9532
	1
	0.9408
	0.9282
	0.9282

	10.95
	1
	0.9554
	0.9584
	0.9584
	1
	0.9367
	0.9201
	0.9201

	11.02
	1
	0.9562
	0.9592
	0.9592
	1
	0.9362
	0.9147
	0.9147

	11.09
	1
	0.954
	0.9574
	0.9574
	1
	0.9345
	0.9035
	0.9035

	11.15
	1
	0.9508
	0.9498
	0.9498
	1
	0.9238
	0.8921
	0.8921

	11.22
	1
	0.9492
	0.9471
	0.9471
	1
	0.9166
	0.8774
	0.8774

	11.29
	1
	0.9476
	0.9422
	0.9422
	1
	0.91
	0.8694
	0.8694

	11.35
	1
	0.9442
	0.9375
	0.9375
	1
	0.9078
	0.8684
	0.8684

	11.42
	1
	0.9403
	0.9314
	0.9314
	1
	0.9093
	0.8714
	0.8714

	11.49
	1
	0.9361
	0.9271
	0.9271
	1
	0.9123
	0.8733
	0.8733

	11.56
	1
	0.9343
	0.9239
	0.9239
	1
	0.9153
	0.8745
	0.8745

	11.62
	1
	0.9368
	0.9258
	0.9258
	1
	0.9142
	0.8772
	0.8772

	11.69
	1
	0.937
	0.9262
	0.9262
	1
	0.9178
	0.8766
	0.8766

	11.76
	1
	0.9371
	0.9252
	0.9252
	1
	0.9119
	0.8694
	0.8694

	11.82
	1
	0.9378
	0.9277
	0.9277
	1
	0.911
	0.8706
	0.8706

	11.89
	1
	0.9404
	0.9293
	0.9293
	1
	0.9134
	0.8554
	0.8554

	11.96
	1
	0.9421
	0.9325
	0.9325
	1
	0.8895
	0.8186
	0.8186

	12.02
	1
	0.9458
	0.9367
	0.9367
	1
	0.8667
	0.7734
	0.7734

	12.09
	1
	0.945
	0.9358
	0.9358
	1
	0.849
	0.745
	0.745

	12.16
	1
	0.9343
	0.9196
	0.9196
	1
	0.8315
	0.7222
	0.7222

	12.22
	1
	0.9174
	0.8924
	0.8924
	1
	0.8272
	0.7195
	0.7195

	12.29
	1
	0.9051
	0.867
	0.867
	1
	0.8264
	0.7232
	0.7232

	12.36
	1
	0.8992
	0.8548
	0.8548
	1
	0.8235
	0.7223
	0.7223

	12.42
	1
	0.8996
	0.8483
	0.8483
	1
	0.8241
	0.7247
	0.7247

	12.49
	1
	0.9013
	0.8504
	0.8504
	1
	0.8234
	0.7245
	0.7245

	12.56
	1
	0.9056
	0.8562
	0.8562
	1
	0.8182
	0.7087
	0.7087

	12.63
	1
	0.9072
	0.8599
	0.8599
	1
	0.7898
	0.6723
	0.6723

	12.69
	1
	0.9087
	0.8669
	0.8669
	1
	0.7946
	0.666
	0.666

	12.76
	1
	0.9089
	0.8679
	0.8679
	1
	0.7883
	0.6562
	0.6562

	12.83
	1
	0.9046
	0.8559
	0.8559
	1
	0.7874
	0.6515
	0.6515

	12.89
	1
	0.8968
	0.8411
	0.8411
	1
	0.7783
	0.6325
	0.6325

	12.96
	1
	0.891
	0.8339
	0.8339
	1
	0.7608
	0.6037
	0.6037

	13.03
	1
	0.8857
	0.8225
	0.8225
	1
	0.7367
	0.5648
	0.5648

	13.09
	1
	0.8779
	0.8118
	0.8118
	1
	0.7289
	0.5395
	0.5395

	13.16
	1
	0.8633
	0.7891
	0.7891
	1
	0.7149
	0.5277
	0.5277

	13.23
	1
	0.8407
	0.752
	0.752
	1
	0.7202
	0.5207
	0.5207

	13.29
	1
	0.8207
	0.7195
	0.7195
	1
	0.7242
	0.54
	0.54

	13.36
	1
	0.8137
	0.7236
	0.7236
	1
	0.7261
	0.5426
	0.5426

	13.43
	1
	0.8081
	0.7302
	0.7302
	1
	0.7214
	0.5318
	0.5318

	13.49
	1
	0.8109
	0.9583
	0.9583
	1
	0.7166
	0.5236
	0.5236

	13.56
	1
	0.8029
	1.584
	1.584
	1
	0.7151
	0.5171
	0.5171

	13.63
	1
	0.7925
	1.666
	1.666
	1
	0.7229
	0.5181
	0.5181

	13.7
	1
	0.7873
	1.717
	1.717
	1
	0.7203
	0.4981
	0.4981

	13.76
	1
	0.7959
	2.881
	2.881
	1
	0.7117
	0.4922
	0.4922

	13.83
	1
	0.7937
	2.682
	2.682
	1
	0.7228
	1.303
	1.303

	13.9
	1
	0.876
	2.451
	2.451
	1
	0.7165
	2.58
	2.58

	13.96
	1
	2.066
	2.297
	2.297
	1
	0.6821
	2.259
	2.259

	14.03
	1
	2.162
	2.174
	2.174
	1
	0.7296
	1.965
	1.965

	14.1
	1
	1.986
	1.986
	1.986
	1
	1.709
	1.709
	1.709

	14.16
	1
	1.81
	1.81
	1.81
	1
	1.532
	1.532
	1.532

	14.23
	1
	1.681
	1.681
	1.681
	1
	1.42
	1.42
	1.42

	14.3
	1
	1.302
	1.302
	1.302
	1
	1.152
	1.152
	1.152

	14.36
	1
	1
	1
	1
	1
	1
	1
	1

	14.43
	1
	1
	1
	1
	1
	1
	1
	1

	14.5
	1
	1
	1
	1
	1
	1
	1
	1

	14.57
	1
	1
	1
	1
	1
	1
	1
	1

	14.63
	1
	1
	1
	1
	1
	1
	1
	1

	14.7
	1
	1
	1
	1
	1
	1
	1
	1

	14.77
	1
	1
	1
	1
	1
	1
	1
	1

	14.83
	1
	1
	1
	1
	1
	1
	1
	1

	14.9
	1
	1
	1
	1
	1
	1
	1
	1

	14.97
	1
	1
	1
	1
	1
	1
	1
	1

	15.03
	1
	1
	1
	1
	1
	1
	1
	1

	15.1
	1
	1
	1
	1
	1
	1
	1
	1

	15.17
	1
	1
	1
	1
	1
	1
	1
	1

	15.23
	1
	1
	1
	1
	1
	1
	1
	1

	15.3
	1
	1
	1
	1
	1
	1
	1
	1

	15.37
	1
	1
	1
	1
	1
	1.23
	1.23
	1.23

	15.43
	1
	1
	1
	1
	1
	1.479
	1.479
	1.479

	15.5
	1
	1
	1
	1
	1
	1.488
	1.488
	1.488

	15.57
	1
	1
	1
	1
	1
	1.727
	1.727
	1.727

	15.64
	1
	1.135
	1.135
	1.135
	1
	1.74
	1.784
	1.784

	15.7
	1
	0.502
	1.302
	1.302
	1
	0.8063
	1.874
	1.874

	15.77
	1
	0.5745
	1.595
	1.595
	1
	0.7195
	1.941
	1.941

	15.84
	1
	0.6777
	1.7
	1.7
	1
	0.7767
	2.021
	2.021

	15.9
	1
	0.6791
	1.809
	1.809
	1
	0.6337
	2.133
	2.133

	15.97
	1
	0.5915
	1.884
	1.884
	1
	0.6438
	2.363
	2.363

	16.04
	1
	0.5641
	1.925
	1.925
	1
	0.6865
	2.588
	2.588

	16.1
	1
	0.6005
	2.089
	2.089
	1
	0.6967
	2.831
	2.831

	16.17
	1
	0.6172
	2.212
	2.212
	1
	0.6954
	3.073
	3.073

	16.24
	1
	0.6748
	2.345
	2.345
	1
	0.6872
	1.475
	1.475

	16.3
	1
	0.6883
	2.518
	2.518
	1
	0.697
	0.8397
	0.8397

	16.37
	1
	0.7213
	2.643
	2.643
	1
	0.7021
	0.7616
	0.7616

	16.44
	1
	0.7299
	2.775
	2.775
	1
	0.7111
	0.6236
	0.6236

	16.51
	1
	0.7533
	2.873
	2.873
	1
	0.7078
	0.5634
	0.5634

	16.57
	1
	0.7555
	2.964
	2.964
	1
	0.7178
	0.5593
	0.5593

	16.64
	1
	0.7345
	3.081
	3.081
	1
	0.7159
	0.563
	0.563

	16.71
	1
	0.7235
	3.096
	3.096
	1
	0.7122
	0.5458
	0.5458

	16.77
	1
	0.7388
	3.07
	3.07
	1
	0.7176
	0.5503
	0.5503

	16.84
	1
	0.7337
	3.049
	3.049
	1
	0.7194
	0.5423
	0.5423

	16.91
	1
	0.7342
	3.054
	3.054
	1
	0.7196
	0.5442
	0.5442

	16.97
	1
	0.7333
	3.051
	3.051
	1
	0.7228
	0.5478
	0.5478

	17.04
	1
	0.7623
	2.957
	2.957
	1
	0.7231
	0.5497
	0.5497

	17.11
	1
	0.7814
	2.928
	2.928
	1
	0.7199
	0.5407
	0.5407

	17.17
	1
	0.7918
	2.926
	2.926
	1
	0.7194
	0.5332
	0.5332

	17.24
	1
	0.7571
	2.97
	2.97
	1
	0.7133
	0.5255
	0.5255

	17.31
	1
	0.768
	3.094
	3.094
	1
	0.7142
	0.5276
	0.5276

	17.37
	1
	0.7648
	3.296
	3.296
	1
	0.713
	0.5308
	0.5308

	17.44
	1
	0.7272
	3.419
	3.419
	1
	0.7152
	0.5319
	0.5319

	17.51
	1
	0.7276
	3.546
	3.546
	1
	0.7168
	0.536
	0.536

	17.58
	1
	0.7232
	3.731
	3.731
	1
	0.719
	0.5408
	0.5408

	17.64
	1
	0.7158
	3.953
	3.953
	1
	0.7225
	0.5477
	0.5477

	17.71
	1
	0.7197
	4.082
	4.082
	1
	0.7263
	0.547
	0.547

	17.78
	1
	0.7218
	4.251
	4.251
	1
	0.7263
	0.5486
	0.5486

	17.84
	1
	0.7318
	4.318
	4.318
	1
	0.726
	0.5525
	0.5525

	17.91
	1
	0.7327
	4.345
	4.345
	1
	0.7272
	0.5502
	0.5502

	17.98
	1
	0.7333
	4.294
	4.294
	1
	0.7267
	0.5509
	0.5509

	18.04
	1
	0.7316
	4.271
	4.271
	1
	0.7275
	0.5519
	0.5519

	18.11
	1
	0.7349
	4.267
	4.267
	1
	0.7285
	0.5537
	0.5537

	18.18
	1
	0.7373
	4.254
	4.254
	1
	0.7299
	0.5553
	0.5553

	18.24
	1
	0.7372
	4.243
	4.243
	1
	0.7292
	0.5514
	0.5514

	18.31
	1
	0.7422
	4.226
	4.226
	1
	0.7282
	0.5519
	0.5519

	18.38
	1
	0.7435
	4.222
	4.222
	1
	0.7276
	0.5534
	0.5534

	18.44
	1
	0.7387
	4.196
	4.196
	1
	0.7279
	0.5516
	0.5516

	18.51
	1
	0.7388
	4.174
	4.174
	1
	0.7232
	0.5437
	0.5437

	18.58
	1
	0.7339
	4.051
	4.051
	1
	0.7221
	0.5447
	0.5447

	18.65
	1
	0.7309
	3.939
	3.939
	1
	0.7226
	0.5402
	0.5402

	18.71
	1
	0.7239
	3.792
	3.792
	1
	0.7222
	0.544
	0.544

	18.78
	1
	0.7304
	3.62
	3.62
	1
	0.7179
	0.5395
	0.5395

	18.85
	1
	0.7256
	3.474
	3.474
	1
	0.7169
	0.5439
	0.5439

	18.91
	1
	0.722
	3.317
	3.317
	1
	0.7226
	0.5452
	0.5452

	18.98
	1
	0.7302
	3.184
	3.184
	1
	0.7274
	0.5555
	0.5555

	19.05
	1
	0.7133
	3.052
	3.052
	1
	0.7273
	0.5615
	0.5615

	19.11
	1
	0.7167
	2.84
	2.84
	1
	0.7295
	0.5712
	0.5712

	19.18
	1
	0.7356
	2.712
	2.712
	1
	0.7287
	0.5727
	0.5727

	19.25
	1
	0.7462
	2.639
	2.639
	1
	0.7273
	0.5687
	0.5687

	19.31
	1
	0.9384
	2.554
	2.554
	1
	0.7317
	0.5689
	0.5689

	19.38
	1
	1.576
	2.544
	2.544
	1
	0.7254
	0.5707
	0.5707

	19.45
	1
	2.243
	2.544
	2.544
	1
	0.726
	0.5725
	0.5725

	19.52
	1
	2.5
	2.547
	2.547
	1
	0.7296
	0.5706
	0.5706

	19.58
	1
	2.537
	2.537
	2.537
	1
	0.7318
	0.5768
	0.5768

	19.65
	1
	2.518
	2.518
	2.518
	1
	0.7296
	0.5711
	0.5711

	19.72
	1
	2.516
	2.516
	2.516
	1
	0.725
	0.5717
	0.5717

	19.78
	1
	2.511
	2.511
	2.511
	1
	0.728
	0.571
	0.571

	19.85
	1
	2.502
	2.502
	2.502
	1
	0.7303
	0.5714
	0.5714

	19.92
	1
	2.483
	2.483
	2.483
	1
	0.7293
	0.5675
	0.5675

	19.98
	1
	2.485
	2.485
	2.485
	1
	0.7298
	0.5759
	0.5759

	20.05
	1
	2.457
	2.457
	2.457
	1
	0.729
	0.5803
	0.5803

	20.12
	1
	2.46
	2.46
	2.46
	1
	0.7293
	0.6034
	0.6034

	20.18
	1
	2.42
	2.42
	2.42
	1
	0.7257
	0.5792
	0.5792

	20.25
	1
	2.398
	2.398
	2.398
	1
	0.7297
	0.5944
	0.5944

	20.32
	1
	2.374
	2.374
	2.374
	1
	0.7348
	0.6063
	0.6063

	20.38
	1
	2.371
	2.371
	2.371
	1
	0.7359
	0.6142
	0.6142

	20.45
	1
	2.359
	2.359
	2.359
	1
	0.7374
	0.6115
	0.6115

	20.52
	1
	2.285
	2.285
	2.285
	1
	0.7329
	0.5975
	0.5975

	20.59
	1
	2.26
	2.26
	2.26
	1
	0.7288
	0.5859
	0.5859

	20.65
	1
	2.231
	2.231
	2.231
	1
	0.7308
	0.6039
	0.6039

	20.72
	1
	2.188
	2.188
	2.188
	1
	0.7356
	0.6154
	0.6154

	20.79
	1
	2.184
	2.184
	2.184
	1
	0.7353
	0.6346
	0.6346

	20.85
	1
	2.094
	2.094
	2.094
	1
	0.7325
	0.6624
	0.6624

	20.92
	1
	2.124
	2.124
	2.124
	1
	0.7276
	0.6444
	0.6444

	20.99
	1
	2.157
	2.157
	2.157
	1
	0.7292
	0.6572
	0.6572

	21.05
	1
	2.139
	2.139
	2.139
	1
	0.7197
	0.6434
	0.6434

	21.12
	1
	2.091
	2.091
	2.091
	1
	0.7284
	0.7728
	0.7728

	21.19
	1
	2.022
	2.022
	2.022
	1
	0.7184
	0.7018
	0.7018

	21.25
	1
	1.901
	1.901
	1.901
	1
	0.7308
	0.9459
	0.9459

	21.32
	1
	1.899
	1.899
	1.899
	1
	0.7346
	1.672
	1.672

	21.39
	1
	1.853
	1.853
	1.853
	1
	0.7491
	1.778
	1.778

	21.45
	1
	1.843
	1.843
	1.843
	1
	0.7585
	3.336
	3.336

	21.52
	1
	1.696
	1.696
	1.696
	1
	0.7414
	3.203
	3.203

	21.59
	1
	1.571
	1.571
	1.571
	1
	0.7497
	3.095
	3.095

	21.66
	1
	1.394
	1.394
	1.394
	1
	0.7431
	2.974
	2.974

	21.72
	1
	1.228
	1.228
	1.228
	1
	0.7648
	3.005
	3.005

	21.79
	1
	1.002
	1.002
	1.002
	1
	0.7814
	2.995
	2.995

	21.86
	1
	1
	1
	1
	1
	0.7527
	3.025
	3.025

	21.92
	1
	1
	1
	1
	1
	0.8006
	3.015
	3.015

	21.99
	1
	1
	1
	1
	1
	0.7827
	3.013
	3.013

	22.06
	1
	1
	1
	1
	1
	0.7746
	3.041
	3.041

	22.12
	1
	1
	1
	1
	1
	0.7722
	3.022
	3.022

	22.19
	1
	1
	1
	1
	1
	0.779
	3.049
	3.049

	22.26
	1
	1
	1
	1
	1
	0.754
	3.119
	3.119

	22.32
	1
	1
	1
	1
	1
	0.7416
	3.151
	3.151

	22.39
	1
	1
	1
	1
	1
	0.7592
	3.123
	3.123

	22.46
	1
	1
	1
	1
	1
	0.7728
	3.14
	3.14

	22.53
	1
	1
	1
	1
	1
	0.7511
	3.171
	3.171

	22.59
	1
	1
	1
	1
	1
	0.7574
	3.171
	3.171

	22.66
	1
	1
	1
	1
	1
	0.7695
	3.23
	3.23

	22.73
	1
	1
	1
	1
	1
	0.76
	3.153
	3.153

	22.79
	1
	1
	1
	1
	1
	0.7701
	3.118
	3.118

	22.86
	1
	1
	1
	1
	1
	0.7527
	3.086
	3.086

	22.93
	1
	1
	1
	1
	1
	0.7544
	3.089
	3.089

	22.99
	1
	1
	1
	1
	1
	0.7348
	3.052
	3.052

	23.06
	1
	1
	1
	1
	1
	0.7385
	3.063
	3.063

	23.13
	1
	1
	1
	1
	1
	0.7524
	3.011
	3.011

	23.19
	1
	1
	1
	1
	1
	0.7619
	2.985
	2.985

	23.26
	1
	1
	1
	1
	1
	0.6975
	3.006
	3.006

	23.33
	1
	1
	1
	1
	1
	0.6912
	2.991
	2.991

	23.39
	1
	1
	1
	1
	1
	0.6936
	2.947
	2.947

	23.46
	1
	1
	1
	1
	1
	0.6793
	2.97
	2.97

	23.53
	1
	1
	1
	1
	1
	0.6762
	2.94
	2.94

	23.6
	1
	1
	1
	1
	1
	0.6802
	2.875
	2.875

	23.66
	1
	1
	1
	1
	1
	0.6524
	2.903
	2.903

	23.73
	1
	1
	1
	1
	1
	0.6834
	2.821
	2.821

	23.8
	1
	1
	1
	1
	1
	0.6717
	2.791
	2.791

	23.86
	1
	1
	1
	1
	1
	0.6723
	2.795
	2.795

	23.93
	1
	1
	1
	1
	1
	0.6939
	2.805
	2.805

	24
	1
	1
	1
	1
	1
	0.7158
	2.81
	2.81

	24.06
	1
	1
	1
	1
	1
	0.7124
	2.89
	2.89

	24.13
	1
	1
	1
	1
	1
	0.7146
	2.901
	2.901

	24.2
	1
	1
	1
	1
	1
	0.7259
	2.948
	2.948

	24.26
	1
	1
	1
	1
	1
	0.7243
	2.949
	2.949

	24.33
	1
	1
	1
	1
	1
	0.694
	2.996
	2.996

	24.4
	1
	1
	1
	1
	1
	0.6773
	3.077
	3.077

	24.46
	1
	1
	1
	1
	1
	0.7095
	3.022
	3.022

	24.53
	1
	1
	1
	1
	1
	0.7033
	3.055
	3.055

	24.6
	1
	1
	1
	1
	1
	0.7269
	3.064
	3.064

	24.67
	1
	1
	1
	1
	1
	0.7153
	3.033
	3.033

	24.73
	1
	1
	1
	1
	1
	0.7111
	3.01
	3.01

	24.8
	1
	1
	1
	1
	1
	0.7242
	3.019
	3.019

	24.87
	1
	1
	1
	1
	1
	0.7588
	3.067
	3.067

	24.93
	1
	1
	1
	1
	1
	0.7921
	3.023
	3.023

	25
	1
	1
	1
	1
	1
	0.8161
	3.065
	3.065
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� The symbol E(b represents energy per unit area per unit time per unit wavelength interval at wavelength (. The subscript b represents blackbody.


� Fluid properties in the convection relationships of this chapter should be evaluated at the mean temperature


� Sky Temperature, is defined as the equivalent temperature at which the atmosphere is exchanging radiation with another body, usually located at the earth’s surface.


� Ambient Temperature, is the temperature of the air close to the ground.


� It’s important to consider the difficulty of measuring this transmittance, as there are several hundreds of  constituents including molecules, dust, water vapor... at different heights. And also this transmittance depends on the location and weather conditions.


� This method can lead to large errors because when averaging, the theoretical equations can no longer be used
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