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ABSTRACT 

Traditionally, energy capture by non-concentrating solar collectors is calculated using the Hottel-Whillier Equation 
(HW): Qu=Ac*Fr*S-Ac*Fr*Ul*(Tfi-Ta), or its derivative: Qu=Ac*Fr*S-Ac*Fr*Ul*((Tfi-Tfo)/2-Ta). In these models, the rate of 
energy capture is based on the collector’s aperture area (Ac), collector heat removal factor (Fr), absorbed solar 
radiation (S), collector overall heat loss coefficient (Ul), inlet fluid temperature (Tfi) and ambient air temperature (Ta). 
However real-world testing showed that these equations could potentially show significant errors during non-ideal solar 
and environmental conditions. It also predicts that when Tfi-Ta equals zero, the energy lost convectively is zero. An 
improved model was tested: Qu=AcFrS-AcUl((Tfo-Tfi)/(ln(Tfo/Tfi))-Ta) where Tfo is the exit fluid temperature. Individual 
variables and coefficients were analyzed for all versions of the equation using linear analysis methods, statistical 
stepwise linear regression, F-Test, and Variance analysis, to determine their importance in the equation, as well as 
identify alternate methods of calculated collector coefficient modeling. 
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1.0 INTRODUCTION 

1.1. Research Motives 

Use of solar thermal exchange technologies for transfer of solar energy to a liquid medium (heat transfer fluid 

[HTF]) has seen increased use with growing demand for alternative energy resources (The Solar Foundation 2012 and 

DOE 2012). This includes the use of solar heated fluids in a novel water treatment technology (membrane distillation or 

pervaporation) being developed at the University of Arizona, College of Engineering, Department of Chemical and 

Environmental Engineering (CHEE). This project, could benefit from more accurate prediction of solar to usable 

thermal energy transfer, which may be possible by modifying the standard models for calculation of flat-plate solar 

thermal collector performance first published by Hottel and Whillier (Hottel and Whillier 1955), referred to as the Hottel-

Whillier or Hottel-Whillier-Bliss equation. 

1.2. Research Objectives 

Overall goals are to develop a means of predicting useful energy output from any flat-plate solar thermal 

collector (FPSC) with minimal expense/specialized equipment, and to improve on the existing model. Overall research 

objectives can be further subdivided into the following: evaluate the accuracy of the Hottel Whillier (HW) equation in 

evaluating FPSC performance, develop and evaluate alternative equations for improved accuracy, develop a 

methodology for calculating collector specific constants (FR and UL) using only meteorological data and thermal data 

from the collector, and develop a methodology for making these calculations with minimal user interaction using 

inexpensive commercially available software. Accomplishment of these goals could help small scale users in 

calculating the potential energy available to them, with minimal investment in research.  

1.3. Scope of Research 

These goals will support the CHEE’s solar thermal membrane distillation (pervaporation) project. Membrane 

distillation (MD) relies upon a temperature gradient between two fluid streams, one or both of which will be heated by 

solar energy. In this system a selectively permeable membrane separates the two fluid streams, allowing one stream to 

cross the membrane without its impurities, due to the membrane’s selectivity. In this iteration the first stream, feed 

water, is heated to increase the rate of vaporization (and potentially create a temperature differential between it and the 
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other stream). The second stream, an air stream running countercurrent to the first stream, will be maintained at a 

temperature to optimize its gas-phase water carrying capacity, and/or maintain a temperature gradient between the two 

streams.  

The overall goal for the overarching pervaporation project is to optimize the system’s transport of water 

across the membrane while minimizing the rate of transport of impurities. Solar thermal heating will eventually be used 

in one or both streams as a low cost, off grid energy source which may be maintained by personnel with minimal 

training. The system will allow off grid water treatment via a collector array optimized for the flow rate and local 

environmental conditions. 

FPSC are not the only solar thermal collectors that would be effective or available for this role, but will be the 

only one considered in this research. This collector has several advantages over its competitors in the role for which it 

will be employed, including: greater efficiency in colder climates, simplicity, optional solar tracking, low cost, high 

availability, low maintenance costs, and high durability (Ayompe et al 2011, Dagdougui et al. 2011, Hang et al. 2011, 

Kalogirou 2004, Stine and Harrigan 2012). The standard model for collector performance of FPSC’s is the HW 

equation (Duffie and Beckman 2006). For evaluation of model effectiveness, the research will be limited to the HW 

equation and its variations, though a literature review of alternative models was also conducted.		

1.4. Literature Review of Alternatives to the Standard HW Equation 

A literature review identified two methods of assessing collector performance; the first is the standard HW 

equation, a non-parametric linear equation whose variables and constants can be defined in real world mechanistic 

terms. Its use allows the user greater understanding of the interplay of these terms. The other forms consist of non-

linear parametric matrix equations, in which multi-order equations calculate the collector performance using the best fit 

of a line. This limits the usefulness of their equations to calculation of collector performance, providing no further 

understanding of the mechanisms that contribute to this performance. These parametric equations are generally 

employed in software packages of varying cost and utilitarian value. 

The oldest and most adaptable package is the Transient System Simulation Tool (TRNSYS) software. This is 

a software package designed to simulate the behavior of transient systems, including thermal systems (TESS 2012). 
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Though commonly used in this field of study (Kalogirou 2003), it is also cost prohibitive at nearly ten-thousand dollars 

for a single license and all component libraries. Other options include: Collector Design Program (CoDePro) from UWM 

(2005), System Advisor Model (SAM) from the National Renewable Energy Laboratory (2012), and WATSUN from NR 

Canada (2009). All of these are public domain, but are of varying usefulness for small scale models and require 

knowledge of collector constants normally derived experimentally. The algorithms used by these software packages 

were not freely available, and the author was unable to determine the exact means by which they make their 

calculations. 

Numerous examples of the use of the standard HW equation were found in the literature; however no 

examples were found of either modified versions of the HW equation, or alternative linear equations. The use of the 

HW equation was extended by Florschuetz (1979) into hybrid photo-voltaic and FPSC systems, where it was used to 

show the relationship between thermal and electrical efficiency in this collector type. Examples of the standard HW 

equation research include: 

 Kalogirou (2004) discussed the standard HW equation and its components in a review of solar thermal 

collectors. 

 McCumber and Weston (1979) found that field performance as calculated by a laboratory derived HW 

equation to be significantly different from predicted performance (up to 100% for hourly performance 

values). However they did find that field derived HW equations deviated from predicted values typically 

by less than 5% (the methodology used in this research proved similar to theirs). 

 Michaelides and Eleftheriou (2011) employed the standard HW equation in a long term study of FPSC 

performance under real world conditions and varying flow rates (1 – 4 gpm). 

 Mishra and Bansal (1986) derived the constants FR and UL for a system consisting of an air-heating 

collector connected to an air/water heat exchanger, thus enabling their use in the standard HW 

equation. 

 Smith and Weiss (1977) tested applied methodologies by which collector specific variables (FR, UL, α, 

and τ) for the HW equation may be determined. 
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 Tiwari et al. (2007) used the standard HW equation in their comparison of thermal performance of solar 

thermal collectors used in an active solar distillation system. 

 Zambolin and Del Col (2010) used the standard HW equation in their comparison of a FPSC to an 

evacuated tube collector (ETC). The equation was used to evaluate performance of both FPSC and 

ETC.
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2.0 MATERIALS AND METHODS 
A pilot scale solar membrane distillation system, including all of the basic components solar thermal 

collector (collector), heat exchanger, condenser, pumps, sensor array, plumbing, etc., was built for the pervaporation 

project as previously discussed. The system enables testing of these components in a controlled environment, under 

operating conditions similar to a field site. Data collection and analysis methods were also developed for future field 

site performance analysis. The focus of this research is the evaluation of existing collector performance models, and 

potential development and testing of improved models. 

2.1 Membrane Contactors 

The use of membrane contactors, heat exchangers (other than the collector), and condensers was beyond 

the scope of this research. Including them would have added another unnecessary level of complication to the 

collection and analysis of the data. To avoid this complication while retaining the overall functionality of the system 

design, a bypass was added. This bypassed the contactors, heat exchangers, and condensers, so water traveled 

directly from the collector outlet to the reservoir. Collector performance was only analyzed when the bypass was 

used. 

2.2 Solar Thermal Collectors 

Solar thermal collectors were chosen based on availability, efficiency, and ease of use. A flat plate collector 

(FPC) was selected for project use. Concentrating collectors were not selected due to their complexity, both in 

maintenance and operation, as well as their lack of availability for purchase by individual buyers. Concentrating 

collector designs were initially evaluated for use, but were ultimately discarded because of these disadvantages. 

Initial searches and discussions with manufacturers of Parabolic Trough Collector (PTC): receiver tubes, 

troughs, and complete systems, found that individual parts or small-scale purchases could not be made. Receiver 

manufacturers include SCHOTT Solar, whose designs at the time of writing included the PTR 70 (Schott 2012). 

Trough manufacturers included Flabeg, whose designs at the time of writing include the troughs for both 

concentrating solar thermal and photo voltaic (Flabeg 2012) and Solargenix Energy. Solargenix also designs 
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complete systems for use in power plants, as well as residential use (Solargenix 2012). Other companies building 

complete PTC systems include Siemens (Siemens 2012) and Sopogy (Sopogy 2012). 

Among non-concentrating collectors, passive systems were not considered as our design called for active 

pumping of the Heat Transfer Fluid (HTF), a feature for which passive systems are not designed. Evacuated Tube 

Collectors (ETCs) were also considered due to their comparable performance when compared with FPCs (Ayompe et 

al 2011, Dagdougui et al. 2011, Hang et al. 2011, Kalogirou 2004, Stine and Harrigan 2012). ETCs were ultimately 

discarded in favor of active FPCs because of ETC’s: inferior indirect energy collection, inferior inclement weather 

energy collection, and inconclusive long-term reliability (Ayompe et al 2011, Dagdougui et al. 2011, Hang et al. 2011, 

Kalogirou 2004, Stine and Harrigan 2012). 

A FPC was chosen based on: its comparatively high efficiency, large aperture area, high maximum flow 

rate, availability in Arizona, and the experience of the manufacturer in the industry. Solar thermal water system 

installers were called to assess the availability of various products locally. The main manufacturers identified as being 

available in Tucson, Arizona were: SunEarth, Inc. (SunEarth 2012), Alternate Energy Technologies, LLC (AET) (AET 

2012), and Integrated Solar, LLC (IS) (IS 2012). The Florida Solar Energy Center (FSEC) (FSEC 2012) and Solar 

Ratings Corporation Commission (SRCC) (SRCC 2012) databases of collector performance were then used to 

assess the suitability of available collectors. Data on FPCs was downloaded from the FSEC website and uploaded 

into a spreadsheet. The data was then filtered by manufacturer and sorted by daily production leaving only the 

SunEarth and AET (ISs designs were unavailable in the database) models in descending order of daily energy 

capture. The SunEarth collectors were chosen based on their superior energy production per unit area for all size 

ranges versus the AET collectors. They also compared well with other FPCs in the database and their most energy 

efficient model, the EC-40 (area = 40 ft2), was able to produce 94.5% of the energy of the most efficient other 

collector identified, Solar Development Inc.’s (SDI) SD6A (area = 40 ft2) (SDI 2012). 

The availability of the collector in sizes of 21, 24, 32, and 40 ft2 allowed the collector to be sized to meet the 

needs of the treatment train. The collector area chosen would be based on the membrane contactor’s maximum liquid 

flow rates and the collector’s maximum energy production (see Appendix A – Background Supplementary 
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Information). Maximum flow rate for SunEarth’s Empire Class of collectors was 12 GPM with varying design flow rates 

for maximum energy transference. Anticipated flow rate was chosen following calculations to be discussed in Section 

2.2.1. Based on SunEarth and AET company literature (SunEarth 2012, AET 2012), both companies have over thirty 

years in the solar thermal water heating industry, which give reasonable expectation of reliability and efficiency of 

their respective products. A 32 ft2 collector from SunEarth would ultimately be chosen following calculations of power 

requirements to be discussed in Section 2.2.2. 

For maximum irradiance transfer year-round using a static collector, the collector was tilted to an angle 

above the horizontal approximately equal to the latitude on which it lies. Using the Landscape Rack built for the 

SunEarth collector (Model MTG-LSR-52), the collector was positioned at 32° above horizontal to match our nearest 

latitude. The center of the collector was then rotated around a vertical axis so as to lie as perpendicular to the sun’s 

rays at solar noon as possible. This was accomplished by installing an aiming device at collector center that indicates 

by a lack of shadow the nearness of the collector to perpendicular. The collector was also positioned to minimize 

shadowing of rooftop structures on the collector.  

2.2.1 Calculating Power Requirements for a Single Pass Array 

Power requirements to heat water from 30°C to 70°C with a flow rate of 2 gpm, were calculated as the 

basis for establishing design parameters. The temperature range was based on the membrane contactor maximum 

temperature rating of 70°C, and an anticipated reservoir temperature of 30°C. Flow rate requirements were based on 

the maximum flow rate of the membrane contactor of 3 gpm (Appendix A), and the anticipated flow rate at the field 

site of 2 gpm. The power necessary to heat water is calculated by integrating the specific heat equation, Cp = dQ/dT 

(J/K) (Energy added (J/g) per degree of temperature change (K)). As Cp is assumed to be constant then Q = CP*ΔT. 

With CP = 4.1784 J*g-1*K-1 at 30°C (Welty et al 2007), Q = 313.15 K * 4.1784 J*g-1*K-1 = 1308 J of energy are needed 

to heat 1 gram of water. If the flow rate is 2 gal*min-1 and the density of water at 70°C is 977.8 kg*m-3 then flow rate 

times density equals 123.4 g*s-1 . Therefore if 1308 J*g-1 is needed and the mass flow rate is 123.4 g*s-1, then 160,000 

J*s-1 or 160 kW of power is needed to heat 2 gpm, by 40°C. If we assume twenty-four hours a day operation, 160 kW 

≅ 3,800 kW = 13,000,000 Btu’s/day.  
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2.2.2 Calculating a Single Pass Array Size 

Using the estimated energy production per panel, per day provided by data from the Florida Solar Energy 

Center (FSEC 2012) and Solar Rating Certification Corporation (SRCC 2012), the number of collectors needed may 

be ascertained. According to the SRCC (2012), SunEarth, the manufacturer of the collectors of interest, produces 

approximately 902 Btu’s/ft2/day for their larger collectors (32 and 40 ft2) in a recirculating system with a heat 

exchanger. This equates to 14,525 ft2 of collector area needed to heat a flow of 2 gpm, 40°C by the end of the array. 

Other energy conservation methods may be employed to meet this deficit. A recirculating flow of permeate and 

retentate combined with heat exchangers and insulation would reduce the energy demand and loss of the system. 

Flat plate solar thermal collectors (FPC) also function more efficiently when the heat transfer fluid (HTF) is at the 

same temperature as the ambient air temperature (Duffie 2006). The most efficient but cost effective collector would 

be chosen for research purposes. The collector chosen was the SunEarth EP-32 with an aperture area of 32 ft (~3 

m2), producing up to 34.2 kBtu/day (418 W). 

FSEC and SRCC ratings were also calculated using a static collector positioned so as to provide 

reasonable efficiencies during all seasons (SRCC 2012). Additional energy can be captured by employing a more 

active strategy in positioning the collector normal to the sun’s insolation. Though flat plate solar thermal collectors are 

generally employed in a fixed position, the use of a solar tracking system has been found to boost the output (NREL 

2011). Fixed arrays were found to annually capture only 76.3% of the energy captured by a two axis tracking (see 

Table 1). The most significant improvements were found with the addition of one axis of tracking. Two axis of tracking 

provided the greatest efficiency of energy capture. 
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Time 
Frame 

Fixed 
Tilt 

(W/h*m2) 

1-Axis 
Tracking 
(W/h*m2) 

2-Axis 
Tracking 
(W/h*m2) 

Fixed Axis as 
a Percentage 

of 1-Axis 
Tracking 

Fixed Axis as 
a Percentage 

of 2-Axis 
Tracking 

1-Axis Tracking 
as a Percentage 

of 2-Axis 
Tracking 

January 5.69 6.99 7.55 81.4% 75.4% 92.6% 
February 6.11 7.68 7.99 79.6% 76.5% 96.1% 

March 7.03 9.22 9.48 76.2% 74.2% 97.3% 
April 7.50 10.16 10.6 73.8% 70.5% 95.5% 
May 7.29 10.26 11.3 71.1% 64.7% 91.0% 
June 7.16 10.11 11.4 70.8% 62.9% 88.8% 
July 6.44 8.48 9.25 75.9% 69.6% 91.7% 

August 6.85 9.16 9.67 74.8% 70.8% 94.7% 
September 7.06 9.25 9.51 76.3% 74.2% 97.3% 

October 6.72 8.64 8.96 77.8% 75.0% 96.4% 
November 5.98 7.36 7.85 81.3% 76.2% 93.8% 

December 5.27 6.35 6.92 83.0% 76.2% 91.8% 

Annual 6.59 8.64 9.21 76.3% 71.6% 93.8% 

 

Table 1 – Comparative energy capture of fixed axis, single axis tracking, and two axis tracking solar array
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2.3 Pipes and Connections 

A variety of experiments were planned around the collector relating to heat exchange, membrane 

distillation, and solar thermal water heating. Consequently, the choice of plumbing was based around adaptability for 

current and future research activities. In addition, all plumbing, sensors, etc. in direct contact with hot water were 

chosen based on their resistance to salt, and their ability to withstand a temperature range from 6°F (-10°C) (the 

record low for Tucson, Arizona (NOAA 2011)) to 338°F (170°C) (Stagnation temperature in the collector assuming 

1000 w/m2 and 100°C ambient air temperature) (See Appendix A – Background Supplementary Information). 

Threaded connections between piping, sensors, and other hardware, were chosen for ease of disassembly, 

reassembly, and disposability. Meeting these selection criteria allows various components in the system to be easily 

removed or relocated as the experimental design changes. Brass was generally chosen for connections in the water 

line due to its salt and hot water resistivity. 

Schedule 40 polyvinyl chloride (PVC) piping connections both threaded and cemented, were used in the air 

line. The more moderate temperature requirements and lack of salt in this part of the system allowed this more 

inexpensive material to be used. There is some concern over its vulnerability to UV light in the field, and the use of 

insulation may be necessary in long-term installations. 

Piping chosen for water use was 1” cross-linked polyethylene (PEX), to match the connections on the HTF 

pump and collector, thereby minimizing head loss. PEX was chosen for its flexibility, scaling resistance, poor energy 

conduction, freeze resistance, ease of disassembly, mechanically made connections, and resistances (high 

temperature and pressure, and chemical) (PPI et al 2006). It has a temperature rating of 93°C at 550 kPa and has 

been successfully tested for resistance against typical disinfection byproducts (oxidation and chlorination) (PPI et al 

2006). Connections were made with PEX copper crimp rings, and brass or polymer fittings. In some sections of the 

system, additional flexibility is needed such as the connections between the contactors and the hot water and cold air 

lines. Where moderate temperatures are present (<79°C), and maximum flexibility is necessary, vinyl tubing was 

employed. Where additional rigidity was needed, braided vinyl tubing was used. High temperatures also increase the 

flexibility of the vinyl tubing (braided and unbraided), increasing the potential for pinching of the tube, causing a flow 
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rate reduction. In all cases where tubing was utilized, external hose clamps were used to affix the tubing to either 

brass or vinyl nipples. Field versions might be better served by their more temperature resistant PEX equivalents. 

It should be noted that PEX is not resistant to UV light and has a decreased life span when exposed to the 

sun (PPI et al 2006). Limits of exposure length were included by the manufacturer on the product packaging. Field 

versions should be covered in insulation to both retain heat and protect against direct UV exposure. 

2.4 HTF and Storage 

The HTF chosen for use in collector testing was tap water. It was chosen primarily because of the volumes 

involved, and the need to potentially discharge the fluid mid-experiment. The HTF pump was chosen based on: 

temperature and salinity resistance, high flow rate and available head, reliability, and self-priming. A Dayton ½ HP 

utility pump model 3YU60 fit these specifications, with the exception of temperature. The pump was only rated to 

operate with water up to 90°F (32°C), however its full capacity was not needed and it was anticipated that it would still 

be adequate under conditions up to the 100°C at which the pump would be operated, (field versions may require 

more resistance to high temperatures). Salinity resistance was achieved in the pump by using internal parts made of 

brass, ceramics, plastics, carbon, and stainless steel. Maximum head per manufacturer literature is 134 ft, which is 

beyond what was deemed necessary. Maximum flow rate is greater than 10 gpm between 5 and 10 ft of head, 

adequate for three contactors running at their maximum flow rate of 3 gpm (See Appendix A). 

HTF storage consisted of a 55-gallon drum of either vinyl or polymer plastics. Water was pulled from the 

bottom of the barrel via a tap, valve, and union connected directly to the HTF pump. This connection allowed the 

barrel to be disconnected from the system and replaced fairly rapidly, allowing experiments with varying inlet fluid 

temperatures to occur. Depending on the experiment, water from the collector outlet could be returned to the reservoir 

or directed elsewhere via flexible braided vinyl tubing. The barrel was mounted on a wooden dolly for ease of 

transport, as well as to minimize contact with the roof, reducing conductive heat transport. The barrel was covered by 

a 2” thick piece of Styrofoam insulation with an R-value of 10.0, into which 0.5”-0.75” grooves for the barrel top rim 

were cut using a hot knife. This provided additional resistance to heat loss. The barrel walls were covered by 0.3” 

flexible reflective insulation with an R-value of minimum 3.7 with overlapping edges connected with reflective tape. 
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Piping and tubing were covered with foam pipe insulation with wall thickness of 0.375” and an unknown R-value. Pipe 

insulation was connected and closed via duct tape. PEX and PVC are vulnerable to UV rays over the long term and 

shielding from the sun maximizes their lifespan. Vinyl tubing, because of its transparency, also encourages algal 

growth. The growth of which can be reduced by insulation as well. 

2.5 Data Collection Sensors and Equipment 

Data was collected from three sources: volumetric flow rate data collected manually by observation of an 

inline flow meter, thermal data collected automatically via a personal computer (PC), and solar irradiance data 

downloaded from the Solar Resource & Meteorological Assessment Project’s (SOLRMAP), Observed Atmospheric 

and Solar Information System (OASIS) (NREL OASIS 2012). The location of sensors for temperature and HTF flow 

may be seen in Figure 1. 
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Figure 1– Thermocouple and flowmeter location relative to other major components	



27 

 

2.5.1 Flow Rate 

Volumetric flow rates were held constant during the experiments. The design flow rate for the 32 ft2 collector 

is 0.83 gpm or 3.14 Lpm. Limitations on the resolution of the flow meter forced a rate of 3.25 Lpm to be chosen. In 

order to purge air pockets from the system, the pump and valves were initially set to allow maximum flow until the 

water in the flow meter was visually devoid of air. This generally occurred after 5-15 minutes, after which the flow rate 

could be set to the rate at which data was to be collected for that experiment. Thereafter the flow rate was regularly 

checked and adjusted as necessary to remain constant. Volumetric flow rates were measured using a Blue-White 

Industries, F-400 flow meter, capable of measuring between 1-7.5 Lpm in 0.25 Lpm increments. The flow meter design 

required vertical installation, and was installed as such in the treatment train in conjunction with a valve allowing the 

flow rate from the reservoir to be regulated. 

2.5.2 Temperature Collection 

Thermal data was collected using Omega, EI1101210/NB2-CASS-116U-0.75", type K, thermocouple probes 

with industrial protection heads (Moravec 2012). Thermocouples rely on the measurement of electrical potential of 

different materials at different temperatures, which may then be used to calculate temperature. There was some 

concern that they would be subject to electromagnetic and radiative interference. Direct sunlight, electronic devices, 

and lead wire lengths, can all potentially impact readings. To minimize any potential solar radiation interference, 

thermocouples exposed to beam radiation were covered in adjustable air ducting which could be manipulated to reflect 

direct sunlight while minimizing any greenhouse effect a closed cover might have. Wire leads from the thermocouples 

were also run through electrical conduits to minimize interference. 

To address lead length and other unknown factors, calibration curves were created for use with all 

thermocouples. Water temperature was measured with each of the thermocouples in parallel with an alcohol 

thermometer at five temperatures ranging from ~4°C to ~100°C. The equation from this trend line was then used to 

adjust temperature outputs. This also helped to address the lack of a calibration option for the thermocouple hub. 

Thermal data was directed to the computer using an Omega, USB-4718, 8-channel thermocouple hub (hub). The data 

was stored on the computer using Advantech’s, WaveScan (version 1) software, where it was transferred to Microsoft 

Excel (Excel) for analysis. The hub does have a built in sensor for its own internal calibration of temperature readings 
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using ambient air temperature. This sensor, however, required the hub to be at the same temperatures as the heads of 

the thermocouples. As this is not necessarily the case, the calibration curve should help to compensate. 

2.5.3 Solar Irradiance Evaluation 

Solar irradiance may be found from several sources: National Renewable Energy Lab (NREL), NOAA, or 

local sources. SOLRMAP’s OASIS was used for collection of the irradiance data needed for calculation of total 

available solar energy (insolation) (GT) over time. The collector is located on the roof of the Civil Engineering building, 

while the OASIS pyranometers are located on the nearby Gould-Simpson building approximately 0.33 miles away (see 

Figure 2). The availability of this nearby NREL facility avoided error due to inexperience, as well as investment in 

expensive sensors.



29 

 

 

 

Figure 2 - Collector location (Civil Engineering Building) versus photometer location (Gould Simpson Building 
(Garmin 2012)

1” : 0.13 miles 



30 

 

Irradiance data available from OASIS includes global horizontal radiation, direct normal radiation, and diffuse 

horizontal radiation. Direct normal radiation consists of beam radiation from the sun, excluding all other forms of 

indirect radiation. Diffuse horizontal radiation consists of all visible radiation except beam radiation, and mostly consists 

of reflected radiation from the atmosphere and surrounding terrestrial objects. Global horizontal radiation consists of all 

forms of solar radiation. Global horizontal radiation data was used in the analysis because it most accurately reflected 

the radiation received by the collector, because both collector and sensor are in a fixed position. Direct normal 

radiation is measured using a sensor that tracks the position of the sun as it moves across the sky, excluding all 

indirect radiation. This does not accurately model our static collector. Typical clear weather solar radiation plots for 

tracking (Direct Normal) and non-tracking collectors/sensors (Global Horiz (tracker) and Global Horiz (platform)) may 

be seen in Figure 3. This suggests that future collectors would benefit from the incorporation of a tracking system, even 

when employing collectors that do not require them (i.e. flat plate, evacuated tube, etc.). 
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Figure 3 - Horizontal, direct normal, and diffuse horizontal radiation on a clear day
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2.6 Data Collection Methodology 

2.6.1 Temperature 

Thermocouples were wired to the hub via its analog inputs, with the hot wire going into the positive 

connection and the ground going into the negative connection. The hub automatically calibrates itself based upon the 

surrounding ambient temperature. To mitigate any inaccuracies in the thermocouple system, a calibration curve was 

developed for each thermocouple under standard operating conditions as previously discussed. Data collection via the 

USB-4718 thermocouple hub and WaveScan software is largely autonomous, requiring the operator only for starting 

and stopping data collection. The WaveScan software runs in Microsoft’s, WindowsXP operating system software. 

To collect data, the operator opens the WaveScan software, where the software begins in the “Advantech 

WaveScan For AI” window. From here the “SaveTo Disk” box should be checked and the “Setting…(S)” button should 

be clicked, to open the “ADSDAQ Devices” window. Clicking on the “+” next to ASDAQ in the list should reveal any 

hubs currently connected to the computer, the appropriate hub should be clicked and the “Select” button clicked to 

open the “Parameter Setting Dialog” window. From here the various settings for data collection can be adjusted. 

The relevant settings are: “Scan Time:” which is the interval at which data collection should occur in 

milliseconds (set to 60,000 millisecond (1 minute intervals), to coincide with the insolation data), “Start Channel:” the 

channel at which data recording begins (channels correspond to the numbers written on the hub), “Channel Numbers:” 

the number of channels to be recorded including and following the “Start Channel:,” “Input Range:” the range over 

which the thermocouples’ signal will be measured (0-0.015 V), “Type:” the type of thermocouple (K), and “Scale:” the 

units of the temperature readings. After adjusting the settings, the “Apply” button is clicked followed by the “Save and 

Exit” button, which immediately opens the “Advantech WaveScan For Device Name” window (the name of the device 

previously selected in the “ASDAQ Devices” window will be displayed in place of Device Name). Data collection is then 

started by clicking the “Start(A)” button followed by the “OK” button in the dialog box that follows. The first data point 

will occur after the time interval set in “Scan Time” passes, and following data points will reoccur in the time interval 

that had been previously set. 

After completion of data collection, the “Stop(O)” button is clicked, and the formerly inaccessible “History 

Setting” button becomes accessible and should be clicked to open the “Advantech History Setting” window. From here 
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any WaveScan data file in the WaveScan>AdvData>BinData folders can be viewed as a wave, or can be converted to 

float data (ASCII). After selecting the file the user wishes to convert, the “ConvToFloat” button should be clicked and 

the new file is available in the WaveScan>AdvData>FloatData folders. The float data created may be opened in Excel 

where the individual data points may be separated using the “Text to Columns…” feature. The left most column is the 

“Start Channel:,” followed by the next thermocouple in the series and so forth. 

2.6.2 Solar Radiation 

Global horizontal radiation (GT) with its static upward facing sensor is downloaded as ASCII text files or as a 

CSV file from the OASIS website (OASIS 2012). The ASCII or CSV file may be opened in Excel, where individual data 

points may be separated using the “Text to Columns...” feature if necessary (ASCII files). The downloaded data is in 

one-minute intervals. 

2.6.3 Time 

Time data for the temperature data is derived from the computer running the software. The computer clock is 

set using a mobile phone connected to a nationwide mobile phone network, which is set via the National Institute of 

Standards and Technology (NIST) official U.S. clock or equivalent. The clock time is reset whenever it is found to be off 

by more than one minute. Time data for solar insolation data is assumed to be set via the NIST official U.S. clock or 

equivalent due to it being a NREL project. 

2.7 Modeling Collector Performance 

The most commonly used equation for modeling useful energy gain (work) for flat plate solar thermal 

collectors is the Hottel-Whillier-Bliss or Hottel-Whillier (HW) (Kalogirou 2004) Equation, which consists of two terms, an 

energy gain term (Term 1) and an energy loss term (Term 2): 

Qu = Ac*FR*S – Ac*FR*UL*(Tfi – Ta) (1) 

QU = Useful energy flow rate (W) 
Ac = Collector Aperture Area (m2) 
FR = Collector Heat Removal Factor (Unitless) 
S = Absorbed Solar Radiation per Unit Area (W/m2) 
UL = Collector Overall Heat Loss Coefficient (W/m2/°C) 
Tfi = HTF Inlet Temperature (°C) 
Ta – Ambient Temperature (°C) 
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This equation allows energy to be calculated for a particular collector if the ambient temperature and the inlet 

temperature of the heat transfer fluid are known. It can be more useful in sizing solar arrays than the comparable heat 

transfer equation: 

Qo = m*Cp*(Tfo – Tfi) (2) 

Qo = Energy flow rate (W) 
m = HTF Mass Flow Rate (kg/s) 
Cp = HTF Specific Heat (J/kg/K) 
Tfo = HTF Outlet Temperature (°C) 

This equation requires inlet and outlet HTF temperatures collected. In theory, the HW equation (Equation 1) does 

require the determination of collector specific constants, FR and UL, however once they have been determined no 

additional field testing is required to predict useful energy output (as long as the collector type and HTF flow rate do not 

change appreciably). 

We believe the second term of this equation is flawed. When ambient temperature is equal to the inlet fluid 

temperature it predicts there are zero losses to the environment. However, water heated while flowing through the 

collector must lose energy to its surroundings as its temperature has increased while passing through the collector. 

The HTF temperature in the collector is not the same as the ambient temperature. Therefore the greater the difference 

in temperature between the HTF inlet and outlet, the greater the error in the HW equation. To provide more accurate 

estimates of energy yield we believe this equation can be improved as will be discussed in Section 2.8.3. 

2.7.1 Ac – Collector Aperture Area (m2) 

Ac is the area of the collector that collects solar energy for transfer to the HTF. It is utilized in all variations of 

the HW equation. In glazed flat plate thermal collectors, this area is the collector plate, which often lies recessed 

behind one or more sheets of glass (cover or glazing) and buffers of air, (unglazed FPCs lack this glass and 

consequently have more top losses to the environment). The depth of the recess leads to a certain amount of shading 

which can reduce the actual aperture area facing the sun. Consequently error is introduced whenever the collector is 

positioned such that it is not normal (perpendicular) to the sun. This includes early or late in the day, or seasonally if 

the collector is not adjusted for differences in the sun’s altitude. An ideal model would be capable of adjusting for this 

shading affect. The resulting losses should be minimal, particularly when compared to losses due to the increased 
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angle of incidence on the collector during the same time frame. For analysis purposes Ac will be considered a constant. 

The HW equation output (QU) will normally be divided by Ac to provide power per unit area. 

2.7.2 FR – Collector Heat Removal Factor (Unitless) 

FR is effectively the efficiency of energy transfer from the absorber plate to the HTF. Mathematically it relates 

the actual measured useful energy gain of a collector (QO) to the predicted useful energy gain of a collector (QU) (Duffie 

2006). If the collector surface were at fluid inlet temperature, the theoretical maximum possible heat transfer possible 

occurs (Duffie 2006). Setting QU = QO and using the expressions of Equations 1 and 2, FR can be derived as: 

F F ∗ F
∗

∗
∗  (3) 

Where: F’ = Collector Efficiency Factor (Unitless) =  

∗ ∗ ∗ ∗

  (3a) 

 
W = Width from collector HTF tube center to the adjacent tube center 
D = Diameter of the HTF tube (Di = Inner Diameter) 

F = Fin (collector plate connecting the tubes) efficiency =  
∗

  (3b) 

mb = √(UL/[k*δ])  (3c) 
k = Thermal conductivity 
δ = Width of the fin 

Cb = Bond conductance = kb*b/γ  (3d) 
kb = Bond thermal conductivity 
b = Bond width 
γ = Average bond thickness 

hfi = Heat transfer coefficient between the fluid and the tube wall 
 

F’’ = Collector flow factor (Unitless) = 
∗

∗ ∗
∗ 1 exp

∗ ∗

∗
 (3e) 

Calculating FR using measured parameters is mathematically complex involving an energy balance defined 

by a second-order differential equation, as well as several normally unavailable parameters (Duffie 2006), neither of 

which is within the scope of the research. Alternately FR may be calculated using the accessible parameters used in 

Equation 3, if UL can be ascertained by other means (See Smith and Weiss 1977). FR is utilized to varying degrees in 

all variations of the HW equation, and is somewhat equivalent to the effectiveness of a conventional heat exchanger (A 

conventional heat exchanger is defined as the ratio of actual heat transfer in the exchanger to the maximum possible 
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heat transfer.) (Duffie 2006). FR can be determined experimentally for a particular mass flow rate on a particular 

collector, but it is a function of the HTF as it is subject to the mass flow rate. For analysis purposes FR will be 

considered a constant. 

2.7.3 UL - Collector Overall Heat Loss Coefficient (W/m2/°C) 

UL is made up of the sum of heat loss coefficients from the side facing the sun (top, UT ), side facing away 

from the sun (bottom, UB ), and edges (UE). UL is used in all variations of the HW equation and is specific to each 

collector and in theory only changes with collector: position, design, slope, and size. Heat losses will increase as the 

collector temperature rises further above ambient temperature due to the increase in temperature gradient driving heat 

loss and secondarily due to changes in the thermal conductivity of materials as temperature changes (Smith and Weiss 

1977, Michaelides and Eleftheriou 2011). It has been suggested that UL can be calculated from the characteristics of a 

particular FPC and meteorological conditions as follows: 

UL = UT + UB + UE  (4) 

N = Number of glass covers 

C = 520*(1-0.000051*β2) for 0°<β<70°; for 70°<β<90, use β=70° 
Tpm = Mean plate temperature (K) 
f = (1+0.089*hw – 0.1166*hw*εp)*(1+0.07866*N)  
hw = Wind heat transfer coefficient (W/m2/°C), which is functionally dependent on wind speed, 

direction, collector orientation, etc. 
e = 0.430*(1-100/Tpm) 
β = Slope, the tilt of the collector absorber plate relative to the horizontal (°) 
εg = Emittance of glass (Specific to glass composition) (Unitless) 
εp = Emittance of absorber plate (Unitless) 

UB = k/L  (4b) 

k = Insulation thermal conductivity (W/m/°C) 
L = Insulation thickness (m) 
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Where: 
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UE = ([k/L]*LE*Dc)/Ac (4c) 

LE = Circumference of edge (m) 
Dc = Depth of collector (m) 

For the purposes of this research, UL will be found experimentally and will be held constant though, though minor 

losses could occur with temperature fluctuations. 

2.7.4 Tfi – HTF  Temperature InI’let (°C) 

The HTF inlet temperature impacts the efficiency of the collector at transforming solar radiation into useful 

thermal energy. It is utilized in Equation 2 and all variations of the HW equation. Tfi can be considered to be either an 

independent, or a dependent variable depending on the source of HTF. If the HTF is recirculated, Tfi is considered 

dependent. If the HTF is single pass circulated, Tfi is considered independent (see Figure 1). Several sources of HTF 

were possible during collector testing. In one configuration the HTF is recirculated through the collector and back into 

the reservoir. This would yield the greatest gain in temperature for the reservoir but is potentially the least efficient as 

the difference in temperature between the HTF and absorber plate temperature begin to converge. A second 

configuration includes a single pass of the HTF from the reservoir through the collector and is subsequently 

discharged. This would provide more stable Tfi data as a large enough reservoir may maintain its temperature 

throughout the test, allowing Tfo to change based on S, and to a lesser extent Ta. A third configuration recirculates the 

HTF, but a portion of the reservoir’s volume is discharged while a secondary reservoir’s water is added in order to 

maintain a particular temperature. This would enable testing at different inlet temperatures and ambient temperatures. 

Tfi is considered for analysis purposes to be an independent variable. 

2.7.5 Tfo – HTF  Temperature Outlet (°C) 

The HTF outlet temperature is incorporated in the actual useful energy equation (Equation 2) and enables a 

comparison of this equation to the HW equation (Equation 1) and its variations (Equations 9 & 10). As it is directly 

impacted by all other variables, it can also be indicative of the effectiveness of the collector. All other things being the 

same, as the difference between Tfo and Tfi increases, more radiation has been successfully transferred to the HTF. It 

is considered in analysis to be a dependent variable. 
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2.7.6 Ta – Ambient Temperature (°C) 

Ambient temperature is incorporated in all variations of the HW equation and in analysis is considered an 

independent variable. Ambient temperature can create a temperature gradient resulting in energy loss or gain from the 

environment, the use of glazing and insulation mitigates some of these losses. 

2.7.7 m – Mass Flow Rate (kg/minute) 

Mass flow rate is an independent variable, which is generally held constant to aid in the analysis of other 

variables. It is used in the actual useful energy equation (Equation 2) and FR (Equation 3) is a function of it. Since the 

latter will be found experimentally for the HW equations, m will normally be held constant. Setting the mass flow rate to 

the collector design flow rate, reduces stagnation, and improves the efficiency of energy transfer to the HTF. 

2.7.8 Cp – Specific Heat (J/kg/K) 

The specific heat is an independent variable, but is effectively a constant in the analysis undertaken. It is 

incorporated in the actual useful energy equation (Equation 2). Specific heat is a function of temperature, pressure, 

volume, and dissolved solids.  

2.7.9 S – Absorbed Solar Radiation per Unit Area (W/m2) 

S provides the value of absorbed solar radiation transferred to the absorbing plate. It is in effect the value of 

incoming radiation (GT) striking a particular area minus losses due to lack of transmission through the glazing or lack of 

absorbance by the absorber plate paint. However neither of these inefficiency factors are readily quantifiable. It is used 

in all variations of the HW equation and is an independent variable. The complete model for calculating S includes 

beam radiation (radiation direct from the sun [subscript b]), diffuse radiation (radiation reflected from atmospheric 

sources [subscript d]), and ground reflected radiation (radiation from terrestrial sources [subscript g]): 

S I ∗ R ∗ τ ∗ α I ∗ τ ∗ α ∗   

ρ ∗ I ∗ τ ∗ α ∗  (5) 

Where: 
I (b, d, or g) = Hourly irradiance flux (W/m2/hour) 
Rb = Ratio of total irradiation on a tilted plane to that on the plane of measurement (usually the horizontal) or 

the heat transfer resistance (unitless) 
τ – Transmittance, the ratio of radiation passing through the glass to the radiation striking the glass (unitless) 
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α – Absorptance/Thermal Diffusivity, the ratio of radiation transmitted through the absorber plate to the HTF 
to the radiation striking the plate (unitless) 

β = The slope or angle between the plane and the horizontal (°) 
ρg = Reflectance of the ground (unitless) 

 

(5a)

 

δ = Declination, the angular position of the sun at solar noon (The sun is on the local meridian) with 
respect to the equator (-23.45° [south] ≤ δ ≤ 23.45° [north]) 

ω = Hour angle, the angular displacement of the sun east or west of the local meridian due to 
rotation of the earth on its axis at 15° per hour (morning = negative, afternoon = positive) 

ϕ = Latitude, the angular location north or south of the equator (-90° [south] < ϕ < 90° [north]) 

A simplified form was used instead because the values of GT provided by the global horizontal radiation incorporate a 

portion of beam, diffuse and ground radiation. This model assumes the global horizontal radiation is the maximum 

energy available to a fixed collector and that losses will be entirely due to transmission and absorption losses: 

  (6) 

GT – Value of incoming radiation (W/m2) 
τ – Transmittance, the ratio of radiation passing through the glass to the radiation striking the glass (unitless) 
α – Absorptance/Thermal Diffusivity, the ratio of radiation transmitted through the absorber plate to the HTF 

to the radiation striking the plate (unitless) 

The value of S varies during the day due to a number of factors such as: the position of the sun in the sky, 

atmospheric interference, cloud cover, or any deflection of solar irradiance away from the collector. τ and α will be 

discussed in Sections 2.7.10 and 2.7.11. 

2.7.10 τ – Transmittance (unitless) 

Transmittance is the ratio of visible radiation passing successfully through the collector’s cover system to the 

total visible radiation striking the cover. The maximum transmittance occurs when the angle of the sun is normal 

relative to the cover. In practice, a fixed position collector sees reduced transmittance at higher angles of incidence of 

the sun versus the cover (Off-normal). Light can be reflected by both cover and absorber plate. Light reflected by the 

absorber plate may in turn be reflected back towards the plate by the inside of the cover. This transmission may be 

calculated with the following equation: 

Rb 
(1 cos2  * sin2 )1/2

cos * cos * cos  sin * sin

S GT ()
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r = Reflection (Ratio of either polarized perpendicular component or parallel component) 
τa = Transmission where losses are only due to glass absorption 

Where: 
τa  = exp^(K*L/cos(θ2)) (7a) 

K = Extinction coefficient of the glass (m-1), varies with impurities 
L = Glass thickness (m) 
θ2 = Refraction angle (°) = sin-1 (sin (θ)/1.526) (7b) 

θ = Glass angle relative to the horizontal (°) 
1.526 = Average index of refraction of glass for the solar spectrum 

As data collection was restricted to two hours on either side of solar noon, the model was simplified by using 

the transmittance at the ideal angle. In this simplified model transmittance stays at a fixed value of 0.91 as determined 

by the manufacturer, the transmittance when the sun is normal to the cover at solar noon (SunEarth 2012). It should be 

noted that the collector stayed fixed facing the sun at solar noon at an angle of 32° relative to the horizontal; 

consequently at solar noon the sun was actually off normal. This introduces additional error to calculations using this 

value. 

2.7.11 α – Absorptance/Thermal Diffusivity (unitless) 

Absorptance is the ratio of energy transferred to the HTF to the insolation reaching the absorber plate. This 

value varies with surface composition and wavelength of incident energy. Solar thermal collectors, including our 

experimental model often use selective surfaces on their absorber plate to selectively increase or decrease absorption 

of wavelengths of solar radiation. These materials have a higher absorptance in the visible spectrum, but a low 

absorptance at longer wavelengths. Consequently thermal losses are reduced when these surfaces are used on 

absorber plates. Absorptance is modeled by the following equation: 

  1
n

(1  j )j1

n
 

(8) 

n = Index of refraction 
ρ = Reflectance 

As data collection was restricted to two hours on either side of solar noon, the model was simplified by using 

the absorptance at the ideal angle. In this simplified model absorptance stays at a fixed value of 0.95 as determined by 
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the manufacturer, the transmittance when the sun is normal to the cover at solar noon (SunEarth 2012). It should be 

noted that the collector stayed fixed facing the sun at solar noon at an angle of 32° relative to the horizontal, 

consequently at solar noon the sun was actually off normal. This introduces additional error to calculations using this 

value. 

2.8 Analysis Methodology 

2.8.1 Conditions for Success 

For the most accurate calculation of the HW equation (Equation 1) a number of assumptions/conditions 

should be met, otherwise accuracy of the equation will be reduced (Duffie 2006): 

“These assumptions are as follows: 

I. Performance is steady state. 
II. Construction is of sheet and parallel tube type. 
III. The headers cover a small area of collector and can be neglected. 
IV. The headers provide uniform flow to tubes. 
V. There is no absorption of solar energy by a cover insofar as it affects losses from the collector. 
VI. Heat flow through a cover is one-dimensional. 
VII. There is negligible temperature drop through a cover. 
VIII. The covers are opaque to infrared radiation. 
IX. There is one-dimensional heat flow through back insulation. 
X. The sky can be considered as a blackbody for long-wavelength radiation at an equivalent sky temperature. 
XI. Temperature gradients around tubes can be neglected. 
XII. Temperature gradients in the direction of flow and between the tubes can be treated independently. 
XIII. Properties are independent of temperature. 
XIV. Loss through front and back are to the same ambient temperature. 
XV. Dust and dirt on the collector are negligible. 
XVI. Shading of the collector absorber plate is negligible.” 

Other assumptions for improving the accuracy of linearization of the HW equation (Equation 1) are: 

XVII. UL is constant for a particular collector (Collector does not degrade with use, increasing losses) 
XVIII. FR is constant for a particular flow rate of a particular collector (Rate of transfer is not impacted by use, 

slowing transfer rate) 	

2.8.2 Linear Analysis for Determination of FR and UL 

In this work, unlike the other components of the HW model, FR and UL will not be directly measured, but will 

be calculated following experimentation. These constants can be calculated with additional data and the equations 

noted in Sections 2.7.2 and 2.7.3, but we will investigate  calculating these constants using field data (Tfi, Tfo, Ta, and 

S) and fitting routines such as linear analysis. Smith and Weiss (1977) used a similar methodology to compare the 
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accuracy of laboratory versus field derived HW equations in predicting real world efficiencies of FPSCs. As previously 

noted the HW equation is an equation of the form:  

Qu/Ac = FR*S - FR*UL*(Tfi-Ta) (1) 

If we linearize the equation (y = m*x+b), we can plot Qo versus Tfi-Ta (ΔT) or S (assuming the other term to be a 

constant, i.e. if we plot versus ΔT, then S is held constant, and vice versa) and the linear regression analysis equation 

of such a plot can be used to calculate our unknown constants: 

If we consider S a constant, and allow (Tfi – Ta) to vary: 
FR*S = b (y-intercept value) therefore FR = b/S (Where we will consider the S an average of the 
entire population of vales of S) 

–FR*UL*(Tfi – Ta) = m (slope) *x (x-intercept value, our variable) therefore:  
UL = m/FR and  
(Tfi – Ta) = x  

If we consider (Tfi – Ta) a constant, and allow S to vary: 
– FR*UL*(Tfi – Ta) = b therefore UL = -b/FR/(Tfi – Ta) (Where we will consider the ΔT an average of 
the entire population of values of ΔT) 

FR*S = m * x therefore:  
FR = m and  
S = x 

Once the collector specific variables are known (FR and UL), the collector’s energy production can be predicted for the 

original HW equation (Equation 1) and modified HW equation’s (as discussed subsequently).	

2.8.3 Modification of Hottel-Whillier Equation for Improved Predictions 

Incorporating the collector temperature into the HW equation (Equation 1) should improve the accuracy of 

energy transfer predictions. Two methods of adding the temperature of the collector were tested. The first uses the 

difference between the average collector temperature and the ambient temperature. The second uses the difference 

between the collector temperature calculated from the standard single pass shell and tube heat exchanger equation, 

and the ambient temperature. The variables in these two equations will be calculated and evaluated by the same 

methodology as the original HW equation (Equation 1). 
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2.8.3.1 Hottel-Whillier Equation Modified to Include the Average Collector Temperature (AV) 

To take into account the collector temperature, the ΔT term (Tfi-Ta), is replaced with a term providing the 

arithmetic average collector temperature ((Tfi+To)/2 – Ta) for the HTF in the collector, which includes the outlet and inlet 

temperatures as a mean value. In addition the variable FR has been removed from the second term of the HW equation 

(Equation 1) because it is hypothesized that any losses from the collector are accounted for in the UL variable, making 

the FR in the second term (energy losses term) un-necessary. The modified HW equation with the average collector 

temperature variable is of the form: 

Qu/Ac = FR*S – UL*((Tfi+To)/2 – Ta) = b + m*x (9) 

Where, if we treat it as a linear equation, we can plot Qu versus (Tfi+To)/2-Ta or S and the linear regression analysis 

equation of such a plot can be used to calculate our unknown constants: 

If we consider S a constant, and allow (Tfi+Tfo)/2-Ta to vary: 
FR*S = b (y-intercept value) therefore FR = b/S (Where we will consider the S an 
average of the entire population of vales of S) 

– UL*((Tfi+To)/2 – Ta) = m (slope) *x (x-intercept value, our variable) therefore:  
UL = -m/((Tfi+To)/2 – Ta)  
((Tfi+To)/2 – Ta) = x 

If we consider (Tfi+To)/2-Ta a constant, and allow S to vary: 
– UL*((Tfi+To)/2 – Ta) = b therefore UL = -b/((Tfi+To)/2 – Ta) (Where we will consider 
the ΔT an average of the entire population of values of ΔT) 

FR*S = m * x therefore:  
FR = m and  
S = x 

Once the collector specific variables are known (FR and UL), the collector’s energy production can be predicted. 
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2.8.3.2 Hottel-Whillier Equation Modified to Include Collector Temperature via Heat Exchanger Model (LM or 

LgM) 

To take into account the collector temperature, the ΔT term (Tfi-Ta), is replaced with the log mean 

temperature differential for the HTF in the collector. This term is derived from the general equation for a single pass, 

shell and tube heat exchanger (Welty et al. 2007). The model provides the collector’s ambient temperature difference 

as ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta), which includes the outlet and inlet temperatures as a geometric mean value. In addition 

the variable FR has been removed from the second term of the HW equation (Equation 1) because it is hypothesized 

that any losses from the collector are accounted for in the UL variable, making the FR in the second term (losses term) 

un-necessary. The modified HW equation with the log mean temperature difference is of the form: 

Qu/AC=FR*S – UL*((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) (10) 

Where, if we treat it as a linear equation, we can plot Qu versus ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) or S and the linear regression 

analysis equation of such a plot can be used to calculate our unknown constants: 

If we consider S a constant, and allow ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) to vary: 
FR*S = b (y-intercept value) therefore FR = b/S (Where we will consider the S an average of the 
entire population of vales of S) 

-UL*((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) = m (slope) *x (x-intercept value, our variable) therefore: 
UL = -m and  
((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) = x  

If we consider ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) a constant, and allow S to vary: 
– UL*((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) = b therefore:  

UL = -b/((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) (Where we will consider the ΔT an average of the entire 
population of values of ΔT) 

FR*S = m * x therefore: 
FR = m and  
S = x 

Once the collector specific variables are known (FR and UL), the collector’s energy production can be predicted. 
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2.8.4 Comparison of Holding ΔT Rather than S Constant in the Hottel-Whillier Equation and its Derivatives 

Values of FR and UL may be found using linear analysis with ΔT or S constant. To evaluate this claim, a data 

set was used to determine values of FR and UL using both methods. The data set was chosen based upon: stability of 

GT (flatness of the curve of available insolation, see Figure 3), recirculating flow, and stability of contiguous data 

subsets. Of the available data sets, the October 8, 2011 (20111008) data most closely matched these characteristics. 

For this data set the value of S increased 24% from 703 to 872 W/m2 from the start of the experiment at 10:00 to its 

conclusion at 14:00 the same day. The value of ΔT increased over the same time period as follows: ΔT HW equation 

(Equation 1) increased 86% from 13°C to 24°C, ΔT AV (Equation 9) increased 320% from 12°C to 49°C, and ΔT LM 

(Equation 10) increased 304% from 12°C to 47°C. To hold ΔT constant, the most frequently occurring value of ΔT was 

identified.  

2.8.4.1 Holding S Constant in the Hottel-Whillier Equation and its Derivatives 

The MS Excel spreadsheet for the 20111008 was modified to identify the most frequently occurring values of 

S and ΔT (HW, AV, LM). A detailed explanation of how the MS Excel 2010 formulas were used to complete this 

analysis may be found in Appendix B. In the first step for identifying the most frequently occurring values of S, the 

values of S (Sb) that fall within 2% of the S being evaluated (Sa) must be identified.  

The analysis described in Appendix B yields columns of data, which are evaluated against the following requirements: 

1. Value (Sb) must be within 2% of the value being evaluated (Sa) 

2. It must be part of the largest contiguous group meeting criteria one 

3. It must fall within the same relative time frame of the S being evaluated (Sa) (see below for 
discussion) 

4. It must be either the first or last value of Sb in the contiguous data set meeting the previous criteria 
(this determines when the largest population begins and ends) 

In Figure 4 a pattern among the values of S meeting the first criteria can be seen where the darker shaded 

values of one appear on opposing sides of solar noon, which lies approximately in the center of the figure along each 

axis. The upper-left corner of the figure is early in the day for both values being considered. The lower-right corner of 

the figure is late in the day for both values being considered. The upper-right corner is early in the day for Sa, but late in 
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the day for Sb. The lower-left corner is late in the day for Sa, but early in the day for Sb. To meet the third requirement, 

only those values falling within the upper left, lower right, or center will be analyzed. 
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Single value of S

Figure 4 - Values of S being evaluated against a single value of S – Orange indicates those values of S on the 
x-axis that are within 2% of the value of S on the y-axis 
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This pattern was exploited in the equations used to identify values meeting these criteria. The last value 

meeting the required criteria is also identified using an equation taking advantage of the pattern found in the data set. 

2.8.4.2 Holding ∆T Constant in the Hottel-Whillier Equation and its Derivatives 

In the first step for identifying the most frequently occurring values of ∆T (dT) the values of dT (dTb) that fall 

within 2% of the dT being evaluated (dTa) must be found. As may be seen in Figure 5, the pattern noted in Figure 4 has 

changed. This may be due to a lag in values of dT relative to S, but the answer to this question was not sought during 

the course of this research. 
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Figure 5 - Values of dT being evaluated against a single value of dT – Dark fill indicates those values of ∆T on 
the x-axis that are within 2% of the value of ∆T on the y-axis 
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To try and hold ∆T to the same standards required during the evaluation of S as a constant, data meeting the 

following requirements was sought: 

1. The value (dTb) must be within 2% of the value being evaluated (dTa) 

2. It (dTb) must be part of the largest contiguous group of values meeting requirement one 

3. It (dTb) must fall within the same relative time frame of the dT being evaluated (dTa) (contiguous) 

4. It (dTb) must be either the first or last value of dTb in the contiguous data set meeting the previous 
criteria (thus determining when the largest contiguous population begins and ends) 

To meet these requirements several equations had to be modified (relative to the approach when S was 

assumed a constant) including: the equations calculating whether a dTb fell within 2% of a dTa, the equations 

identifying the first row in which the largest contiguous group occurred, and the equations identifying the last row in 

which the largest contiguous group occurred. A detailed explanation of how the MS Excel 2010 formulas were used to 

complete this analysis may be found in Appendix B.  

2.8.4.3 Linear Analysis with S and ∆T as Constants in the Hottel-Whillier Equation and its Derivatives 

The outputs from this spreadsheet include a value of FR, UL, HW, AV, and LM for every single data point 

allowing ΔT to vary while holding S constant. The same methodology is used for holding ΔT constant, though, as 

previously noted in Sections 2.8.2-2.8.4, and Appendix B, the equations change slightly to allow S to vary and hold ΔT 

constant. Now we use the resulting data set to determine what our chosen constant values will be. To make this 

determination we compare the calculated slope and intercept value for each data point and plot it versus either S or 

ΔT. To identify and filter outliers, we sort this data by population, time, S, or ∆T and plot slopes and intercepts of 

individual members. Subsets of the data can be used to identify those values behaving as outliers. The initial belief 

was that a smaller population (the number of other values of S or ∆T within 2% of a value being considered, and 

meeting the criteria mentioned earlier in this section) would be most indicative of possible outliers. Population value 

subsets were chosen arbitrarily based upon subsets that appeared to exclude possible outliers. To compare time, S, 

and ∆T subsets to those of population, their subsets were chosen based on a value that would remove a similar 

quantity of values as were removed by the arbitrarily selected subsets of population. 
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We can then select the data points to be used in constant calculation based on which subset eliminates the 

most outliers and presumably gives a better fit. Those data points of constants that remain are averaged and from this 

average, the FR and UL are found in the standard way (see Section 2.8.3 and 2.8.4). The predicted value of QU can 

then be calculated for each individual point and compared to the value of QO. Initial results were compared graphically 

via plots of slopes and intercepts. The subsets to be used in the QU versus QO analysis were identified by calculation of 

the slope of the plot of the possible slopes and intercepts. As they will be used in the calculation of constants, in theory 

the slope of the slopes and intercepts should be as close to zero as possible, but the y-intercept must not be zero. The 

available slopes of the slopes and intercepts for all versions of the HW equation and all versions of the population, 

time, S, and ∆T were added to a table and sorted to identify the flattest slope (see Appendix C). The subsets with the 

flattest (closest to one) slope for population, time, S, and ∆T, were then used to calculate QU and plotted versus QO for 

all versions of the HW equation. The most accurate variant of the HW equation and subset type could then be 

identified by the nearness of the plot’s slope to one, where a slope of one indicates a perfect prediction of real world 

conditions. 

2.8.5 Univariate Linear Regression Analysis for Determination of FR and UL and Alternatives to HW 

FR and UL may also be found using univariate regression analysis on the same sets of data used in linear 

analysis. Applying the least squares method to the dependent variable: QO/AC and the independent variables: S and 

one of the ΔT’s: [(Tfi-Ta), (Tfi+To)/2-Ta, or ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta)], should yield an equivalent equation. This equation 

should yield similar values of FR and UL but provide more accuracy because it includes a third fitting term. This 

equation will be of the form: 

QO/AC = x1*S + x2*ΔT + x3 (12) 

Where: 
QO/AC = Useful energy per unit area (W/m^2) 
x1 = FR = Collector heat removal factor (Unitless) 
S = Absorbed Solar Radiation per Unit Area (W/m2) 
x2 = FR*UL 
UL = Collector Overall Heat Loss Coefficient (W/m2/°C) 
ΔT = (Tfi-Ta), (Tfi+To)/2-Ta), or ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) = The difference between the collector temperature 

and the ambient temperature (°C) 
x3 = Error term (W/m^2) 

The least squares method, when applied to the ΔT equation’s variables as individual variables rather than a 

combined single variable (Tfi and Ta treated as individual variables rather than combined into variable Tfi-Ta), will not 
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provide an equivalent equation to the original HW equation (Equation 1). The equation it does yield consists of four 

terms: a fitting term, and each independent variable having it’s own term as well as a coefficient. This equation may be 

used as an alternate equation to the HW equation and should provide more accurate estimates of energy transfer as it 

incorporates more fitting parameters. However this equation is not as versatile because each fitting parameter is tied to 

the particular set of conditions under which it was derived, and therefore cannot be assumed to be appropriate under a 

different set of conditions. 

2.8.6 Residual Analysis 

Residual analysis was also conducted to assess the dependence and independence of the variables 

compared to one another. Residuals can be calculated by finding the difference between the variables actual value for 

a given set of conditions and the estimated value for the same set of conditions. For our analysis it was completed in 

software (AnalystSoft 2011). A plot of residuals for an independent variable, versus the actual values of that variable 

should yield a homogenous, random group of points. A plot of residuals for a dependent variable versus the actual 

values of that variable will yield a distinct linear pattern and/or grouping. The more linear and/or grouped the pattern 

the more dependent the variable is upon another variable. 

2.8.7 F Test and Variance Analysis for Identification of the Most Accurate Equation 

Using the statistical analysis F test, we can quantitatively compare the variants of the HW equation in order 

to identify which best fits the data. The F test is used in the comparison of two variances or standard deviations, where 

the variance is the average of the squares of the distance each value is from the mean, and the standard deviation is 

the square root of the variance, both of which indicates the data is less well described by the central tendency of the 

data. Increases in variance or standard deviation indicate a larger range of data. The F test should only be used under 

certain conditions: 

I. The samples to be compared must be independent of each other 

II. The populations from which the samples were obtained must be normally distributed 

The F test yields an F value: 

F = s1/s2 = F value (11) 
Where: 
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 s1 = The quantitatively larger variance 
 s2 = The quantitatively smaller variance 
  s = σ2 = (Σ(X-μ)2)/N = Variance (11a) 
   X = Individual value 
   μ = Population mean 
   N = Population size 
   σ = Standard deviation 

The F test has two terms for the degrees of freedom: n1-1 for the numerator where n1 is the sample size from 

which s1 was obtained, and n2-1 for the denominator where n2 is the sample size from which s2 was obtained. It was 

decided that the maximum probability of rejecting the null hypothesis was to be set at 5% (α = 0.05), which will be 

divided by two, as this is a two-tailed test. Using this in conjunction with the degrees of freedom the appropriate F 

distribution table may be used in identifying the F critical value. 

The null hypothesis is that the variances are the same; if this is true then the F value will be less than the F 

critical value with (100 - 100*α)% accuracy. Those data sets whose F value is closer to zero can be assumed to be 

more similar than those farther away from zero. Finding F values and F critical values of model predicted useful energy 

transfer (QU) and actual useful energy transfer (QO) should enable the quantitative comparison of the various models 

for predicting useful energy transfer. 

2.8.8 Bisected Meteorological Data for Improved Accuracy 

The initial analysis using univariate regression analysis considered all the data from a single day as a single 

data set. However, it was also hypothesized that the accuracy of univariate regression analysis could be improved by 

subdividing data sets before or after significant meteorological events such as solar noon or the daily high temperature. 

As solar noon and the daily high do not coincide with one another and are generally separated by hours, combining 

both sides of this curve may reduce the accuracy of models derived from this data. To test this hypothesis, daily data 

sets were subdivided into one group of data before solar noon and a second group of data following solar noon. This 

was done partly due to the availability of data around this time frame, but also because of the greater variance of 

temperature around solar noon versus that of solar insolation. 

The morning data subset consisted of data from the earliest data point up to and including the data at solar 

noon. The afternoon data subset included the data at solar noon to the latest data point. Each subset was analyzed 
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separately by the least squares method of linear regression analysis. The resulting morning and afternoon models 

were then compared graphically and statistically using variance and F test analyses to find the model varying the least 

from the values of Qo/Ac. 

2.8.9 Analysis of Seasonality on Analyzed Data 

Seasonality’s impact upon the accuracy of univariate regression analysis models should be identifiable using 

variance analysis. This analysis utilized the results from the F test analysis conducted in Section 2.8.7, and a new 

variable, Δd. This is the difference in days between the day from which the model was derived via univariate linear 

regression analysis, and the day being predicted by that model. The relative size of Δd should be proportional to the 

standard deviation. If seasonality plays a role, larger Δd’s should have more deviation, and smaller Δd’s should have 

less. A lack of correlation between Δd and variance would suggest some other confounding variable(s) is causing the 

QU outputs to be inaccurately predicted and creating error in our models. 



55 

 

3.0 RESULTS AND DISCUSSION 

3.1 Hottel-Whillier (HW) Equation and its Variations as Predictors of Energy Capture 

The HW equation (Equation 1) can be a useful predictor of energy capture, but there may be flaws in the 

model which introduce additional error in the values calculated. What we believe to be the primary flaw in the model, in 

that it does not take into account the characteristic collector temperature. It assumes no energy is lost to the 

environment when the inlet fluid temperature equals the ambient air temperature (Section 2.8.3). As previously noted, 

alternate forms of the equation would be tested in order to identify a more accurate model of energy capture. To utilize 

any form of this equation several pieces of data are needed, including the variables that comprise the constants FR and 

UL. These constants were first estimated using field data and linear analysis of the equation.  

3.1.1 Lack of Stability under Real World Conditions 

Maintaining stability amongst variables was difficult due to the lack of control over several important 

variables, including solar irradiance, ambient air temperature, and the HTF outlet temperature. Variations in insolation 

and temperature fluctuations over the long term force the selection of particular data subsets with nearer to stable 

conditions for use in calculation. Selection of these subsets was accomplished using MS Excel spreadsheets designed 

to indicate subsets of data in which (Tfi -Ta), *((Tfi+To)/2 – Ta), ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta), or S held constant within 1 or 

5% of a particular value. 

Maintaining a level of stability of 1% was only possible in a recirculating system where the HTF flows through 

the collector and back into the reservoir, and on through for later input to the collector. Stability could not be achieved 

at 1% for all variables in a system where the water only made a single pass through the collector. To illustrate this, a 

sample of data from October 14, 2011 of Tfi, Tfo, Ta and S was extracted. The time frame is during the most stable part 

of the day for values of S. The values in the example data set shown in Table 2 fell within 1% of consecutive and 

proceeding values. Values of Ta and Tfo which are both dependent upon S, frequently do not fall within 1% of those 

values immediately preceding or following them (see Figures 3 and 4). The HTF used in this experiment was water 

from the tap and would be expected to have a relatively stable temperature (Tfi), it was found to vary within 1% of those 

values immediately preceding or following them (see Table 5). 



56 

 

Table 2 - Stability of S 
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Table 3 - Stability of Ta 
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Table 4 - Stability of Tfo 
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Table 5 - Stability of Tfi 
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3.1.2 Identifying Data Sets for Linear Analysis 

Data sets for analysis were chosen based upon: identical flow rates, recirculating flow (to maximize the 

difference between the ambient air temperature and a characteristic collector temperature [the ΔT]), and stability of 

contiguous data subsets. This ΔT value is based on one of the three models as previously discussed (HW and 

modified HW). A larger coefficient of determination (R2) value being indicative of more linear intercept and slope values 

from which FR and UL are derived. Plotting QU versus ΔT yields an example, Figure 6 with linear equations of poor 

accuracy as shown by the R2 values in the hundredths place.  

The static rate of change for ΔT on Figure 6 between approximately 27 and 29°C indicate where losses to 

the environment are large enough that they balance out any gains. The decline in useful energy gain indicates a drop 

in efficiency. These values were not used in our calculation of FR and UL using linear analysis, as they do not give an 

accurate value of useful energy for a given ΔT. Stagnating values to be removed were identified visually based on the 

lack of change in ΔT and significant change in QU. Time frames of all versions of the HW equation (Equation 1) were 

held static (i.e. if the HW equation had values after 11:00 removed, the other variants would have these values 

removed as well). In our example, Figure 7, shows significantly more linearity with R2 values in the 0.9 range. The 

intercept and slope of the trend line for these graphs were used in the calculation of the coefficients FR and UL by the 

means previously noted in Section 2.8.3 and 2.8.4. 

Data was generally collected at midday (two hours preceding and following solar noon) during which 

interference due to atmospheric conditions and solar altitude is at a minimum. Solar irradiance used in calculations for 

this analysis was either the average of all values over the course of the experiment or the average of five-minute 

increments of S data. In the latter method, values of S over periods of five minutes were averaged together to give a 

single value of S. These five-minute increments were selected by identifying consecutive values of Tfi, Tfo, and Ta 

falling within 5% of a midpoint value. This excludes those periods of time where we see significant changes in the HTF 

temperature or air temperature. The corresponding average values of S for the five-minute increments are then 

averaged together to provide a single value of S for the entire day’s data.	It was found that averaging the entire day’s 

solar irradiance (S) values (one-minute intervals) in calculating Qu yielded plots truer to the actual energy output Qo. In 
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Figure 7 QO is plotted versus the predicted value of QU, where the most accurate of predictions would fall on a line of 

slope 1 as shown by the black line running diagonally up the plot. The more accurate prediction of useful energy 

capture can be seen in those models using values of S averaged over an entire day (Figure 8). Consequently the work 

that followed used values of captured solar irradiance values calculated in this manner. 
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Figure 6 - Qu versus ΔT for 10:00-14:00 on 7-13-2011 
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Figure 7 -Qu versus ΔT for 10:00-12:30 on 7-13-2011 – An R2 value closer to 1 indicates a more linear set of 
data 
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Figure 8 - Transferred solar insolation (S) derived from a daily average of S values compared to an average of 
the averages of 5-minute intervals of S (10/8/2011, Qw = 3.25 l/min, recirculating, solar noon = 12:11) 
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3.1.3 Comparison of Modified Hottel-Whillier Equation with Original HW equation Using Linear Analysis 

Results derived from the variants of the HW equation (Equations 9 & 10) were found to be comparable to the 

original HW equation (Equation 1), but not necessarily better. As may be seen in Figures 8 and 9, and Table 6, 

particularly when S is averaged from the entire data set, predicted values of QU for Equations 9 & 10 were virtually 

identical. Under certain conditions both equations were unable to accurately predict the calculated value of the heat 

balance (Equation 2). The conventional HW equation (Equation 1) produced similar values, which appear to be slightly 

more accurate than the variations of the HW equation (Figure 10). It may also be seen that all equations tend to under-

predict energy transfer prior to solar noon and over-predict energy transfer following solar noon (Figure 9). This was 

found to be a common trait of these equations and is not unique to this data set. 



66 

 

 

Figure 9 - Energy over time for entire trial on 10/8/2011 (Qw = 3.25 l/min, recirculating, solar noon = 12:11) – S 
is the available energy in the absorber plate. The black polynomial line indicates a second order fitting of the 
Qo Equation 2 derived data. It also indicates where the most accurate fitting of the data should lie. LM, HW, 

and LM are the predicted values of QO via linear analysis.  
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Q

L

H

A

Figure 10 - Energy over time from 11:45 to 13:00 on 10/8/2011 (Qw = 3.25 l/min, recirculating, solar noon = 
12:11) –The black polynomial line indicates a second order fitting of the Qo Equation 2 derived data. It also 

indicates where the most accurate fitting of the data should lie. LM, HW, and LM are the predicted values of QO 
via linear analysis. 
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3.1.4 Comparison of Holding S or ΔT Constant in the Hottel-Whillier Equation and its’ Derivatives 

Linear analysis was conducted with ΔT and S held constant as described in Section 2.8.4 and briefly in the 

next paragraph. The slopes for the HW equation and its variations with ΔT and S held constant could then be 

calculated, allowing the outliers from the general linear trend to be identified and excluded from calculation of collector 

specific constants, FR and UL (Figures 11 through 15). This yields several sets of constants that could then be used to 

calculate values of QU for each data point, which could then be plotted versus QO (the actual power produced). The 

most accurate of which will have a slope with the closest value equal to one. Alternatively a statistical analysis of 

variance or other test designed to compare the differences between two sets of data could be conducted, but was not 

conducted for this set of results. 

The values of S1 were plotted versus a slope (or intercept) derived from the average slope (or intercept) of 

other values of Sx that fall within +/-2 % of the value of S1. Figures 11 and 12 demonstrate an inverse relationship 

between slope of the slopes and insolation; increasing insolation decreases the slope and vice versa. The intercept 

demonstrates a direct relationship, increasing with insolation and vice versa (Figure 12). These relationships should 

impact the constants FR and UL, which were calculated using the average intercept and slope for the selected set of 

values. For the original HW equation (Equation 1), the slope and FR are used to calculate the constant UL. For the AV 

and LM versions of the equation, UL relies solely on slope as FR does not occur in the second term. This suggests for 

these versions of the equation UL is no longer a constant. FR for the original HW, AV, and LM equation, are defined in 

our analysis by the ratio of the intercept to S. This would lend itself towards holding FR as a constant. As these 

constants are determined using a variable value, this further demonstrates the error present in our methodology as well 

as the HW equation itself. 

Figures 11 and 12 demonstrate a cyclical relationship between the slope, intercept, and the value of S. An 

oscillation of the slope and intercept value occurred with increases of insolation. The oscillation was not further 

evaluated and went unexplained in our analysis. The oscillation of the slope occurred over a relatively short period, 160 

Watts, and the obvious correlation of slope and insolation suggest S would not make an ideal constant. A more 

appropriate constant plotted in this matter would be static and exhibit a flat slope. 
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ΔT may also be held constant in order to calculate collector specific constants FR and UL. The values of ΔTa 

were plotted versus a slope (or intercept) derived from the average slope (or intercept) of other values of ΔTb that fall 

within +/-2 % of the value of ΔTa. The resulting plots for the slopes of the derived equations are: HW (Figure 13), AV 

(Figure 14), and LM equations (Figure 15). More random patterns can be seen in the plots of ΔTs versus slopes and 

intercepts, particularly in the plot of Tfi-Ta as compared to S held constant. 

Subsets of data were compared to identify the flattest slope (closest to zero) of a plot of slopes versus either 

S or ΔTa, and by the flattest slope of a plot of intercepts versus either S or ΔTa. It is believed that the flat slope is 

indicative of a stable set of data. Data subsets were chosen for calculation of QU based upon the smallest value of their 

combined rank of both slope of the slopes and slope of the intercepts when compared to other data sets (i.e. a subset 

which had the second flattest slope of the slopes, and third flattest slope of the intercepts, would be given a rank of 

five). The top five for each equation type for each slope of the slopes and slope of the intercepts were first identified. If 

not already selected, the other equation types for a subgroup with one member in the top five, would also be selected 

(i.e. if HW sorted by time with all datapoints at or after 11:00, is in the top five, the AV & LgM sorted by time with all 

datapoints at or after 11:00 was added to the list of subsets to plot based on the rank of HW). The complete list of plots 

of slope of slopes and slope of intercepts is found in Appendix C, in order of smallest absolute value of slope. 
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Figure 11 - Values of S versus slopes calculated from ΔT’s (x’s) and QO’s (y’s) whose value of S was <=2% of 
the value of S 
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Figure 12 - Values of S versus intercepts calculated from ΔT’s (x’s) and QO’s (y’s) whose value of S was <=2% 
of the value of S 
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Figure 13 - Values of Tfi-Ta versus slopes calculated from S’s (x’s) and QO’s (y’s) whose value of ΔT was <=2% 
of the value of ΔT
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Figure 14 - Values of (Tfo+Tfi))/2-Ta versus slopes calculated from S’s (x’s) and QO’s (y’s) whose value of ΔT 
was <=2% of the value of ΔT
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Figure 15 - Values of ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) versus slopes calculated from S’s (x’s) and QO’s (y’s) whose 
value of ΔT was <=2% of the value of ΔT 
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24 plots of QU versus Qo were selected for completion based on the criteria established in the previous 

paragraph, including 6 plots which included the entire data set (HW, AV, and LgM forms of the equation with either S or 

∆Ta as the constant). Linear regression analysis was conducted on the energy outputs predicted by the three 

variations of the HW equation, of which there were two, one for each constant (S and ∆T). These results are 

summarized and compared in Table 6, in which the data has been sorted by the difference of the slope of predicted 

useful energy capture (QU), versus actual energy capture (QO). 

The most accurate value would have a slope of 1 and an R2 value of 1. The absolute slope of the slopes 

column appears to have a direct relationship with the difference of the QU versus QO slope, suggesting there may be a 

correlation between a small slope of slopes and more accurate predictions of useful energy production. There appear 

to be exceptions in the case of the AV (Equation 9) and LgM (Equation 10) variants of the HW equation when ∆T is 

held constant (see Table 6). The plots indicate that they over predict output by over 450 W/m2 (see Figures 21 and 22). 

From this table and the companion figures, it may also be noted that the original HW (Equation 1) more accurately 

predicts QO than either the AV or LgM versions calculated from the same subset of data. 

In Figure 16, the original HW equation (Equation 1) appears to outperform the AV (Equation 10) and LgM 

(Equation 11) variants when all data points are used in calculation of constants FR and UL. Calculation through holding 

∆T constant also appears to outperform calculation by holding S constant (see Figure 17). Figures 18 and 19 confirm 

the performance of the HW equation over the AV and LgM versions, with both slopes and correlation coefficients for 

HW closer to 1 than for either AV or LgM. The more accurate constant (∆T or S) is less clear, with the ∆T versions of 

AV and LgM having better slopes and correlation coefficients (see Figure 21), but possibly over predicting by hundreds 

of Watts/m2. The slope of the plot for the S constant is closer to one (where one is a perfect prediction), but the 

correlation coefficient of the plot for the ∆T is closer to one (symmetrical grouping of data without a zero slope). The 

AV and LgM versions of the HW equation with S as a constant show a negative slope which suggests an inverse 

relationship between QO and QU.  

The results of filtering the data based on S or ∆T (S for ∆T as a constant, ∆T for S as a constant) are shown 

in Figures 23 through 25. These results show a clear winner in the HW equation (Equation 1) calculated using S as a 
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constant (see Figure 23), where the HW with S as constant has a slope closer to 1 with a constant of 0.59 versus HW 

with ∆T as constant with a slope of 1.8. The AV (Equation 10) and LgM (Equation 11) equations with S as a constant 

show a negative slope which suggests an inverse relationship between QO and QU. This differs from the ∆T as 

constant versions (Figures 24 and 25), which show AV having a slope nearly two and under predicting by nearly 3,000 

W/m2, and LgM having nearly a flat slope with a correlation coefficient only 6% of 1. Figure 24 differs from the other 

plots in that the predicted values for the AV and LM variations do not closely match one another. The data and 

methodology were checked manually and were found to be correct in spite of the unusual results. The results of the 

slope and intercept calculations were analyzed using statistical analysis methods and found to be sound as well (see 

Appendix D). The analysis did identify some nuances that indicated the results were not unreasonable, though they did 

cause unexpected results under certain conditions. 
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Table 6 – Comparison of equation and subset performance
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Figure 16 – Actual QU versus predicted QO where QU was calculated by holding S as a constant and using all 
data points for the calculation of constants FR and UL
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Figure 17 - Actual QU versus predicted QO where QU was calculated by holding ∆T as a constant and using all 
data points for the calculation of constants FR and UL
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Figure 18 - Actual QU versus predicted QO where QU was calculated by holding S as a constant and using all 
data points at or following 12:00 for the calculation of constants FR and UL
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Figure 19 – Actual QU versus predicted QO where QU was calculated by holding ∆T as a constant and using all 
data points at or following 11:00 for the calculation of constants FR and UL
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Figure 20 - Actual QU versus predicted QO where QU was calculated by holding S as a constant and using all 
data points in population groups greater than or equal to 15 for the calculation of constants FR and UL 
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Figure 21 - Actual QU versus predicted QO where QU was calculated by holding ∆T as a constant and using all 
data points in population groups greater than or equal to 12 for the calculation of constants FR and UL, 

modified axis scales
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Figure 22 - Actual QU versus predicted QO where QU was calculated by holding ∆T as a constant and using all 
data points in population groups greater than or equal to 12 for the calculation of constants FR and UL, 
standard axis scales 



85 

 

 

Figure 23 - Actual QU versus predicted QO where QU was calculated by holding S as a constant and using all 
data points with a collector temperature differential greater than or equal to 20°C for the calculation of 

constants FR and UL 
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Figure 24 - Actual QU versus predicted QO where QU was calculated by holding ∆T as a constant and using all 
data points with insolation greater than or equal to 715 W/m2 for the calculation of constants FR and UL, 

modified axis scales (see Appendix D evaluation of accuracy of AV data) 
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Figure 25 - Actual QU versus predicted QO where QU was calculated by holding ∆T as a constant and using all 
data points with insolation greater than or equal to 715 W/m2 for the calculation of constants FR and UL, 

standard axis scales	
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3.2 Univariate Linear Regression Analysis for Equation Derivation 

It was postulated that the accuracy of the three equations could be improved by the use of regression 

analysis to develop a collector specific equation. Use of this method would separate the terms representing the 

variables in the previously discussed modified and unmodified HW equations. It would also create individual 

coefficients for each variable. Finally, an error term could be added for unaccounted for factors. The resulting equation 

should yield more accurate values. Using regression analysis, any number of variables could be analyzed and 

coefficients derived. The least squares method of univariate linear regression analysis was chosen because of its 

availability in most commercial/public domain computer based statistical analysis packages. This method would 

provide a regression line equation (with correlation coefficient), corresponding to the variables that were analyzed, and 

by which energy transfer may be calculated. Analysis was conducted using MS Excel and StatPlus (AnalystSoft 2011). 

The three models and heat balance previously tested were utilized in this analysis: 

I. The original HW equation which does not take into account the collector temperature and assumes no 

energy is lost to the environment when the inlet fluid temperature equals the ambient air temperature: 

Qu /Ac = FR*S - FR*UL*(Tfi-Ta) (1) 

II. The modified HW equation using the average collector temperature, thereby taking into account the collector 

temperature by including the outlet and inlet temperatures as a mean value (And omitting FR in the second 

term as its presence is redundant): 

Qu/Ac = FR*S – UL*((Tfi+To)/2 – Ta) (9) 

III. The modified HW equation using the general equation for a heat exchanger (Welty et al 2007), taking into 

account the collector temperature by calculating a geometric mean based on a heat exchanger model: 

Qu/Ac = FR*S – UL*((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) (10) 

IV. The general heat transfer equation for which QU may be calculated, for which we know the values of all 

constants and variables: 

Qu = Qo = *CP*(Tfo-Tfi)  (2)
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3.2.1 Variables 

Three or more term equations based on the HW equation and its variations were developed using 

univariate linear regression analysis where it appears to have produced more accurate results than linear 

analysis. With the exception of the last term (error term), each term consists of one of the independent 

variables analyzed, multiplied by a coefficient that transforms the term into a loss or gain in units of power 

per unit area. The smaller the resulting term, the less impactful the variable is upon the collector’s ability to 

transform short wave radiation into long wave radiation. 

The variables for the various equations were classified for analysis purposes as independent or 

dependent as follows: 

Dependent: Qu (Qo was employed in this role as both values are equivalent and values of Qu are 

unavailable without using Qo to calculate constants as previously noted) 

Independent: Tfi, Tfo, Ta, S, (Tfi-Ta), ((Tfi+To)/2 – Ta), ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) 

Two analysis were conducted per equation, one in which all variables were analyzed as individual 

variables (HW1, AV1, LM1) and the other in which the collector/environment temperature gradient term (Tfi-

Ta) (HW2), ((Tfi+To)/2 – Ta) (AV2), or ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) (LM2) is considered to be a single independent 

variable. It was found that because Qo is calculated using both Tfi and Tfo, least squares analysis of the 

modified HW variables (Tfi, Tfo, Ta, S) as individuals results in an equation using only Tfi and Tfo and only as 

accurate as Qo: 

QU, AV1 = 0*S +/- DAV1*Tfi +/- FLM1*Tfo +/- 0*Ta +/- CAV1 therefore: 

QU, AV1 = +/- DAV1*Tfi +/- FLM1*Tfo +/- CAV1  

QU, LM1 = 0*S +/- DLM1*Tfi +/- FLM1*Tfo +/- 0*Ta +/- CLM1 therefore: 

QU, LM1 = +/- DLM1*Tfi +/- FLM1*Tfo +/- CLM1  

It was also found that the equation from least squares analysis of the HW equation and its 

variations can be used for estimation of FR and UL when the collector/environment temperature gradient term 

(ΔT) is analyzed as a single term as discussed below. 
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3.2.2 Univariate Analysis For Determination of the Constants FR and UL 

One advantage of using regression analysis is that the resulting equation may be utilized in determining the 

unknown constants in all forms of the HW equation. If the ΔT is considered a single variable, the resulting equation is 

of the form: 

I. HW2: Qu (W/m^2) = A + B * S + C * (Tfi-Ta) 

a. ‘A’ is an error term not found in the original equation, but which should improve the accuracy of 

predictions. 

b. ‘B’ can be equated to FR. 

c. ‘C’ can be equated to FR * UL, from which we may derive UL via ‘B’ (UL = C/FR or C/B). 

II. AV2: Qo (W/m^2) = A + B * S + C* ((Tfo+Tfi)/2-Ta) 

a. ‘A’ is an error term not found in the original equation, but which should improve the accuracy of 

predictions. 

b. ‘B’ can be equated to FR. 

c. ‘C’ can be equated to UL. 

III. LM2: Qu (W/m^2) = A + B * S + C * ((Tfo-Tfi)/(ln(Tfo/Tfi))-Ta) 

a. ‘A’ is an error term not found in the original equation, but which should improve the accuracy of 

predictions. 

b. ‘B’ can be equated to FR. 

c. ‘C’ can be equated to UL. 

These should have similar results to those of our models and may be improved by the same means. However, using A, 

B, and C as values of efficiency, FR and UL for this collector and flow rate offer some significant advantages. FR, UL, 

and the other variables which comprise them, may be calculated for other flow rates, water qualities, and to some 

extent collector designs. This should allow the user to make performance predictions under much different conditions 

than those under which the original variables were derived. 
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3.2.3 Univariate Analysis Predicted QU versus Calculated QO 

Figure 26, is a plot of the actual energy transferred (QO) in a given data set versus the predicted energy 

transfer (QU) of the same data set via a model derived from the same data set. For this type of analysis, these are the 

conditions under which the most accurate predictions would be made, and would be indicated by a 1:1 sloped line. As 

Tfi and Tfo are used in creating the model for AV1 and LM1, plotting them versus the heat balance (Equation 2) 

perfectly predicts the plot of those equations in which they are used (the analysis reproduces the QO equation as 

discussed above). However, it only perfectly predicts this particular data set, and thus is not a useful model. 

In Figure 26 the improvement in prediction of QU values when compared to prior methodologies can be 

noted. It can be seen that a HW model derived by univariate linear regression analysis was able to make a somewhat 

more accurate prediction of QU values without the use of constants (FR and FR*UL) than a conventional HW model 

using those constants. Conventional and regression based models were compared on other sets of data with similar 

results. 

3.2.4 Recirculating System 

The HW equation (Equation 1) and modified HW equations (Equations 9 & 10) were analyzed with univariate 

regression analysis using the ∆T term as a single independent variable. Predicted values were more realistic versus 

the previous method, but the modified forms of the HW equation showed little or no improvement over the original 

version (see Figure 27 and Table 7). The poor results may be in part due to the use of data from a recirculating system 

where heated water goes directly back into circulation. This results in a smaller difference between Tfi and Tfo. 
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Figure 26 - Actual useful energy balance versus predicted useful energy balance. Comparison of linear 
analysis derived model (constants derived from 10:50-12:20 data) versus univariate analysis derived model 

(constants derived from all data points). (10/8/2011, Qw = 3.25 l/min, recirculating, solar noon = 12:11) 
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Figure 27 - Energy balance versus predicted energy balance with collector temperature term as either a single 
independent variable (HW2, AV2, LM2) or with temperatures as independent variables (HW1)  (10/8/11, Qw=3.25 

l/min, recirculating, solar noon = 12:11) 
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3.2.5 Single Pass System 

The same analysis was then conducted using a single pass system where previously heated water 

does not reenter the collector. This had the added effect of making Tfi less variable, and a Tfo that only 

changed as a result of S and to a lesser extent Ta. Unfortunately this system would not necessarily be 

representative of a field system, which would probably employ a recirculatory system to maximize use of 

thermal energy. Univariate regression analysis was conducted using the HW equation, HW equation with Tfi-

Ta as a single variable, modified HW equation using the collector average temperature with (Tfi+To)/2 – Ta as 

a single variable, and modified HW equation using the general heat exchange equation with (Tfo-Tfi)/ln(Tfo*Tfi-

1) – Ta as a single variable. 

These models were first used to predict the values of the energy balance from the data set from 

which they were derived. Trend lines of the data were favorable with a high R2 value (see Figure 28 and 

Table 7). To assess the usefulness of these models in predicting the energy balances of other data sets, the 

models derived from the 10/14/11 dataset were used to calculate energy balance values for other data sets. 

The 10/10/11 models were first used in calculations for data sets with similar conditions, i.e. Qw=3.25 l/min 

with a single pass through the collector during a similar time frame (Time frame was shifted one hour earlier 

(10/14/11 set was collected from 10:AM-2:PM, 10/10/11 set was collected from 9:05 AM-1:05 PM). The 

model was found to over-predict the value of the energy balance at lower energy values, while under-

predicting at higher energy values (see Figure 29 and Table 7). The model is most accurate around 600-650 

W/m^2, near the midpoint of the range of values predicted for the 10/14/11 data set (See Figure 29). 
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Figure 28: Actual energy balance versus predicted energy balance by univariate analysis (Models fitted from 
10/14/11 data, energy balance from 10/14/11 data (Qw = 3.25 l/min, single pass, solar noon = 12:10))
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Figure 29: Actual energy balance versus predicted energy balance by univariate analysis (Models fitted from 
10/14/11 data (Qw=3.25 l/min single pass, solar noon = 12:10), energy balance from 10/10/11 data (Qw=3.25 

l/min, single pass, solar noon = 12:11))
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The 10/14/11 models (see Figure 28 and Table 7) were then used for predicting the energy 

generation for other days. In the 10/8/11 trial the HTF was recirculated through the collector rather than 

separating the newly heated water from the system. In Figure 30 we see a clear winner in the conventional 

HW equation, however this result is by no means an accurate prediction. Potential error of up to 350 W/m2 

from the maximum value of captured power of about 650 W/m2 suggests that additional error has been 

introduced. Additional variables not included in our measured values used to develop the model (QO, Tfi, Tfo, 

and Ta), are changing the outcome and will need to be identified and included as separate variables if this 

model is to be improved. 

3.2.6 Residual Analysis for Identification of Confounding Variables 

Equations developed using the least squares method were found to exhibit significant errors when 

conditions varied from the conditions under which the original model fitting was derived (see Figure 30 and 

Table 7). Data analyzed by the least squares method was also analyzed using residual analysis as 

discussed in Section 2.8.6. This analysis would help identify independent variables impacted by unknown 

confounding variables. Such variables introduce additional error into the equation and produce results as 

seen in Figure 30, where one or more unidentified variables has shifted the plots of predicted values from 

their actual values. Patterns or an uneven distribution in the plot of residuals versus the measured values 

indicate that there may be one or more unconsidered variables influencing the outcome (see Figure 31). A 

residual plot with even/random distributions indicates the independence of the variable. 

In Figure 32 it may be seen that solar insolation is not an independent variable as some grouping is 

noted, this can be attributed to changes in insolation over time. We already know that solar insolation is 

subject to time of day, time of year, and weather; this grouping would be more pronounced had the data 

extended earlier and/or later in the day (this set extended from 10:00-14:00). Tfi in Figures 31 & 32 exhibit 

grouping probably as a result of the experimental setup recirculating the heated water between the reservoir 

and the collector. This would cause Tfi to be affected by Tfo, Ta, and S as well as other factors such as the 

efficiency of the collector (see Figure 33). Ta exhibited the most independence variables as may be seen in 
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Figure 34. However we do know that Ta is affected by S as the day progresses, however over this time frame 

(four hours) it’s affect is less obvious. As a result we see a wider distribution over the plot area with less 

grouping. 

The lack of independence of these variables suggests that other factors such as those discussed 

are affecting the accuracy of univariate linear regression derived equations. This would increase the 

inaccuracy involved in calculating equations in this manner. Adding additional data corresponding to the 

confounding variables can improve the model. For example, adding position data for the sun could help 

address those variables with some dependence on solar insolation. This can be done for any number of the 

variables comprising the variables of the HW equation or its variations, however this takes the equation 

farther from it’s equation of origin and makes it less useful for applications where such data for the 

confounding variable might be unavailable. 
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Figure 30: Actual energy balance versus predicted energy balance by univariate analysis (Models fitted from 
10/14/11 data (Qw=3.25 l/min, single pass, solar noon = 12:10), energy balance from 10/8/11 data (Qw=3.25 

l/min, recirculating, solar noon = 12:11))
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Figure 31: “Independent” variable (Tfi-Ta) affected by a confounding variable (Energy balance from 10/8/2011, 
Qw = 3.25 l/min, recirculating, solar noon = 12:11)



101 

 

	

Figure 32 -Residuals versus S from original HW (Energy balance from 10/8/2011, Qw =3.25 l/min, recirculating, 
solar noon = 12:11)
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Figure 33 - Residuals versus Tfi from standard HW (Energy balance from 10/8/2011, Qw =3.25 l/min, 
recirculating, solar noon = 12:11)
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°°	

Figure 34 - Residuals versus Ta from original HW (Energy balance from 10/8/2011, Qw =3.25 l/min, 
recirculating, solar noon: 12:11)
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Table 7: Summary of results for energy balance models and their predictions discussed in Sections 3.1.3 
through 3.2.6. A perfect prediction would have a correlation coefficient and slope of one.
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3.2.7 F Test and Variance Analysis for Identification of the Most Accurate Equation 

Miscellaneous models and HW derived equations from univariate regression analysis were tested using the 

F test to compare data sets and identify the most accurate equation. F tests yield an F value and a F critical value, if 

the F value is less than the F critical value, the data is the same with an accuracy of 100 % minus the α value 

multiplied by 100 %. An α of 0.05 was chosen for this analysis. This gives a 95 % confidence that the results are 

correct, assuming the test was correctly used. 

Two data sets were used as models for testing. These were selected primarily for the quality of the data 

(minimal atmospheric interference, no irregularities in the testing methodology, linear values of the variables) and 

secondarily for the difference in time relative to one another. Unfortunately the former limited the latter and a maximum 

difference in time of only 47 days was possible for the two models. Univariate regression analysis was performed on 

data from 10:00-14:00 for August 22, 2011 (20110822) and October 8, 2011 (20111008). For each of these data sets, 

the variables of the four variations of HW equation were analyzed as previously discussed: 

I. The original HW (HW1). 

Qu = Ac*FR*S - Ac*FR*UL*(Tfi-Ta) (1) 
Independent Variables Analyzed: S, Tfi, and Ta 
Dependent Variable Analyzed: Qu 

II. The original HW equation (Equation 1), but with Tfi, and Ta considered as one variable Tfi-Ta (HW2). 

Qu = Ac*FR*S - Ac*FR*UL*(Tfi-Ta) (1) 
Independent Variables Analyzed: S, Tfi-Ta 
Dependent Variable Analyzed: Qu 

III. The modified HW equation using the average collector temperature, but with Tfi, To, and Ta considered as 

one variable (Tfi+To)/2 – Ta (AV2) (Equation 9). 

Qu=Ac*FR*S – Ac*UL*((Tfi+To)/2 – Ta) (9) 
Independent Variables Analyzed: S, ((Tfi+To)/2 – Ta) 
Dependent Variable Analyzed: Qu 

IV. The modified HW equation using the general equation for a heat exchanger (Equation 10), but with Tfi, To, 

and Ta considered as one variable (Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta (LM2). 

Qu=Ac*FR*S – Ac*UL*((Tfo-Tfi)/ln(Tfo*Tfi
-1) – Ta) (10) 

Independent Variables Analyzed: S, ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) 
Dependent Variable Analyzed: Qu



106 

 

The analysis yielded the following equations for the 20110822 data set (see also Table 7): 

I. HW1: QU (W/m2) =- 66.3797 + 3.3294 * Tfi + 0.4923 * Ta + 0.4591 * S 

II. HW2: QU (W/m2) = 64.9684 + 0.4726 * S + 4.2408 * (Tfi-Ta) 

III. AV2: QU (W/m2) = 44.0217 + 0.4470 * S + 5.4738 * ((Tfo+Tfi)/2-Ta) 

IV. LM2: QU (W/m2) = 44.4384 + 0.4478 * S + 5.4422 * ((Tfo-Tfi)/(ln(Tfo/Tfi))-Ta) 

The analysis yielded the following equations for the 20111008 data set (see also Table 7): 

I. HW1: QU (W/m2) =- 94.0379 - 3.4294 * Tfi + 0.9405 * Ta + 1.0951 * S 

II. HW2: QU (W/m2) =- 147.1686 + 1.1119 * S - 3.7616 * (Tfi-Ta) 

III. AV2: QU (W/m2) =- 144.2990 + 1.1263 * S - 3.7710 * ((Tfo+Tfi)/2-Ta) 

IV. LM2: QU (W/m2) =- 144.5751 + 1.1261 * S - 3.7666 * ((Tfo-Tfi)/(ln(Tfo/Tfi))-Ta) 

Two additional data sets of good quality were identified in the temporal vicinity of each of the model 

equations August 2, 2011 (20110802) and October 13, 2011 (20111013). The equations derived from 20110822 and 

20111008 were used to calculate values of QU for each set of data: 20110802, 20110822, 20111008, and 20111013. 

These values were then compared using the F test, the results of which can be seen in Table 8 sorted in ascending 

order by F value, where the most accurate combination of model equation and analysis method have the lowest F 

value. It is unclear from this version of the table which model or analysis method was the most accurate, and there may 

be an issue with the results. 

It was expected that the result of using the F test to compare a predicted energy balance calculated by the 

model from its original data set, to the actual energy balance, would yield an F value and F critical that imply the two 

data sets are the same. As may be seen in Table 8 this was not the case, this suggests that the rules of the test have 

been violated (see Section 2.8.7). As all data sets will have violated the rules in an identical manner, we can still 

compare the results of the test to determine which are most/least similar. 

Using the sort function, patterns become more evident. Sorting first by Model Origin, then by Variable, and 

finally by F, yields Table 9 where it can be seen that the accuracy of the model for a particular day stays the same 
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regardless of analysis method, relative to other sets. For example, the 20110822 model is always more accurate 

predicting the values of the 20111008 data set than any other data set’s data, regardless of analysis method. Similarly 

the 20110822 model always performs more poorly predicting the 20111013 data set than any other. This suggests the 

analysis method, HW equation or one of its variations, is less important than the similarity of the data set being 

analyzed to the data set from which the model was derived. This could be tested using the F test to compare the 

original data sets to one another; however this is beyond the scope of our analysis. 

It is also worth noting that with one exception (Model 20110822 predicting 20111008), none of these models 

or analysis methods passed the F test. This included the comparison of a model’s prediction to the results from its 

source data, which we would expect to have the most similarities. The 20111008 model predicting its source value was 

the most accurate, however it did not pass the test. The only model and analysis combination to pass the F test was 

the 20110822 model predicting 20111008 using the HW1 analysis method. This may suggest that one or both of the 

model data sets is not normally distributed or are not independent of one another, both requirements for correct use of 

the F test. 
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Data 
Analyzed Model Origin Variable

Mean 
(Variable)

Standard 
Deviation F

F Critical 
(5%)

20111008 20110822 Uni HW1 471 51.5 1.19 1.24
20111008 20110822 Uni HW2 564 56.7 1.45 1.24
20111008 20111008 Uni HW1 501 37.1 1.61 1.24
20111008 20111008 Uni HW2 501 37.1 1.62 1.24
20110822 20111008 Uni HW1 566 118 1.64 1.24
20111008 20111008 Uni AV2 501 36.5 1.67 1.24
20111008 20111008 Uni LM2 501 36.5 1.67 1.24
20110822 20111008 Uni HW2 623 121 1.72 1.24
20110822 20111008 Uni AV2 624 121 1.72 1.24
20110822 20111008 Uni LM2 624 121 1.72 1.24
20111013 20111008 Uni HW2 535 40.2 2.05 1.24
20111008 20110822 Uni LM2 588 68.0 2.08 1.24
20111008 20110822 Uni AV2 589 68.2 2.10 1.24
20111013 20111008 Uni AV2 534 39.5 2.12 1.24
20111013 20111008 Uni LM2 534 39.6 2.12 1.24
20110822 20110822 Uni AV2 496 60.9 2.29 1.24
20110822 20110822 Uni LM2 496 60.86 2.30 1.24
20110822 20110822 Uni HW1 496 58.3 2.50 1.24
20110822 20110822 Uni HW2 496 58.2 2.51 1.24
20111013 20111008 Uni HW1 498 35.3 2.65 1.24
20110802 20110822 Uni AV2 497 25.1 2.69 1.27
20110802 20110822 Uni LM2 497 25.0 2.71 1.27
20110802 20110822 Uni HW1 511 23.3 3.11 1.27
20110802 20110822 Uni HW2 505 20.9 3.87 1.27
20111013 20110822 Uni HW1 454 27.7 4.31 1.24
20111013 20110822 Uni AV2 492 27.5 4.38 1.24
20111013 20110822 Uni LM2 492 27.4 4.40 1.24
20110802 20111008 Uni HW2 738 18.6 4.91 1.27
20110802 20111008 Uni LM2 739 18.2 5.11 1.27
20110802 20111008 Uni AV2 739 18.2 5.13 1.27
20111013 20110822 Uni HW2 484 24.3 5.59 1.24
20110802 20111008 Uni HW1 678 16.6 6.17 1.27

Qo 20110822 Qo 20111008 1.31 1.26
Qo 20111008 Qo 20111013 1.49 1.24
Qo 20110822 Qo 20111013 1.96 1.26

HW (S, Tfi, Ta)
HW (S,(Tfi-Ta))

Energy BalanceQo 20111013
20111008 Model origin from 20111008

HW Heat Exchanger (S, ((Tfo-Tfi)/ln(Tfo*Tfi-1) 
20110822 Model origin from 20110822

HW Average (S, ((Tfi+Tfo)/2-Ta

Legend

Table 8 - F Test of Univariate Analysis Results Sorted by F Value 
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Data 
Analyzed Model Origin Variable

Mean 
(Variable)

Standard 
Deviation F

F Critical 
(5%)

20111008 20110822 Uni AV2 589 68.2 2.10 1.24
20110822 20110822 Uni AV2 496 60.9 2.29 1.24
20110802 20110822 Uni AV2 497 25.1 2.69 1.27
20111013 20110822 Uni AV2 492 27.5 4.38 1.24
20111008 20110822 Uni HW1 471 51.5 1.19 1.24
20110822 20110822 Uni HW1 496 58.3 2.50 1.24
20110802 20110822 Uni HW1 511 23.3 3.11 1.27
20111013 20110822 Uni HW1 454 27.7 4.31 1.24
20111008 20110822 Uni HW2 564 56.7 1.45 1.24
20110822 20110822 Uni HW2 496 58.2 2.51 1.24
20110802 20110822 Uni HW2 505 20.9 3.87 1.27
20111013 20110822 Uni HW2 484 24.3 5.59 1.24
20111008 20110822 Uni LM2 588 68.0 2.08 1.24
20110822 20110822 Uni LM2 496 60.86 2.30 1.24
20110802 20110822 Uni LM2 497 25.0 2.71 1.27
20111013 20110822 Uni LM2 492 27.4 4.40 1.24
20111008 20111008 Uni AV2 501 36.5 1.67 1.24
20110822 20111008 Uni AV2 624 121 1.72 1.24
20111013 20111008 Uni AV2 534 39.5 2.12 1.24
20110802 20111008 Uni AV2 739 18.2 5.13 1.27
20111008 20111008 Uni HW1 501 37.1 1.61 1.24
20110822 20111008 Uni HW1 566 118 1.64 1.24
20111013 20111008 Uni HW1 498 35.3 2.65 1.24
20110802 20111008 Uni HW1 678 16.6 6.17 1.27
20111008 20111008 Uni HW2 501 37.1 1.62 1.24
20110822 20111008 Uni HW2 623 121 1.72 1.24
20111013 20111008 Uni HW2 535 40.2 2.05 1.24
20110802 20111008 Uni HW2 738 18.6 4.91 1.27
20111008 20111008 Uni LM2 501 36.5 1.67 1.24
20110822 20111008 Uni LM2 624 121 1.72 1.24
20111013 20111008 Uni LM2 534 39.6 2.12 1.24
20110802 20111008 Uni LM2 739 18.2 5.11 1.27

Qo 20110822 Qo 20111008 1.31 1.26
Qo 20111008 Qo 20111013 1.49 1.24
Qo 20110822 Qo 20111013 1.96 1.26

HW (S, Tfi, Ta)
HW (S,(Tfi-Ta))

Energy BalanceQo 20111013
20111008 Model origin from 20111008

HW Heat Exchanger (S, ((Tfo-Tfi)/ln(Tfo*Tfi-1) 
20110822 Model origin from 20110822

HW Average (S, ((Tfi+Tfo)/2-Ta

Legend

Table 9 - F Test of Univariate Analysis Results Sorted by Model, then Variable, then F Value 
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3.2.8 Pre-Solar Noon versus Post-Solar Noon versus Midday Modeling 

It is hypothesized that the accuracy of univariate regression analysis could be improved by subdividing data 

sets at solar noon. The data set from 10/8/2011 was chosen because results could be: readily compared to already 

completed analyses also using this data, good quality of the data, and the recirculation mode and flow rate most 

resembles field conditions. The morning data subset would consist of data from 10:00 up to and including solar noon at 

12:23. The afternoon data subset would include solar noon to 14:00. Each subset was analyzed separately by the least 

squares method of linear regression analysis method as previously performed with the variables as follows: 

Dependent: Qu  

Independent: Tfi, Tfo, Ta, S, (Tfi-Ta), ((Tfi+To)/2 – Ta), ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta) 

Four analysis were conducted per subset, one with variables Qo, S, Tfi, Tfo, and Ta; the others with Qo, S and 

one of the following: (Tfi-Ta), ((Tfi+To)/2 – Ta), or ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta). The resulting morning and afternoon models 

were then compared graphically and statistically using variance and F test analysis to find the model varying the least 

from the values of Qo. The model varying the least would theoretically be the most accurate. This analysis of the 

10/8/2011 data set found, in general, lower F values for the models developed using an entire day’s data set (See 

Table 10). 

F values for models developed using only the afternoon data set performed better than the models 

developed using only the morning data set. The lower mean value of the afternoon data also indicates a decrease in 

efficiency of energy transfer as the absorber plate temperature rate of increase exceeds that of the ambient 

temperature rate of increase. The decreased range of values during the afternoon is also indicative of why the 

standard deviation for the morning models is greatest. As the selection of data for analysis is limited to a short time 

frame around solar noon, the effectiveness of this type of modeling may be improved by extending the time frame over 

which data is selected. 
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Table 10 - F test comparison of model types 10/08/2011

Time Frame Model Type (Variables) Mean (W/m2)

Standard 
Deviation 

(W/m2)1

F Value1
F Critical 

Value (5%)

Whole Day HW (S, Tfi, Ta) 501 37.1 1.61 1.24
Whole Day HW (S,(Tfi-Ta)) 501 37.1 1.62 1.24
Whole Day LgM (S, ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta)) 501 36.5 1.67 1.24
Whole Day AV (S, ((Tfi+Tfo)/2-Ta)) 501 36.5 1.67 1.24
Afternoon HW (S, Tfi, Ta) 493 120 1.69 1.24
Afternoon HW (S,(Tfi-Ta)) 496 121 1.72 1.24
Afternoon AV (S, ((Tfi+Tfo)/2-Ta)) 245 163 3.12 1.24
Afternoon LgM (S, ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta)) 280 165 3.21 1.24
Morning AV (S, ((Tfi+Tfo)/2-Ta)) 688 185 4.02 1.24
Morning LgM (S, ((Tfo-Tfi)/ln(Tfo*Tfi-1) – Ta)) 691 188 4.16 1.24
Morning HW (S,(Tfi-Ta)) 747 245 7.04 1.24
Morning HW (S, Tfi, Ta) 716 250 7.33 1.24

HW  - Hottel-Whillier (HW) Equation
AV  - HW Equation Using Average Collector Temperature

LgM  - HW Equation Using Log Mean Collector Temperature

1 - The darkest shade of green indicates the best  and the darkest shade of red indicates the worst value in this 
column's data.
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3.2.9 Analysis of Seasonality on Analyzed Data 

Correlation of higher values of Δd (the number of days separating two sets of data) with higher values of 

standard deviation would be indicative of seasonality’s impact upon prediction of QU. Energy balances from 8/2, 8/22, 

10/8, and 10/13/11 were compared via F test to the same data set when fitted by the 20111008 and 20110822 models. 

In Figure 35 a good fit is unavailable for either model, nor is there a pattern showing a correlation of Δd (the difference 

in days between the model and the data set being evaluated) with either a higher or lower standard deviation contrary 

to the hypothesis. This would imply that for these sets of data or models, some other confounding variable is having a 

more significant impact than seasonal differences. This could help explain the performance of our models, which even 

under seemingly similar conditions are statistically dissimilar (see Table 8) Seasonal differences could have explained 

the inaccuracy of predicted energy balances, which were found to be statistically different, despite the temporal 

proximity of model and tested data. 

Experience with univariate linear regression analysis modeling of data suggests that models produced are at 

their most accurate with more variables and conditions as similar to the data set to be predicted as possible. The most 

effective use of this analysis method would incorporate additional variables not incorporated in our analysis, namely 

those that comprise S, which was simplified for our analysis. Besides the benefits of additional variables, having a suite 

of models for specific environmental conditions: time of day, time of year, inclement weather, etc., may improve the 

accuracy of predictions due to the similarity of model and data set conditions. 
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(∆d) 

Figure 35 - Impact of Seasonality On Standard Deviation 
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4.0 CONCLUSIONS 

4.1 Calculating FR and UL via Linear Analysis Methods (five-minute increment method) 

4.1.1 Averaging an entire days’ worth of S values resulted in more accurate predictions than selecting five-minute 

blocks of stable S values (within 5% of the midpoint) and averaging them together. 

4.1.2 Variations of the HW equation (Equations 9 & 10) did not predict energy capture better than the original HW 

equation (Equation 1), and may have performed worse. 

 

4.2 Calculating FR and UL via Linear Analysis Methods Using S or ΔT (outlier exclusion method) 

4.2.1 MS Excel spreadsheets may be written to selectively identify data points and parcel the data points into 

subsets that meet some criteria relating the different points (outlier exclusion method), and still semi-

automatically (some copying of data from one spreadsheet to another is required) calculate the useful energy 

output regardless of subset size. 

4.2.2 Using the standard HW equation (Equation 1) for calculation of FR and UL yielded the most accurate results 

regardless of whether S or ΔT was held constant. 

4.2.3 The ability of various models (HW, AV, LM) have to predict the measured useful energy can be quantified as 

the magnitude of the deviation of the slope of the slopes from zero. 

4.2.4 The method of selecting subsets of an entire data set based upon: population, time of day, ΔT (if S is held 

constant), or S (if ΔT is held constant), improves accuracy regardless of the model used. 

 

4.3 Univariate Linear Regression Analysis via the Least Squares Method 

4.3.1 Univariate linear analysis modeling was more accurate than simple linear analysis (not including the outlier 

exclusion method (see Section 3.1) which was not compared in this test). For this approach an extra fitting 

parameter is derived. 

4.3.2 FR and UL could be calculated by univariate linear analysis, but only when ΔT is analyzed as a single 

variable. 
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4.3.3 Univariate linear analysis showed significant error when conditions differed from those under which the 

model’s data were collected, particularly in a single pass system. This suggests additional variables 

(confounding variables) need to be identified in order to improve predictions. 

4.3.4 Residual analysis of data indicated the presence of additional variables by the presence of patterns and 

clumping in the plotted residuals versus the variable values. This suggests multivariate regression analysis 

with its ability to include multiple dependent variables may produce better predictions. 

4.3.5 Univariate analysis should be conducted upon data sets that extend from sunrise to sunset to establish if a 

broader data set is more important than stability in this analysis. Stability of ΔT and S is probably more 

important as this type of analysis allows for only one dependent variable. Variables considered independent 

in this analysis show more dependence over longer time frames. Many of these variables (Tfi, Tfo, Ta, S, time, 

and season) are dependent on one another, or may be impacted by other variables not included in the 

analysis (confounding variables). 

 

4.4 F Test and Variance Analysis for Identification of the Most Accurate Equation 

4.4.1 The accuracy of these models for a particular day relative to other days, in general, stays the same 

regardless of the equation type (for those equations evaluated). For models derived by univariate linear 

regression analysis, the similarity of the data set appears to be more important than the equation type. 

4.4.2 Failure of the F test at the 95% confidence level by nearly all models could indicate a lack of normality or 

independence in the dataset. These are both requirements for data used in this test. 

 

4.5 Pre-Solar Noon versus Post-Solar Noon versus Midday Modeling 

4.5.1 F test values for predicted energy capture versus actual energy capture were found to be lower for models 

developed using an entire day’s dataset than for models developed using data from pre or post solar noon 

data. 

4.5.2 Post-solar noon data performed better than pre-solar noon data in F tests. 
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4.6 Analysis of Seasonality 

4.6.1 Seasonality’s impact upon prediction of energy capture was not observed, although at most, only two months 

separated the data sets used to test seasonality. 

4.6.2 Residual analysis did show that some confounding variable may be involved which could have masked a 

seasonality effect. 

4.6.3 Previous analyses (Section 3.2.7) using the F test suggest that the data may be not be normally distributed, 

or may have violated other F test requirements. These factors may also have masked seasonality effects. 



117 

 

5.0 FUTURE WORK 

5.1 Experimental Methods and Materials 

5.1.1 Limiting the sampling day to a timeframe when changes in insolation are most static may have limited the 

usefulness of the data for some types of analysis. Univariate linear analysis for example, does not require 

static insolation, and may be able to calculate FR and UL more accurately with a broader set of temperature 

data.  

5.1.2 Shading caused by physical obstructions on the roof also hindered data collection depending on the time of 

day and season. To avoid this additional variable, data was not collected during days/times when the 

collector was obstructed. Uneven heating due to shading of the collector prior data collection, may also have 

affected the value of QU on the collector as compared to that of the heat balance (QO). The impact of shading 

prior to collection was not established, and may have delayed the collector reaching a uniform operating 

temperature. Positioning the collector based upon unobstructed views of the sun at all times and seasons, 

enables additional data and possibly more accurate data to be collected. 

5.1.3 S is dependent upon horizontal radiation which is based in part upon reflected radiation. The albedo of the 

white reflective coating of the roof where data was collected may differ from the GT provided by the OASIS 

data. This could be addressed in several ways including: GT data collected at the collector, creation of a 

calibration curve for GT based on GT data collected at the collector, or mimicking conditions at the 

pyranometer so that radiation received by the collector is similar to that received by the pyranometer. 

5.1.4 Flow rate through the collector was noted to change on occasion over the course of data collection, 

necessitating manual adjustments of valves. Changes to flow rate affect the calculation of QO, QU, FR, and 

UL. Automatic adjustment of flow rate, or automatic collection of flow rate data would improve the accuracy of 

any calculations made using this data. 

	
5.2 Multivariate Regression Analysis/Residual Analysis 

5.2.1 To insure the impact of all variables, including identified confounding variables, multivariate linear analysis 

can be conducted to produce a more accurate FR and UL for an individual collector. 
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5.3 Calculating FR and UL via Linear Analysis Methods Using S or ΔT 

5.3.1 The tests conducted in Section 3.1.3 (outlier exclusion method) did not include the testing of the models with 

data other than that from which they were derived. Testing on other data sets may reveal faults in this 

analysis methodology. 

 

5.4 F Test and Variance Analysis for Identification of the Most Accurate Equation 

5.4.1 The successful use of the F test requires normally distributed and independent data, and future use should 

include normality and independence tests to determine the appropriateness of application of the F test on a 

given data set. Non-normally distributed data can still be used, but should be transformed prior to use of the 

F test or variance test. 

 

5.5 Pre-Solar Noon versus Post-Solar Noon versus Midday Modeling 

5.5.1 Extending the data set for pre and post solar noon models may improve models. Including data from sunrise 

to solar noon for the pre-solar noon set could be more accurate than the 10:00 to solar noon dataset used in 

the modeling. Similarly a solar noon to sunset set could be more accurate than the solar noon to 14:00 

dataset used in the modeling. 
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APPENDIX A – BACKGROUND SUPPLEMENTARY INFORMATION 

 

	

Figure 36: Membrana Luiquicel 2.5 x 8 contactor product sheet, page 1 (Liqui-Cel 2012)
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Figure 37: Membrana Luiquicel 2.5 x 8 contactor product sheet, page 2 (Liqui-Cel 2012)
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Table 11: SunEarth solar thermal collector stagnation temperatures (SunEarth 2012)
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APPENDIX B – METHODS SUPPLEMENT - LINEAR ANALYSIS 

Holding S Constant in the Hottel-Whillier Equation and its Derivatives 

In the first step for identifying the most frequently occurring values of S the values of S (Sb) that fall within 2% 

of the S being evaluated (Sa) must be identified (see Table 12). 
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Table 12 - Identification of consecutive values of S

K
L

M
N

P
Q

R
S

G
t 

(G
lo

ba
l H

or
iz

on
τ

α
S

1
2

=
L3

*
M

3*
N
3

=
'2

01
11

00
8'

!B
P3

0.
91

0.
95

=
K3

=
IF

(A
BS

((
$P

$3
-$

P3
)/

$P
$3

)<
0.

02
,1

,0
)

=
IF

(A
BS

((
$P

$4
-$

P3
)/

$P
$4

)<
0.

02
,1

,0
)

=
L4

*
M

4*
N
4

=
'2

01
11

00
8'

!B
P4

0.
91

0.
95

=
K4

=
IF

(A
BS

((
$P

$3
-$

P4
)/

$P
$3

)<
0.

02
,1

,0
)

=
IF

(A
BS

((
$P

$4
-$

P4
)/

$P
$4

)<
0.

02
,1

,0
)



124 

 

	

The values of Sa are listed in column P, calculated based on the equation of S discussed earlier (α*τ*GT). Each column 

of Q-IW evaluates whether a single value of Sa falls within 2% of the other values of Sb in the data set (e.g. cell Q3 

evaluates whether P3 is within 2% of P2, cell Q4 evaluates whether P4 is within 2% of P2, etc.), identifying those that 

do with a “1”, and those that do not with a “0”. This is accomplished using the following equation: 

=IF(ABS(($P$2-$P2)/$P$2)<0.02,1,0) 

$P$2 - The value of the data point for which this column is created (Sa) 

$P2 - The value of the data point being checked as to whether its values fall within 2% of $P$2 (Sb) 

1 - The value did fall within 2% of the value for the column 

0 - The value did not fall within 2% of the value for the column 

This yields a column of “1’s” and “0’s”, which are evaluated against the following requirements: 

1. Value (Sb) must be within 2% of the value in the P column being evaluated (Sa) (have a 1 listed) 

2. It must be part of the largest contiguous group of “1’s” 

3. It must fall within the same relative time frame of the S being evaluated (Sa) (see below for 

discussion) 

4. It must be either the first or last value of Sb in the contiguous data set meeting the previous criteria 

(this determines when the largest population begins and ends) 

In Figure 38 a pattern among the values of S meeting the first criteria can be seen where the darker shaded 

values of one appear on opposing sides of solar noon, which lies approximately in the center of the figure along each 

axis. The upper-left corner of the figure is early in the day for both values being considered. The lower-right corner of 

the figure is late in the day for both values being considered. The upper-right corner is early in the day for Sa, but late in 

the day for Sb. The lower-left corner is late in the day for Sa, but early in the day for Sb. To meet the third requirement, 

only those values falling within the upper left, lower right, or center will be analyzed. 



125 

 

 

Va
lu

e 
of

 S
 b

ei
ng

 e
va

lu
at

ed
 

Single value of S

Figure 38 - Values of S being evaluated against a single value of S – Orange indicates those values of S on the 
x-axis that are within 2% of the value of S on the y-axis 
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This pattern was exploited in the equations used to identify values meeting the first three criteria. The first 

value meeting these criteria is identified using the equation located in row 247 (see attachment “20111008 S Constant” 

for this section) from column Q through IW: 

=IF(AND(R146=0,R2>$FD2),(145+MATCH(1,R146:R243,0)),IF(AND(R146=0,R2<$FD2),(1+MATCH(1,R3:R146,0)),(1

+MATCH(1,R3:R243,0)))) Where: 

AND(R146=0,R2>$FD2) – Allows the IF() to proceed if a “0” is present at solar noon (If a value of “1” occurs, 

this indicates the point on the graph where a split in the contiguous values occurs) and if the Sa 

being evaluated occurs after solar noon; if both of these are true the equation proceeds to the 

‘then’ set of parentheses 

R146 - The row in which solar noon occurs along the vertical axis 

R2 - The position of Sa in the list of values of S 

FD2 - The position of solar noon in the Sb values being evaluated 

(145+MATCH(1,R146:R243,0)) – Identifies the row number of the first occurrence of “1” in the time frame 

following solar noon 

145 - As the MATCH() equation identifies a relative position in an array, this value (145) needs to 

be changed to the number of rows occurring before the range specified in the MATCH() equation 

MATCH(1,R146:R243,0) – Identifies the relative position of the first “1” in the array indicated (always the 

array occurring after solar noon) 

1 - The value Excel will look for 

R146:R243 - The array Excel will look for the value in 

0 - Tells Excel to only look for the exact value only (“1”) 

If Sb is not within 2% of Sa at solar noon, and Sa is not after solar noon, the equation proceeds to the 

‘otherwise’ set of parentheses: 

IF(AND(R146=0,R2<$FD2),(1+MATCH(1,R3:R146,0)),(1+MATCH(1,R3:R243,0))) Where: 
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AND(R146=0,R2<$FD2) - Allows the IF() to proceed if a “0” is present at solar noon (If a value of 

“1” occurs, this indicates the point on the graph where a split in the contiguous values 

occurs) and if the Sa being evaluated occurs before solar noon. If both of these are true 

the equation proceeds to the ‘then’ set of parentheses 

R146 - The row in which solar noon occurs along the vertical axis 

 R2 - The position of Sa in the list of values of S 

 FD2 - The position of solar noon in the Sb values being evaluated 

(1+MATCH(1,R3:R146,0)) - Identifies the row number of the first occurrence of “1” in the time 

frame preceding solar noon 

1 - As the MATCH() equation identifies a relative position in an array, this value (“1”) 

needs to be changed to the number of rows occurring before the range specified in the 

MATCH() equation 

MATCH(1,R3:R146,0) – Identifies the relative position of the first “1” in the array 

indicated (always the array occurring before solar noon) 

1 - The value Excel will look for 

R3:R146 - The array Excel will look for the value in 

0 - Tells Excel to only look for the exact value only (“1”) 

If Sb is not within 2% of Sa at solar noon, and Sa is not after solar noon, the 

equation proceeds to the ‘otherwise’ set of parentheses: 

(1+MATCH(1,R3:R243,0) – Identifies the row number of the first occurrence of “1” in a time frame 

where a “1” occurs at solar noon (the portion of Figure 4 where the shaded portions 

(ones) extending from the corners converge) 

1 - As the MATCH() equation identifies a relative position in an array, this value (“1”) 

needs to be changed to the number of rows occurring before the range specified in the 

MATCH() equation 
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MATCH(1,R3:R243,0) – Identifies the relative position of the first “1” in the array 

indicated (always the entire data set) 

1 = The value Excel will look for 

R3:R243 - The array Excel will look for the value in. 

0 = Tells Excel to only look for the exact value only (“1”) 

The last MS Excel cell value meeting the required criteria is also identified using an equation taking 

advantage of the pattern found in the data set and the value found in row 247 (the previous equation). The equation is 

located in row 248 columns Q through IW: 

=R247-1+IF(AND(R146=0,R2>$FD2),SUM(R146:R243),IF(AND(R146=0,R2<$FD2),SUM(R3:R146),SUM(R3:R243)))

 Where: 

R247-1 – The location of the first occurrence of “1” minus a single row that does not include analyzed data 

AND(R146=0,R2>$FD2) – Allows the IF() to proceed if a “0” is present at solar noon (If a value of “1” occurs, 

this indicates the point on the graph where a split in the contiguous values occurs) and if the Sa 

being evaluated occurs after solar noon; If both of these are true the equation proceeds to the 

‘then’ set of parentheses 

R146 = The row in which solar noon occurs along the vertical axis 

R2 = The position of Sa in the list of values of S 

FD2 = The position of solar noon in the Sb values being evaluated 

SUM(R146:R243) – Summing all contiguous occurrences of “1’s” in the array and adding to the location of 

the first occurrence “1” yields the last occurrence (only those occurring after solar noon) 

If Sb is not within 2% of Sa at solar noon, and Sa is not after solar noon, the equation proceeds to the 

‘otherwise’ set of parentheses: 

IF(AND(R146=0,R2<$FD2),SUM(R3:R146),SUM(R3:R243)) Where: 
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AND(R146=0,R2<$FD2) - Allows the IF() to proceed if a “0” is present at solar noon (If a value of 

“1” occurs, this indicates the point on the graph where a split in the contiguous values 

occurs) and if the Sa being evaluated occurs before solar noon. If both of these are true 

the equation proceeds to the ‘then’ set of parentheses 

R146 - The row in which solar noon occurs along the vertical axis 

 R2 - The position of Sa in the list of values of S 

 FD2 - The position of solar noon in the Sb values being evaluated 

SUM(R3:R146) - Summing all contiguous occurrences of “1’s” in the array and adding to the 

location of the first occurrence of “1” yields the last occurrence (only those occurring 

before solar noon) 

SUM(R3:R243) - Summing all contiguous occurrences of “1’s” in the array and adding to the 

location of the first occurrence of “1” yields the last occurrence (all occurrences)
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Holding ∆T Constant in the Hottel-Whillier Equation and its Derivatives 

In the first step for identifying the most frequently occurring values of ∆T (dT) the values of dT (dTb) that fall 

within 2% of the dT being evaluated (dTa) must be found. As may be seen in Figure 39, the pattern noted in Figure 38 

has changed. This may be due to a lag in values of dT relative to S, but the answer to this question was not sought 

during the course of this research. 
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Figure 39 - Values of dT being evaluated against a single value of dT – Dark fill indicates those values of ∆T on 
the x-axis that are within 2% of the value of ∆T on the y-axis 



132 

 

To try and hold ∆T to the same standards required during the evaluation of S as a constant, data meeting the 

following requirements was sought: 

1. The value (dTb) must be within 2% of the value in the P column being evaluated (dTa) 

2. It (dTb) must be part of the largest contiguous group of values meeting requirement one 

3. It (dTb) must fall within the same relative time frame of the dT being evaluated (dTa) (contiguous) 

4. It (dTb) must be either the first or last value of dTb in the contiguous data set meeting the previous 

criteria (thus determining when the largest contiguous population begins and ends) 

To meet these requirements several equations had to be modified (relative to the approached when S was 

assumed a constant) including: the equations calculating whether a dTb fell within 2% of a dTa, the equations 

identifying the first row in which the largest contiguous group occurred, and the equations identifying the last row in 

which the largest contiguous group occurred. The values of dTa are listed in column P, the value of which is calculated 

based on one of the three equations for ∆T being evaluated as discussed earlier (HW: Tfi-Ta, AV: ((Tfi+Tfo)/2-Ta), and 

LM: ((Tfo-Tfi)/ln(Tfo/Tfi))-Ta), and each varies with each spreadsheet (see attachment “20111008 dT Constant” for this 

section).  

Each column of Q-IW evaluates whether a single value of dTa falls within 2% of the other values of dTb in the 

data set (e.g. cell Q3 evaluates whether P3 is within 2% of P2, cell Q4 evaluates whether P4 is within 2% of P2, etc.), 

identifying those that do by adding “1” to the previous cell in the column and those that do not, with a “0”. It also differs 

from its predecessor in that each subsequent contiguous value within 2% of the constant being evaluated, increases in 

value from the previous cell value in the column. In effect the spreadsheet counts the number of contiguous values in 

each group, allowing the row of the largest value to be identified as the last value. This number can then be subtracted 

from the row number in order to determine the row number for the first value in that group. This is accomplished by first 

adding an additional row to the top of the worksheet and numbering the cells in this row (A1 = 1, B1 = 2, etc.), and 

using the following equations: 

In the first row of the data array (3) from Q through IW the following equation is used: 

=IF(ABS(($P$3-$P3)/$P$3)<0.02,1,0) – This calculates whether dTb falls within 2% of dTa in the first row only 
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$P$3 - The value of the data point for which this column is created (dTa) 

$P3 - The value of the data point being checked as to whether its values fall within 2% of $P$3 

(dTb) 

1 - The value did fall within 2% of the value for the column 

0 - The value did not fall within 2% of the value for the column 

In the remaining rows of the data array (4-243) from column Q through IW the following equation is used: 

=IF(SUM(Q$3:Q3)<>0,IF(ABS((INDIRECT(ADDRESS((CELL("contents",Q$2)+2),16,1,1))-

$P4)/INDIRECT(ADDRESS((CELL("contents",Q$2)+2),16,1,1)))<=0.02,INDEX(Q$3:Q3,MATCH(9.99999999999999E+

307,Q$3:Q3))+1,0),IF(ABS((INDIRECT(ADDRESS((CELL("contents",Q$2)+2),16,1,1))-

$P4)/INDIRECT(ADDRESS((CELL("contents",Q$2)+2),16,1,1)))<=0.02,1,0)) Where: 

SUM(Q$3:Q3)<>0 – Identifies whether or not a dTb has been found that is within 2% of the column’s dTa in 

previous cells (in this column only). If there are, Excel proceeds to the ‘then’ set of parentheses: 

IF(ABS((INDIRECT(ADDRESS((CELL("contents",Q$2)+2),16,1,1))-

$P4)/INDIRECT(ADDRESS((CELL("contents",Q$2)+2),16,1,1)))<=0.02,INDEX(Q$3:Q3,MATCH(9.

99999999999999E+307,Q$3:Q3))+1,0) – Identifies whether the previous cell in the column was a 

number, and if dTb is within 2% of dTa it adds one to the value of the previous cell in the column; 

otherwise it returns a value of zero (should dTb not fall within 2% of dTa). Where: 

INDIRECT(ADDRESS((CELL("contents",Q$2)+2),16,1,1)) – Indirect lists the value obtained from 

an “A1” style reference address (the standard Excel address format where columns are 

letters and rows our numeric values); the result is the value of the dTa against which dTb 

values are evaluated. Where: 

ADDRESS((CELL("contents",Q$2)+2),16,1,1) – Address creates an “A1” style reference 

address to the dTa by which dTb values will be evaluated: 
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CELL("contents",Q$2) – Provides the row number for the dTa, in the 

spreadsheet this row (row 2, columns Q through IW) are a series of 

values starting with the row number corresponding with the first row 

in which dTa is listed and proceeding to the last; moving columns to 

the right in Q2 through IW2 corresponds to moving downward in the 

rows of column to be defined next 

16 – Is the column number for dTa 

1 – Specifies that this will be an absolute reference 

1 – Specifies that the output will be in “A1” style reference address 

$P4 – Is the dTb to be evaluated against the dTa found in the previous equation; this number is 

subtracted from dTa and divided by the next equation result to determine if it is <0.02 

INDIRECT(ADDRESS((CELL("contents",Q$2)+2),16,1,1)) – Indirect lists the value obtained from 

an “A1” style reference address; The result is the value of the dTa by which the difference 

between dTa and dTb will be divided. Where: 

ADDRESS((CELL("contents",Q$2)+2),16,1,1) - Address creates an “A1” style reference 

address to the dTa by which dTb values will be evaluated: 

CELL("contents",Q$2) - Provides the row number for the dTa, in the 

spreadsheet this row (row 2, columns Q through IW) are a series of 

values starting with the row number corresponding with the first row 

in which dTa is listed and proceeding to the last; moving columns to 

the right in Q2 through IW2 corresponds to moving downward in the 

rows of column to be defined next 

16 – Is the column number for dTa 

1 – Specifies that this will be an absolute reference 

1 – Specifies that the output will be in “A1” style reference address; if the ‘If’ set 

of parentheses is true and the ratio of the difference between dTa and 
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dTb is less than 0.02, then Excel proceeds to the ‘then’ set of 

parentheses: 

INDEX(Q$3:Q3,MATCH(9.99999999999999E+307,Q$3:Q3))+1,0) – Uses row and column 

numbers from the data array to return a value increased by one over the value of the 

previous cell in the column. Where: 

Q$3:Q3 - The array Excel will look for the value in; the first cell in the array, Q3, remains 

fixed in the calculations throughout the length of the column and indicates the 

first cell in the array; the second Q3 indicates the cell in the column 

immediately preceding the cell doing the calculation, and changes throughout 

the length of the of the column 

MATCH(9.99999999999999E+307,Q$3:Q3,1) – Match normally Identifies the relative 

position in the array of a matching value, or the next closest value, however, 

use of “9.99999999999999E+307” as the number to be matched (this is the 

largest number possible in Excel), causes MATCH() to return the relative 

position of the last row to have a number in the array’s column 

Q$3:Q3 - The array Excel will look for the value in; the first cell in the array, Q3, 

remains fixed in the calculations throughout the length of the column 

and indicates the first cell in the array; the second Q3 indicates the 

cell in the column immediately preceding the cell doing the 

calculation, and changes throughout the length of the of the column 

1 – Use of “1” (or omitting a value) when used in conjunction with 

“9.99999999999999E+307” instructs Excel to identify the relative 

position of the last row in the array in which a number was present 

0 – A value of zero is returned should the dTb not fall within 2% of dTa 
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IF(ABS((INDIRECT(ADDRESS((CELL("contents",Q$2)+2),16,1,1))-

$P4)/INDIRECT(ADDRESS((CELL("contents",Q$2)+2),16,1,1)))<=0.02,1,0) – The 

“otherwise” section of the initial IF() is used when no previous values of dTb have fallen 

within 2% of dTa; this equation calculates whether dTb falls within 2% of dTa, and returns 

a value of “1” if it does or “0” if it does not. Where: 

INDIRECT(ADDRESS((CELL("contents",Q$2)+2),16,1,1)) – Indirect lists the value 

obtained from an “A1” style reference address; the result is the value of the dTa against 

which dTb values are evaluated 

ADDRESS((CELL("contents",Q$2)+2),16,1,1) – Address creates an “A1” style 

reference address to the dTa by which dTb values will be evaluated: 

CELL("contents",Q$2) – Provides the row number for the dTa, in the 

spreadsheet this row (row 2, columns Q through IW) is a series of 

values starting with the row number corresponding with the first row 

in which dTa is listed and proceeding to the last; moving columns to 

the right in Q2 through IW2 corresponds to moving downward in the 

rows of column to be defined next  

16 – Is the column number for dTa 

1 – Specifies that this will be an absolute reference 

1 – Specifies that the output will be in “A1” style reference address 

$P4 – Is the dTb to be evaluated against the dTa found in the previous equation; this number is 

subtracted from dTa and divided by the next equation result to determine if it is <0.02 

INDIRECT(ADDRESS((CELL("contents",Q$2)+2),16,1,1)) – Indirect lists the value obtained from 

an “A1” style reference address; the result is the value of the dTa by which the difference 

between dTa and dTb will be divided. Where: 
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ADDRESS((CELL("contents",Q$2)+2),16,1,1) - Address creates an “A1” style reference 

address to the dTa by which dTb values will be evaluated. Where: 

CELL("contents",Q$2) - Provides the row number for the dTa, in the spreadsheet this row 

(row 2, columns Q through IW) is a series of values starting with the row 

number corresponding with the first row in which dTa is listed and proceeding to 

the last; moving columns to the right in Q2 through IW2 corresponds to moving 

downward in the rows of column to be defined next 

16 – Is the column number for dTa 

1 – Specifies that this will be an absolute reference 

The preceding equations created a field of zeros with sporadic blocks of numbers starting with one and 

increasing with each row downward until interrupted by a zero, at which point the number list resets to one. The largest 

value in each column will identify the largest contiguous population as well as the last member of that population. Using 

the relative location of this max in the data array, in combination with its value, the smallest member of this population 

may be identified. This is accomplished using the following equations: 

Row 246 (for S as a constant) or 247 (for ∆T as a constant) columns Q through IW are used to identify the first 

member of the largest contiguous population of each column:  

=IF(COUNTIF(Q3:Q243,MAX(Q3:Q243))>1,"DUPLICATE MAX",MATCH(MAX(Q3:Q243),Q3:Q243,0)-

MAX(Q3:Q243)+3) – This equation provides the row of the first member of the largest contiguous 

population of column Q, unless this population is not the only one, in which case a message is 

displayed alerting the user of this fact. Where: 

COUNTIF(Q3:Q243,MAX(Q3:Q243))>1, - This equation identifies whether there is more than one max in 

column Q. COUNTIF()…>1 counts the number of iterations of cells meeting a certain criteria, 

returning true if the values meeting those criteria are greater than one. Where: 

Q3:Q243 – The array Excel will check for the following criteria, 
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MAX(Q3:Q243) – The criteria Excel will look for, the relative position of the largest value in the 

array Q3:Q243 

"DUPLICATE MAX", - The ‘then’ section of the IF() equation, a message notifying the user that they will need 

to manually select one of the two or more maximum values occurring in the column 

MATCH(MAX(Q3:Q243),Q3:Q243,0)-MAX(Q3:Q243)+3 – The ‘otherwise’ section of the IF () equation, this 

equation identifies the relative position of the maximum value in the array and uses a modifier to 

identify the row number of the smallest value in the maximum value’s population of contiguous 

values using the following. Where: 

MAX(Q3:Q243) – The value to be looked up in the MATCH() equation, identifies the relative 

position of the largest value in the array Q3:Q243, 

Q3:Q243 – The array in the MATCH() equation 

0 – The match type of the MATCH() equation, as this type is “0” Excel will look for an exact match 

-MAX(Q3:Q243)+3 – The modifier that uses the maximum value (whose value is always as many 

cells away from the minimum value) to identify the relative position of the minimum value, 

and then adjust for its position in the spreadsheet (+3). 

Row 247 (for S as a constant) or 248 (for ∆T as a constant) columns Q through IW are used to identify the 

last member of the largest contiguous population of each column: =MATCH(MAX(Q3:Q243),Q3:Q243,0)+2 

 Where: 

MATCH(MAX(Q3:Q243),Q3:Q243,0) - This equation identifies the relative position of the maximum value in 

the array and uses a modifier to identify the row number of the smallest value in the maximum 

value’s population of contiguous values using the following: 

MAX(Q3:Q243), - The value to be looked up in the MATCH() equation, identifies the relative 

position of the largest value in the array Q3:Q243, 

Q3:Q243 - The array in the MATCH() equation 

0 - The match type of the MATCH() equation, as this type is zero Excel will look for an exact match 
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+2 – A modifier which adjusts the relative position of the maximum value to its actual position in the 

spreadsheet
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Linear Analysis with S and ∆T as Constants in the Hottel-Whillier Equation and its Derivatives 

The remaining equations are generally the same between the spreadsheets with S or ∆T as a constant, 

however the calculations based on ∆T do vary between different versions of HW equation form. Using the row 

numbers found in rows 247 and 248 (first and last members of the largest contiguous population), Excel can create 

“A1” style reference numbers which may be used for calculations. The advantage to using reference numbers is they 

can be set up to automatically adjust based on our findings from rows 3-243 columns Q-IW, greatly expediting the 

process of analyzing data. The first reference that must be located is the Qo for the first member of the largest 

contiguous population, found using the following equation which is used in row 249 columns Q through IW:  

=ADDRESS(Q247,9,1,1) – Returns a reference address 

Q247, - This first section of ADDRESS() is where the row number for the “A1” style reference is located, as 

the desired row number fluctuates, a cell reference is used which varies based upon its own 

calculation as discussed earlier in the section. 

9, - Where the column number for the “A1” style reference is located, as the desired column (Column I, Qo) 

remains fixed we use the column number 

1, - Defines the type of reference, in this case it returns an absolute value (fixed in place) 

1, - Defines whether the reference address output is “A1” style or R1C1 style, in this case it returns an “A1” 

style reference 

The next reference that must be located is the Qo for the last member of the largest contiguous population, 

found using the following equation which is used in row 250 columns Q through IW: =ADDRESS(Q248,9,1,1). This 

equation is exactly the same as the previous, with the exception that it looks at Q248 which identifies the row in which 

the last member of the largest contiguous population in column Q occurs. 

The next reference that must be located is the S or ∆T (S for a spreadsheet using ∆T as a constant, ∆T for a 

spreadsheet using S as a constant) for the first member of the largest contiguous population, found using the following 

equation which is used in either rows 251, 253, or 255, columns Q through IW: =ADDRESS(Q247,11,1,1). This 

equation is exactly the same as that of the Qo for the first member, with the following exceptions: it uses either 
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columns: 6 (F), 7 (G), 8 (H) or 11 (J) depending on whether the constant is in 6 (Tfi-Ta), 7 ((Tfi+Tfo)/2-Ta), 8 (((Tfo-

Tfi)/ln(Tfo/Tfi))-Ta) or 11 (S). 

A reference is then located for the S or ∆T for the last member of the largest contiguous population, found 

using the following equation which is used in either rows 252, 254, or 256 columns Q through IW: 

=ADDRESS(Q248,11,1,1) This equation is exactly the same as the previous, with the exception that it looks at Q248 

which identifies the row in which the last member of the largest contiguous population in column Q occurs. 

These reference locations can now be used in a series of calculations the first of which is the intercept and 

slope of either S versus Qo or ∆T versus Qo. The intercept is found using the following equation which is used in either 

rows 257, 259, or 261 columns Q through IW, depending upon the ∆T being evaluated:  

=INTERCEPT(INDIRECT(Q249):INDIRECT(Q250),INDIRECT(Q251):INDIRECT(Q252)) Where: 

INDIRECT(Q249) – The first reference to the y’s for which an intercept is to be calculated, 

INDIRECT() was used as this function will locate the reference in an alternate location as 

our value for y fluctuates 

INDIRECT(Q250) – The second reference to the y’s for which an intercept is to be calculated 

INDIRECT(Q251) – The first reference to the x’s for which an intercept is to be calculated 

INDIRECT(Q252) – The second reference to the x’s for which an intercept is to be calculated 

The slope is found using the following equation which is used in either rows 258, 260, or 262 columns Q 

through IW, depending upon the ∆T being evaluated:  

=SLOPE(INDIRECT(Q249):INDIRECT(Q250),INDIRECT(Q251):INDIRECT(Q252)). It is the same as the previous 

except it calculates a slope rather than an intercept. 

The next set of equations are based on whether the equation being analyzed is the HW, AV, or LM 

equations. The kind of equation dictates the means by which their constants are calculated as discussed in Sections 

XVIII and 2.8.3. These constants, FR and UL, are calculated using the following equations: 
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FR (Tfi -Ta) =Q257/INDIRECT(Q245) – Q257 is the intercept of (Tfi -Ta), and Q245 is the 

location of the row number where value of S being analyzed is located 

UL (Tfi-Ta) =-(Q258/Q263) – Q258 is the slope of (Tfi -Ta), and Q263 is the location of the FR 

calculated in the previous equation 

FR (AV-Ta) =Q259/INDIRECT(Q245) – Q259 is the intercept of (AV-Ta), and Q245 is the 

location of the row number where value of S being analyzed is located 

UL (AV-Ta) =-Q260 – Q260 is the slope of (AV-Ta) 

FR (LgM-Ta) =Q261/INDIRECT(Q245) - Q261 is the intercept of (LgM-Ta), and Q245 is the 

location of the row number where value of S being analyzed is located 

UL (LgM-Ta) =-Q262 - Q262 is the slope of (LgM-Ta) 

The outputs from this spreadsheet include a value of FR, UL, HW, AV, and LM for every single data point 

allowing ΔT to vary while holding S constant. The same methodology is used for holding ΔT constant, though, as 

previously noted above, the equations change slightly to allow S to vary and hold ΔT constant. Now we use the 

resulting data set to determine what our chosen constant values will be. To make this determination we compare the 

calculated slope and intercept value for each data point and plot it vs. either S or ΔT. To identify and filter outliers, we 

sort this data by population, time, S, or ∆T and plot slopes and intercepts of individual members. Subsets of the data 

can be used to identify those values behaving as outliers. The initial belief was that a smaller population (the number of 

other values of S or ∆T within 2% of a value being considered, and meeting the criteria mentioned earlier in this 

section) would be most indicative of possible outliers. Population value subsets were chosen arbitrarily based upon 

subsets that appeared to exclude possible outliers. To compare time, S, and ∆T subsets to those of population, their 

subsets were chosen based on a value that would remove a similar quantity of values as were removed by the 

arbitrarily selected subsets of population. 

We can then select the data points to be used in constant calculation based on which subset eliminates the 

most outliers and presumably gives a better fit. Those data points of constants that remain are averaged and from this 

average, the FR and UL are found in the standard way (see Section 2.8). The predicted value of QU can then be 

calculated for each individual point and compared to the value of QO. Initial results were compared graphically via plots 
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of slopes and intercepts. The subsets to be used in the QU versus Qo analysis were identified by calculation of the 

slope of the plot of the possible slopes and intercepts. As they will be used in the calculation of constants, in theory the 

slope of the slopes and intercepts should be as close to zero as possible, but the y-intercept must not be zero. The 

available slopes of the slopes and intercepts for all versions of the HW equation and all versions of the population, 

time, S, and ∆T were added to a table and sorted to identify the flattest slope (closest to zero) (see Appendix C). The 

subsets with the flattest slope for population, time, S, and ∆T, were then used to calculate QU and plotted versus QO for 

all versions of the HW equation. The most accurate variant of the HW equation and subset type could then be 

identified by the nearness of the plot’s slope to one, where a slope of one indicates a perfect prediction of real world 

conditions. 
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APPENDIX C – RESULTS SUPPLEMENT – OUTLIER EXCLUSION METHOD 

Constant Versus.. Eqn Form Sorted By 

Values 
Greater Than 
or Equal To.. Slope Abs Slope 

dT Slope HW Time 11:00 0.0079 0.0079 
dT Slope HW Population 3 0.0199 0.0199 
S Slope HW Time 12:00 0.0243 0.0243 
S Slope HW dT 40°C 0.0271 0.0271 
S Slope HW Time 11:00 0.0305 0.0305 
S Slope HW dT 30°C 0.0309 0.0309 
S Slope HW Time 10:30 -0.0328 0.0328 
S Slope HW Time 11:30 0.0337 0.0337 
dT Slope HW Time All 0.0355 0.0355 
dT Slope HW S All 0.0355 0.0355 
dT Slope HW Population All 0.0355 0.0355 
S Slope HW dT 20°C -0.0440 0.044 
S Slope HW Population 15 -0.0531 0.0531 
dT Slope HW S 715 0.0548 0.0548 
dT Slope HW S 680 0.0548 0.0548 
S Slope HW Population 20 0.0619 0.0619 
dT Slope HW S 650 0.0678 0.0678 
S Slope HW Time All -0.0791 0.0791 
S Slope HW Population All -0.0791 0.0791 
S Slope HW dT All -0.0791 0.0791 
dT Slope HW Population 12 -0.0807 0.0807 
dT Slope LM Population 12 0.1074 0.1074 
dT Slope HW Time 11:30 0.1158 0.1158 
S Slope HW Population 30 -0.1331 0.1331 
dT Slope HW Time 10:30 0.1347 0.1347 
S Slope LM Time All -0.1455 0.1455 
S Slope LM Population All -0.1455 0.1455 
S Slope LM dT S -0.1455 0.1455 
S Slope AV dT All -0.1469 0.1469 
S Slope AV Population All -0.1469 0.1469 
S Slope AV Time All -0.1469 0.1469 
dT Slope HW Population 6 0.1622 0.1622 
dT Slope AV S 715 0.1818 0.1818 
dT Slope LM Time 11:00 0.1842 0.1842 
dT Slope AV Time 11:00 0.1875 0.1875 
S Slope LM dT 20°C -0.1946 0.1946 
S Slope AV dT 20°C -0.1971 0.1971 
dT Slope LM S 715 0.2122 0.2122 
dT Slope LM S 680 0.2223 0.2223 
dT Slope LM Time 10:30 0.2228 0.2228 
S Slope LM Population 15 -0.2279 0.2279 
S Slope AV Population 15 -0.2313 0.2313 
dT Slope LM Population 3 0.2336 0.2336 
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dT Slope AV Time 10:30 0.2381 0.2381 
dT Slope LM Time All 0.2408 0.2408 
dT Slope LM S All 0.2408 0.2408 
dT Slope AV Time All 0.2494 0.2494 
dT Slope AV S All 0.2494 0.2494 
dT Slope AV Population All 0.2494 0.2494 
dT Slope AV Population 3 0.2500 0.25 
dT Slope AV S 680 0.2554 0.2554 
S Slope LM Time 10:30 -0.2825 0.2825 
S Intercept HW Time 12:00 -0.2837 0.2837 
dT Slope LM Population 6 0.2851 0.2851 
S Slope AV Time 10:30 -0.2873 0.2873 
dT Slope AV Population 6 0.2896 0.2896 
dT Slope LM S 650 0.3023 0.3023 
dT Slope AV S 650 0.3131 0.3131 
S Slope LM dT 30°C -0.3443 0.3443 
dT Slope LM Time 11:30 0.3509 0.3509 
S Slope AV dT 30°C -0.3511 0.3511 
S Slope LM Time 12:00 -0.3685 0.3685 
S Slope AV Time 12:00 -0.3758 0.3758 
dT Slope AV Time 11:30 0.3794 0.3794 
S Slope LM Time 11:00 -0.3824 0.3824 
S Slope AV Time 11:00 -0.3903 0.3903 
S Slope LM dT 40°C -0.3921 0.3921 
S Slope LM Time 11:30 -0.3924 0.3924 
S Slope AV dT 40°C -0.4002 0.4002 
S Slope AV Time 11:30 -0.4005 0.4005 
dT Slope LM Population All -0.4107 0.4107 
dT Slope AV Time 12:00 -0.4182 0.4182 
S Intercept HW dT 40°C -0.4236 0.4236 
dT Slope AV Population 12 -0.4248 0.4248 
dT Slope LM Time 12:00 -0.4284 0.4284 
dT Slope HW Time 12:00 -0.4510 0.451 
S Slope LM Population 20 -0.4896 0.4896 
S Slope AV Population 20 -0.5009 0.5009 
S Slope LM Population 30 -0.5066 0.5066 
S Slope AV Population 30 -0.5158 0.5158 
S Intercept HW Time 11:00 -0.6010 0.601 
S Intercept HW dT 30°C -0.6108 0.6108 
S Intercept HW Time 11:30 -0.7145 0.7145 
S Intercept HW Time 10:30 1.3805 1.3805 
S Intercept HW dT 20°C 1.7654 1.7654 
S Intercept HW Population 15 2.1290 2.129 
S Intercept HW Time All 2.6201 2.6201 
S Intercept HW dT All 2.6201 2.6201 
S Intercept HW Population All 2.6210 2.621 
S Intercept HW Population 20 -2.9641 2.9641 
S Intercept HW Population 30 5.5108 5.5108 



146 

 

S Intercept LM dT All 5.9656 5.9656 
S Intercept LM Population All 5.9656 5.9656 
S Intercept LM Time All 5.9656 5.9656 
S Intercept AV dT All 6.0296 6.0296 
S Intercept AV Population All 6.0296 6.0296 
S Intercept AV Time All 6.0296 6.0296 
S Intercept LM dT 20°C 8.8127 8.8127 
S Intercept AV dT 20°C 8.9384 8.9384 
S Intercept LM Population 15 10.9400 10.94 
S Intercept AV Population 15 11.1120 11.112 
S Intercept LM Time 10:30 14.1250 14.125 
S Intercept AV Time 10:30 14.3760 14.376 
dT Intercept HW Time 11:00 -15.0970 15.097 
S Intercept LM dT 30°C 18.2150 18.215 
S Intercept AV dT 30°C 18.5740 18.574 
S Intercept LM Time 12:00 19.7410 19.741 
S Intercept AV Time 12:00 20.1280 20.128 
S Intercept LM Time 11:00 20.4130 20.413 
S Intercept AV Time 11:00 20.8310 20.831 
S Intercept LM dT 40°C 20.9370 20.937 
S Intercept LM Time 11:30 20.9580 20.958 
S Intercept AV dT 40°C 21.3680 21.368 
S Intercept AV Time 11:30 21.3890 21.389 
dT Intercept HW Population 3 -21.6240 21.624 
S Intercept LM Population 30 24.6910 24.691 
S Intercept LM Population 20 24.9240 24.924 
S Intercept AV Population 30 25.1770 25.177 
S Intercept AV Population 20 25.5160 25.516 
dT Intercept HW Time All -28.3500 28.35 
dT Intercept HW S All -28.3500 28.35 
dT Intercept HW Population All -28.3500 28.35 
dT Intercept HW S 680 -42.6110 42.611 
dT Intercept HW S 715 43.7500 43.75 
dT Intercept HW Population 12 49.9580 49.958 
dT Intercept HW S 650 -52.5620 52.562 
dT Intercept LM Population 12 -82.0230 82.023 
dT Intercept HW Time 11:30 -96.5570 96.557 
dT Intercept HW Time 10:30 -98.4920 98.492 
dT Intercept HW Population 6 -125.9800 125.98 
dT Intercept AV S 715 -134.5000 134.5 
dT Intercept LM Time 11:00 -141.4700 141.47 
dT Intercept AV Time 11:00 -143.7100 143.71 
dT Intercept LM Time 10:30 -161.1300 161.13 
dT Intercept LM Population 3 -161.8800 161.88 
dT Intercept LM Time All -162.2600 162.26 
dT Intercept LM S All -162.2600 162.26 
dT Intercept LM S 680 -163.7800 163.78 
dT Intercept AV Time All -167.4800 167.48 
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dT Intercept AV S All -167.4800 167.48 
dT Intercept AV Population All -167.4800 167.48 
dT Intercept LM S 715 -167.4900 167.49 
dT Intercept AV Time 10:30 -171.3700 171.37 
dT Intercept AV Population 3 -172.3200 172.32 
dT Intercept AV S 680 -175.9700 175.97 
dT Intercept LM S 650 -210.2800 210.28 
dT Intercept LM Population 6 -213.0700 213.07 
dT Intercept AV Population 6 -216.3200 216.32 
dT Intercept AV S 650 -217.4000 217.4 
dT Intercept LM Time 11:30 -264.9500 264.95 
dT Intercept AV Time 11:30 -286.1500 286.15 
dT Intercept LM Population All 305.2400 305.24 
dT Intercept AV Time 12:00 311.2000 311.2 
dT Intercept AV Population 12 315.8300 315.83 
dT Intercept LM Time 12:00 319.7200 319.72 
dT Intercept HW Time 12:00 327.5600 327.56 
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APPENDIX D – RESULTS SUPPLEMENT – OUTLIER EXCLUSION METHOD, INSOLATIONS >715 W/M2 EVALUATION 

The dichotomy between the values calculated for the AV model and LM model on Figure 24, versus the other 

spreadsheets in this analysis (Figures 16 through 23) were evaluated to confirm the accuracy of the data and 

methodology. The data and all analysis were checked for accuracy, and then subjected to general statistics analysis to 

investigate whether the AV data differed from the LM data. The results may be seen in the following pages, and the 

discussion is below. 

These analyses indicate that the AV and LM slopes and intercepts as a whole are very similar, however 

starting at the 64th point for the intercept and the 65th point for the slope (the table is sorted by S), the LM begins to 

more closely resemble the HW model. The average, maximum, and minimum values of the AV and LM calculated 

intercepts and slopes are approximately the same for the data set as a whole. The overall data set averages for AV 

and LM are also very similar and are much closer to one another than either is to the HW overall average. The 

difference between individual data points becomes smaller for HW and LM when compared to AV and LM, as may be 

noted in the “Average of All Following Values” section. The pattern of values appearing in the top 20% of the data set 

also begin to favor HW and LM at this point, which also suggests some similarities at comparable values of S. 

This suggests our results, though unexpected, may be correct. We would expect to see fewer similarities 

between the AV and LM data if the sort of systematic error that could have been missed in the review of the equations, 

were present. What appears to have occurred, is that a subset of data was selected that falsely represents the overall 

data set. The resulting set does not match our expectations of the equation, though the data set as a whole appears 

too. 

 
Legend 

 
 

‐Indicates the two most similar slope general statistics

‐Indicates the two most similar intercept general statistics
4.74 ‐Indicates the top 20% of values in a slope column

14227.91 ‐Indicates the top 20% of values in an intercept column

‐Indicates the difference between averages of intercepts of HW and LM is greater than that of AV and LM

‐Indicates the difference between averages of slopes of HW and LM is greater than that of AV and LM

‐Indicates the first data point used
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All Points S In (Tfi-Ta) In (Av-Ta) In (LgM-Ta) Sl (Tfi-Ta) Sl (Av-Ta) Sl (LgM-Ta)

Average 709.49093 -332.11 957.12 833.57 1.13 -0.75 -0.58

MAX 755.70354 13910.11 23270.76 23270.76 28.60 21.81 21.81

MIN 607.72102 -18443.29 -15188.35 -15188.35 -19.76 -34.63 -34.63

S In (Tfi-Ta) In (Av-Ta) In (LgM-Ta) Sl (Tfi-Ta) Sl (Av-Ta) Sl (LgM-Ta) In (Tfi-Ta) In (Av-Ta) In (LgM-Ta) Sl (Tfi-Ta) Sl (Av-Ta) Sl (LgM-Ta)

1 607.72102 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 1 ‐332.11 957.12 833.57 1.13 ‐0.75 ‐0.58
2 609.97564 -2430.17 1153.30 1153.30 4.74 -1.13 -1.13 2 ‐332.11 957.12 833.57 1.13 ‐0.75 ‐0.58
3 612.44119 -2430.17 1153.30 1153.30 4.74 -1.13 -1.13 3 ‐323.10 956.29 832.21 1.12 ‐0.75 ‐0.58
4 614.33445 #DIV/0! 1153.30 1153.30 #DIV/0! -1.13 -1.13 4 ‐314.02 955.46 830.85 1.10 ‐0.75 ‐0.58
5 616.22165 #DIV/0! 14227.91 14227.91 #DIV/0! -22.26 -22.26 5 ‐314.02 954.62 829.47 1.10 ‐0.75 ‐0.57
6 618.55753 #DIV/0! 14227.91 14227.91 #DIV/0! -22.26 -22.26 6 ‐314.02 897.89 771.97 1.10 ‐0.66 ‐0.48
7 620.88217 -2726.13 918.38 918.38 5.15 -0.72 -0.72 7 ‐314.02 840.68 713.97 1.10 ‐0.56 ‐0.39
8 622.5325 918.38 2561.06 918.38 -0.72 -3.36 -0.72 8 ‐303.58 840.35 713.08 1.08 ‐0.56 ‐0.38
9 624.5295 3756.36 2561.06 2561.06 -5.27 -3.36 -3.36 9 ‐308.89 832.90 712.19 1.09 ‐0.55 ‐0.38
10 626.15908 -6508.64 1075.98 -1213.88 11.12 -0.97 2.68 10 ‐326.64 825.38 704.11 1.12 ‐0.54 ‐0.37
11 628.20967 -6508.64 -6508.64 -6508.64 11.12 11.12 11.12 11 ‐299.53 824.29 712.53 1.08 ‐0.54 ‐0.38
12 630.39686 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 12 ‐272.18 856.45 744.34 1.03 ‐0.59 ‐0.43
13 632.76213 4086.62 4086.62 4086.62 -5.69 -5.69 -5.69 13 ‐272.18 856.45 744.34 1.03 ‐0.59 ‐0.43
14 634.53781 2851.46 2851.46 2851.46 -3.74 -3.74 -3.74 14 ‐291.46 842.22 729.55 1.06 ‐0.57 ‐0.41
15 636.3766 -5865.43 1607.37 1607.37 9.97 -1.78 -1.78 15 ‐305.43 833.33 720.12 1.08 ‐0.55 ‐0.40
16 638.54823 -3258.95 1558.60 1558.60 5.87 -1.70 -1.70 16 ‐280.61 829.89 716.16 1.04 ‐0.55 ‐0.39
17 640.24092 -3258.95 20401.80 20401.80 5.87 -31.01 -31.01 17 ‐267.25 826.64 712.38 1.02 ‐0.54 ‐0.38
18 642.10738 -2134.42 -2134.42 -2134.42 4.12 4.12 4.12 18 ‐253.78 738.86 623.69 1.00 ‐0.40 ‐0.25
19 644.04731 2184.97 2184.97 2184.97 -2.60 -2.60 -2.60 19 ‐245.27 751.80 636.17 0.99 ‐0.43 ‐0.27
20 645.86276 2184.97 2184.97 2184.97 -2.60 -2.60 -2.60 20 ‐256.32 745.31 629.13 1.00 ‐0.42 ‐0.26
21 647.33068 2018.92 2184.97 2184.97 -2.34 -2.60 -2.60 21 ‐267.46 738.77 622.02 1.02 ‐0.41 ‐0.24
22 649.31471 9501.83 2184.97 2184.97 -13.95 -2.60 -2.60 22 ‐277.95 732.17 614.86 1.03 ‐0.40 ‐0.23
23 651.30825 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 23 ‐323.02 725.50 607.62 1.10 ‐0.39 ‐0.22
24 653.08912 -926.84 -926.84 -926.84 2.20 2.20 2.20 24 ‐323.02 725.50 607.62 1.10 ‐0.39 ‐0.22
25 653.89224 780.99 -2522.20 274.03 -6.29 4.03 0.29 25 ‐320.22 733.12 614.72 1.10 ‐0.40 ‐0.23
26 654.95817 -926.84 274.03 -926.84 2.20 0.29 2.20 26 ‐325.35 748.19 616.31 1.13 ‐0.42 ‐0.24
27 655.81056 -242.37 -6209.29 274.03 1.01 8.93 0.29 27 ‐322.53 750.39 623.52 1.13 ‐0.42 ‐0.25
28 656.60936 10011.41 -926.84 23270.76 -14.46 2.20 -34.63 28 ‐322.91 782.92 625.16 1.13 ‐0.46 ‐0.25
29 657.94934 -242.29 -4533.96 567.01 0.99 6.70 -0.23 29 ‐371.66 790.94 518.34 1.20 ‐0.48 ‐0.09
30 658.09371 10011.41 274.03 23270.76 -14.46 0.29 -34.63 30 ‐372.27 816.06 518.11 1.20 ‐0.51 ‐0.09
31 659.41553 75.05 -3873.88 75.05 0.52 5.83 0.52 31 ‐421.72 818.63 409.76 1.28 ‐0.51 0.08
32 659.79937 -18443.29 23270.76 23270.76 28.60 -34.63 -34.63 32 ‐424.09 840.97 411.37 1.28 ‐0.55 0.07
33 660.56272 75.05 -6209.29 567.01 0.52 8.93 -0.23 33 ‐337.46 733.65 301.47 1.15 ‐0.38 0.24
34 661.38832 -242.29 -974.96 567.01 0.99 1.99 -0.23 34 ‐339.46 767.03 300.18 1.15 ‐0.43 0.24
35 661.4471 -12673.15 952.59 -628.51 19.87 -0.65 1.71 35 ‐339.93 775.45 298.89 1.15 ‐0.44 0.25
36 662.55366 -439.95 241.89 567.01 1.29 0.38 -0.23 36 ‐279.77 774.59 303.41 1.06 ‐0.44 0.24
37 663.19253 -12673.15 23270.76 -628.51 19.87 -34.63 1.71 37 ‐278.98 777.19 302.12 1.06 ‐0.44 0.24
38 663.76224 -357.80 -3873.88 952.59 1.17 5.83 -0.65 38 ‐217.93 666.93 306.70 0.97 ‐0.27 0.23
39 664.3743 -628.51 1051.98 -628.51 1.71 -0.89 1.71 39 ‐217.23 689.29 303.51 0.97 ‐0.30 0.24
40 665.94942 6571.97 23270.76 2331.09 -9.05 -34.63 -2.70 40 ‐215.19 687.50 308.14 0.96 ‐0.30 0.23
41 665.95029 -60.26 2333.52 -273.61 0.72 -2.40 1.04 41 ‐249.12 575.14 298.03 1.01 ‐0.13 0.25
42 667.21851 75.05 241.89 567.01 0.52 0.38 -0.23 42 ‐250.07 566.35 300.90 1.02 ‐0.12 0.24
43 668.14093 1113.01 567.01 1113.01 -0.89 -0.23 -0.89 43 ‐251.71 567.98 299.56 1.02 ‐0.12 0.24
44 669.16709 -179.25 -974.96 1051.98 0.90 1.99 -0.89 44 ‐258.64 567.99 295.43 1.03 ‐0.12 0.25
45 669.41779 2331.09 567.01 2331.09 -2.70 -0.23 -2.70 45 ‐259.05 575.82 291.57 1.03 ‐0.13 0.26
46 670.51744 -282.54 -467.51 1051.98 1.05 1.32 -0.89 46 ‐272.33 575.86 281.11 1.05 ‐0.13 0.27
47 671.33958 868.25 -628.51 868.25 -0.52 1.71 -0.52 47 ‐272.28 581.22 277.13 1.05 ‐0.14 0.28
48 672.01562 -282.54 -974.96 1051.98 1.05 1.99 -0.89 48 ‐278.19 587.45 274.07 1.06 ‐0.15 0.28
49 672.85591 868.25 952.59 868.25 -0.52 -0.65 -0.52 49 ‐278.16 595.55 270.02 1.06 ‐0.16 0.29
50 673.50342 -970.23 -642.22 -282.54 2.07 1.55 1.05 50 ‐284.17 593.69 266.89 1.06 ‐0.16 0.29
51 674.72582 13910.11 -628.51 7556.44 -19.76 1.71 -10.35 51 ‐280.55 600.16 269.78 1.06 ‐0.17 0.29
52 674.84513 -120.49 538.00 -544.53 0.81 -0.02 1.44 52 ‐355.64 606.62 231.23 1.17 ‐0.18 0.34
53 676.00269 13910.11 952.59 7556.44 -19.76 -0.65 -10.35 53 ‐356.89 606.99 235.35 1.17 ‐0.18 0.34
54 677.07208 -970.23 -642.22 -1816.78 2.07 1.55 3.31 54 ‐433.18 605.15 196.20 1.28 ‐0.17 0.40
55 677.41615 7556.44 -628.51 7556.44 -10.35 1.71 -10.35 55 ‐430.29 611.82 207.02 1.28 ‐0.18 0.38
56 678.66276 -959.43 -6209.29 -1014.72 2.05 8.93 2.13 56 ‐473.47 618.49 167.30 1.34 ‐0.19 0.44
57 679.55924 1121.18 2331.09 7556.44 -0.87 -2.70 -10.35 57 ‐470.83 655.40 173.72 1.34 ‐0.24 0.43
58 680.29839 4706.92 -273.61 4706.92 -6.12 1.04 -6.12 58 ‐479.52 646.29 133.38 1.35 ‐0.23 0.49
59 680.64073 -959.43 -4558.50 -1014.72 2.05 6.73 2.13 59 ‐508.02 651.31 108.25 1.39 ‐0.24 0.52
60 681.73692 1581.29 567.01 1581.29 -1.53 -0.23 -1.53 60 ‐505.53 679.94 114.45 1.39 ‐0.27 0.51
61 682.45186 -970.23 -1697.00 -1302.20 2.07 2.95 2.55 61 ‐517.12 680.56 106.31 1.40 ‐0.27 0.53
62 683.18582 4706.92 1113.01 3647.15 -6.12 -0.89 -4.56 62 ‐514.59 693.77 114.17 1.40 ‐0.29 0.51
63 684.1506 -120.49 -6209.29 -1014.72 0.81 8.93 2.13 63 ‐543.92 691.43 94.33 1.44 ‐0.29 0.54
64 684.60014 #DIV/0! 1051.98 1995.31 #DIV/0! -0.89 -2.14 64 ‐546.32 730.20 100.59 1.44 ‐0.34 0.53
65 685.44303 -970.23 -4586.57 -1014.72 2.07 6.80 2.13 65 ‐546.32 728.38 89.83 1.44 ‐0.34 0.55
66 686.03867 7874.75 2331.09 7874.75 -10.72 -2.70 -10.72 66 ‐543.91 758.58 96.14 1.44 ‐0.38 0.54
67 686.64209 -959.43 -4586.57 -1014.72 2.05 6.80 2.13 67 ‐592.01 749.59 51.43 1.51 ‐0.36 0.61
68 687.5576 -970.23 -5950.33 -1302.20 2.07 8.62 2.55 68 ‐589.90 780.26 57.60 1.51 ‐0.41 0.60
69 687.72358 -282.54 -6209.29 -544.53 1.05 8.93 1.44 69 ‐587.70 819.17 65.50 1.50 ‐0.46 0.58
70 687.75643 7874.75 1051.98 7874.75 -10.72 -0.89 -10.72 70 ‐589.48 860.03 69.07 1.51 ‐0.51 0.58
71 688.58981 -179.25 5789.02 -282.54 0.90 -6.99 1.05 71 ‐638.98 858.91 23.15 1.58 ‐0.51 0.65
72 688.96068 7874.75 868.25 7874.75 -10.72 -0.52 -10.72 72 ‐641.68 829.91 24.96 1.58 ‐0.47 0.64
73 690.29633 -14040.17 1051.98 -14040.17 21.09 -0.89 21.09 73 ‐692.07 829.68 ‐21.76 1.66 ‐0.47 0.71
74 690.43552 -439.95 10765.74 567.01 1.29 -13.61 -0.23 74 ‐612.62 828.36 62.18 1.54 ‐0.47 0.59
75 692.02447 -14040.17 868.25 -14040.17 21.09 -0.52 21.09 75 ‐613.66 768.85 59.14 1.54 ‐0.39 0.59

Average of All Following Values

The average of data 
point 1 through 241.
The next row is 2 
through 241, etc.
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S In (Tfi-Ta) In (Av-Ta) In (LgM-Ta) Sl (Tfi-Ta) Sl (Av-Ta) Sl (LgM-Ta) In (Tfi-Ta) In (Av-Ta) In (LgM-Ta) Sl (Tfi-Ta) Sl (Av-Ta) Sl (LgM-Ta)

75 692.02447 -14040.17 868.25 -14040.17 21.09 -0.52 21.09 75 ‐613.66 768.85 59.14 1.54 ‐0.39 0.59
76 692.43251 78.07 -5950.33 274.03 0.51 8.62 0.29 76 ‐532.77 768.25 144.59 1.42 ‐0.39 0.47
77 693.3022 -14040.17 -282.54 2300.33 21.09 1.05 -2.54 77 ‐536.47 808.97 143.80 1.43 ‐0.44 0.47
78 694.14595 75.05 -6490.70 75.05 0.52 9.34 0.52 78 ‐454.14 815.63 130.57 1.31 ‐0.45 0.49
79 694.76061 1332.49 7556.44 7278.68 -1.16 -10.35 -9.68 79 ‐457.38 860.45 130.91 1.31 ‐0.51 0.49
80 696.04007 -60.26 -7765.84 -544.53 0.72 11.03 1.44 80 ‐468.43 819.12 86.52 1.33 ‐0.45 0.55
81 696.45417 1332.49 -544.53 7278.68 -1.16 1.44 -9.68 81 ‐470.97 872.44 90.46 1.33 ‐0.52 0.55
82 697.26939 -282.54 -2520.50 75.05 1.05 4.06 0.52 82 ‐482.24 881.30 45.25 1.35 ‐0.54 0.61
83 697.52355 -282.54 -8243.16 -273.61 1.05 11.67 1.04 83 ‐483.49 902.69 45.06 1.35 ‐0.57 0.61
84 698.17712 1332.49 7556.44 7278.68 -1.16 -10.35 -9.68 84 ‐484.76 960.58 47.09 1.35 ‐0.64 0.61
85 698.70792 78.07 -7765.84 884.41 0.51 11.03 -0.55 85 ‐496.34 918.56 0.74 1.37 ‐0.58 0.68
86 699.31739 1332.49 -1692.55 7278.68 -1.16 3.12 -9.68 86 ‐500.02 974.23 ‐4.97 1.37 ‐0.66 0.68
87 700.43173 -242.29 10765.74 567.01 0.99 -13.61 -0.23 87 ‐511.84 991.44 ‐52.26 1.39 ‐0.68 0.75
88 700.7516 2238.33 7556.44 2238.33 -2.44 -10.35 -2.44 88 ‐513.59 927.97 ‐56.31 1.39 ‐0.60 0.76
89 701.73367 -282.54 -6209.29 -544.53 1.05 8.93 1.44 89 ‐531.58 884.65 ‐71.41 1.42 ‐0.53 0.78
90 702.06304 1679.92 -1014.72 1679.92 -1.64 2.13 -1.64 90 ‐533.22 931.32 ‐68.27 1.42 ‐0.59 0.77
91 702.34055 -60.26 3323.35 1051.98 0.72 -3.72 -0.89 91 ‐547.88 944.20 ‐79.93 1.44 ‐0.61 0.79
92 703.51195 714.95 7556.44 690.27 -0.26 -10.35 -0.23 92 ‐551.13 928.34 ‐87.52 1.45 ‐0.59 0.80
93 703.6226 -970.23 241.89 -1014.72 2.07 0.38 2.13 93 ‐559.62 883.86 ‐92.78 1.46 ‐0.53 0.81
94 704.65741 714.95 4706.92 714.95 -0.26 -6.12 -0.26 94 ‐556.85 888.20 ‐86.51 1.45 ‐0.53 0.80
95 705.15968 -282.54 -3873.88 75.05 1.05 5.83 0.52 95 ‐565.50 862.22 ‐92.00 1.46 ‐0.49 0.81
96 705.86425 -1497.09 3934.09 -1692.55 2.83 -4.56 3.12 96 ‐567.44 894.66 ‐93.15 1.47 ‐0.54 0.81
97 706.05271 1679.92 -1014.72 1679.92 -1.64 2.13 -1.64 97 ‐561.03 873.70 ‐82.04 1.46 ‐0.51 0.79
98 706.98205 1260.06 1581.29 -1253.82 -1.04 -1.53 2.52 98 ‐576.59 886.81 ‐94.36 1.48 ‐0.53 0.81
99 707.17656 -282.54 3502.26 75.05 1.05 -3.96 0.52 99 ‐589.43 881.95 ‐86.20 1.50 ‐0.52 0.80

100 708.78367 714.95 -1302.20 714.95 -0.26 2.55 -0.26 100 ‐591.60 863.50 ‐87.34 1.50 ‐0.50 0.80
101 708.85023 75.05 2251.76 75.05 0.52 -2.35 0.52 101 ‐600.86 878.86 ‐93.07 1.51 ‐0.52 0.81
102 709.36893 -411.36 3323.35 75.05 1.25 -3.72 0.52 102 ‐605.69 869.05 ‐94.28 1.52 ‐0.51 0.81
103 710.00002 -179.25 6086.32 75.05 0.90 -7.43 0.52 103 ‐607.09 851.40 ‐95.51 1.52 ‐0.48 0.81
104 710.04151 4874.78 3647.15 2985.57 -6.07 -4.56 -3.42 104 ‐610.19 813.46 ‐96.75 1.53 ‐0.43 0.81
105 711.0573 -282.54 -2522.20 -544.53 1.05 4.03 1.44 105 ‐650.22 792.78 ‐119.42 1.58 ‐0.40 0.84
106 711.0599 4874.78 -1014.72 2985.57 -6.07 2.13 -3.42 106 ‐652.93 817.15 ‐116.27 1.59 ‐0.44 0.84
107 711.95811 -439.95 -8243.16 274.03 1.29 11.67 0.29 107 ‐693.87 830.72 ‐139.42 1.64 ‐0.45 0.87
108 712.41024 4874.78 1995.31 5695.60 -6.07 -2.14 -7.23 108 ‐695.77 898.44 ‐142.53 1.64 ‐0.54 0.88
109 712.88313 78.07 3029.49 75.05 0.51 -3.33 0.52 109 ‐737.65 890.19 ‐186.75 1.70 ‐0.53 0.94
110 713.41912 2985.57 -1014.72 2985.57 -3.42 2.13 -3.42 110 ‐743.83 873.98 ‐188.75 1.71 ‐0.51 0.94
111 713.84704 -411.36 -2522.20 -1816.78 1.25 4.03 3.31 111 ‐772.30 888.40 ‐213.17 1.75 ‐0.53 0.97
112 713.9724 2557.21 7874.75 4874.78 -2.82 -10.72 -6.07 112 ‐775.08 914.64 ‐200.74 1.76 ‐0.57 0.96
113 714.5957 274.03 -4533.96 -238.59 0.29 6.70 0.99 113 ‐800.91 860.68 ‐240.39 1.79 ‐0.49 1.01
114 715.27606 884.41 -3873.88 567.01 -0.55 5.83 -0.23 114 ‐809.31 902.83 ‐240.41 1.80 ‐0.54 1.01
115 715.4749 -4261.70 -1014.72 2985.57 6.68 2.13 -3.42 115 ‐822.64 940.44 ‐246.81 1.82 ‐0.59 1.02
116 716.26419 1134.41 4597.27 -1677.04 -0.90 -5.44 2.94 116 ‐795.35 955.96 ‐272.67 1.78 ‐0.62 1.06
117 716.43449 -4261.70 -1302.20 -4261.70 6.68 2.55 6.68 117 ‐810.79 926.83 ‐261.35 1.80 ‐0.58 1.04
118 717.62404 -4261.70 -544.53 -4261.70 6.68 1.44 6.68 118 ‐782.96 944.80 ‐228.82 1.76 ‐0.60 1.00
119 717.79608 -439.95 -2522.20 567.01 1.29 4.03 -0.23 119 ‐754.68 956.91 ‐195.77 1.72 ‐0.62 0.95
120 718.68651 -242.37 -4254.88 567.01 1.01 6.37 -0.23 120 ‐757.25 985.43 ‐202.07 1.73 ‐0.66 0.96
121 718.86719 -4261.70 7874.75 -4261.70 6.68 -10.72 6.68 121 ‐761.51 1028.74 ‐208.48 1.73 ‐0.72 0.97
122 718.98044 -439.95 4613.75 567.01 1.29 -5.46 -0.23 122 ‐732.34 971.69 ‐174.42 1.69 ‐0.63 0.92
123 719.53718 -15188.35 -282.54 -15188.35 21.81 1.05 21.81 123 ‐734.80 941.08 ‐180.70 1.70 ‐0.59 0.93
124 719.7827 -439.95 4751.83 75.05 1.29 -5.72 0.52 124 ‐612.31 951.45 ‐52.43 1.53 ‐0.61 0.75
125 720.41897 -7675.22 6410.85 -4689.87 11.38 -8.59 7.23 125 ‐613.78 918.97 ‐53.53 1.53 ‐0.56 0.75
126 720.87802 -439.95 2821.04 1051.98 1.29 -3.06 -0.89 126 ‐552.91 871.63 ‐13.22 1.44 ‐0.49 0.70
127 721.65694 -15188.35 -14040.17 -4689.87 21.81 21.09 7.23 127 ‐553.89 854.67 ‐22.56 1.44 ‐0.47 0.71
128 721.8964 1134.41 -3884.26 274.03 -0.90 5.92 0.29 128 ‐425.52 985.33 18.74 1.27 ‐0.66 0.65
129 722.25431 3013.52 567.01 1958.56 -3.44 -0.23 -1.98 129 ‐439.32 1028.43 16.46 1.28 ‐0.72 0.66
130 722.68396 -242.37 5918.45 838.29 1.01 -7.21 -0.49 130 ‐470.15 1032.54 ‐1.03 1.33 ‐0.72 0.68
131 723.00296 3013.52 -1053.66 -1048.46 -3.44 2.29 2.18 131 ‐472.21 988.53 ‐8.66 1.33 ‐0.66 0.69
132 723.62281 -439.95 6086.32 838.29 1.29 -7.43 -0.49 132 ‐503.89 1007.09 0.88 1.37 ‐0.69 0.68
133 724.18301 -1048.46 274.03 -1048.46 2.18 0.29 2.18 133 ‐504.48 960.49 ‐6.88 1.37 ‐0.63 0.69
134 724.33256 884.41 7875.72 274.03 -0.55 -9.83 0.29 134 ‐499.44 966.85 2.86 1.37 ‐0.64 0.67
135 724.54696 274.03 -1677.04 -238.59 0.29 2.94 0.99 135 ‐512.38 902.28 0.30 1.38 ‐0.55 0.68
136 725.8074 -1048.46 2300.33 -1048.46 2.18 -2.54 2.18 136 ‐519.80 926.62 2.57 1.39 ‐0.58 0.68
137 725.82901 -439.95 4597.27 1051.98 1.29 -5.44 -0.89 137 ‐514.76 913.53 12.68 1.39 ‐0.57 0.66
138 726.36587 300.75 75.05 300.75 0.33 0.52 0.33 138 ‐515.48 878.11 2.59 1.39 ‐0.52 0.68
139 726.78688 300.75 7278.68 300.75 0.33 -9.68 0.33 139 ‐523.40 885.91 ‐0.33 1.40 ‐0.53 0.68
140 727.47243 300.75 -544.53 581.39 0.33 1.44 -0.06 140 ‐531.48 823.23 ‐3.31 1.41 ‐0.44 0.68
141 727.51306 -1677.04 3774.72 -1677.04 2.94 -4.34 2.94 141 ‐539.72 836.78 ‐9.16 1.42 ‐0.46 0.69
142 728.60319 1431.01 7278.68 1431.01 -1.22 -9.68 -1.22 142 ‐528.35 807.40 7.69 1.40 ‐0.42 0.67
143 729.63022 -1128.24 75.05 742.59 2.29 0.52 -0.27 143 ‐548.14 742.03 ‐6.84 1.43 ‐0.33 0.69
144 729.95008 -4409.74 4751.83 -2584.13 6.64 -5.72 4.17 144 ‐542.22 748.84 ‐14.56 1.42 ‐0.33 0.70
145 730.72208 -1128.24 -273.61 117.45 2.29 1.04 0.58 145 ‐502.35 707.57 12.20 1.37 ‐0.28 0.66
146 731.46123 -145.49 7278.68 1431.01 0.94 -9.68 -1.22 146 ‐495.83 717.79 11.10 1.36 ‐0.29 0.66
147 731.94276 -1677.04 6376.69 -1677.04 2.94 -7.85 2.94 147 ‐499.52 648.73 ‐4.01 1.36 ‐0.19 0.68
148 731.9903 -196.56 884.41 6714.40 1.01 -0.55 -8.41 148 ‐486.99 587.79 13.98 1.35 ‐0.11 0.66
149 732.95163 1134.41 4751.83 274.03 -0.90 -5.72 0.29 149 ‐490.12 584.60 ‐58.85 1.35 ‐0.11 0.76
150 733.096 911.45 7278.68 6714.40 -0.50 -9.68 -8.41 150 ‐507.77 539.31 ‐62.51 1.37 ‐0.05 0.76
151 733.4418 -1677.04 3774.72 -1677.04 2.94 -4.34 2.94 151 ‐523.37 465.25 ‐137.81 1.39 0.06 0.86
152 734.38238 274.03 3774.72 -238.59 0.29 -4.34 0.99 152 ‐510.55 428.47 ‐120.51 1.38 0.11 0.84
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153 734.75065 911.45 567.01 6714.40 -0.50 -0.23 -8.41 153 ‐519.37 390.88 ‐119.17 1.39 0.16 0.84
154 734.82932 -1677.04 -3385.06 -2584.13 2.94 5.25 4.17 154 ‐535.63 388.87 ‐197.72 1.41 0.16 0.94
155 735.37742 1505.60 2238.33 6714.40 -1.31 -2.44 -8.41 155 ‐522.51 432.25 ‐169.97 1.39 0.11 0.91
156 735.71111 -320.43 6376.69 -238.59 1.10 -7.85 0.99 156 ‐546.09 411.25 ‐250.96 1.43 0.13 1.02
157 736.12607 1505.60 -544.53 5434.70 -1.31 1.44 -6.66 157 ‐548.74 341.07 ‐251.11 1.43 0.23 1.02
158 736.28255 1505.60 1679.92 3310.06 -1.31 -1.64 -3.75 158 ‐573.20 351.61 ‐319.61 1.46 0.21 1.11
159 736.74246 1505.60 1051.98 5434.70 -1.31 -0.89 -6.66 159 ‐598.25 335.61 ‐363.88 1.49 0.24 1.17
160 736.83842 274.03 -1677.04 -238.59 0.29 2.94 0.99 160 ‐623.90 326.87 ‐435.46 1.53 0.25 1.26
161 737.77554 -2697.00 690.27 435.51 4.39 -0.23 0.14 161 ‐634.99 351.61 ‐437.93 1.54 0.22 1.27
162 737.79369 274.03 6376.69 -238.59 0.29 -7.85 0.99 162 ‐609.21 347.38 ‐448.98 1.51 0.22 1.28
163 738.28127 -1677.04 -2584.13 -1677.04 2.94 4.17 2.94 163 ‐620.39 271.06 ‐451.68 1.52 0.32 1.29
164 738.29165 -1677.04 -1677.04 -1677.04 2.94 2.94 2.94 164 ‐606.85 307.66 ‐435.77 1.51 0.28 1.26
165 738.31499 -394.04 5434.70 -1677.04 1.20 -6.66 2.94 165 ‐592.95 333.44 ‐419.43 1.49 0.24 1.24
166 738.36599 -320.43 6376.69 -1677.04 1.10 -7.85 2.94 166 ‐595.57 266.32 ‐402.66 1.49 0.33 1.22
167 738.61237 -8197.42 -1014.72 60.17 11.81 2.13 0.66 167 ‐599.23 184.85 ‐385.44 1.50 0.44 1.20
168 738.98497 483.32 714.95 5434.70 0.07 -0.26 -6.66 168 ‐496.56 201.06 ‐391.55 1.36 0.42 1.20
169 739.28323 -3385.06 60.17 -2584.13 5.25 0.66 4.17 169 ‐509.98 194.02 ‐472.47 1.37 0.43 1.31
170 739.59099 -4409.74 -1677.04 -1677.04 6.64 2.94 2.94 170 ‐470.05 195.88 ‐442.73 1.32 0.42 1.27
171 739.84602 -15070.67 75.05 6376.69 21.11 0.52 -7.85 171 ‐414.56 222.26 ‐425.09 1.25 0.39 1.25
172 740.26184 -8197.42 -1692.55 6376.69 11.81 3.12 -7.85 172 ‐205.19 224.36 ‐523.67 0.96 0.39 1.38
173 740.69668 -4255.43 -1677.04 -1677.04 6.43 2.94 2.94 173 ‐89.36 252.14 ‐625.15 0.80 0.35 1.52
174 740.89379 6376.69 1679.92 6376.69 -7.85 -1.64 -7.85 174 ‐28.09 280.51 ‐609.45 0.72 0.31 1.50
175 741.60095 -3466.64 -2584.13 -3385.06 5.36 4.17 5.25 175 ‐123.68 259.62 ‐715.30 0.85 0.34 1.64
176 741.84301 2716.65 -1739.78 3774.72 -2.92 3.23 -4.34 176 ‐73.03 302.71 ‐674.22 0.78 0.28 1.58
177 742.3522 2617.90 75.05 3774.72 -2.79 0.52 -4.34 177 ‐115.95 334.13 ‐743.74 0.84 0.23 1.67
178 742.90721 4898.39 -1677.04 4751.83 -5.88 2.94 -5.72 178 ‐158.67 338.18 ‐815.46 0.90 0.23 1.77
179 743.52706 6376.69 714.95 6376.69 -7.85 -0.26 -7.85 179 ‐238.94 370.17 ‐905.25 1.00 0.19 1.89
180 744.16333 2022.62 -238.59 4751.83 -2.01 0.99 -5.72 180 ‐345.64 364.61 ‐1024.63 1.15 0.19 2.05
181 744.43219 2716.65 75.05 3774.72 -2.92 0.52 -4.34 181 ‐384.47 374.50 ‐1120.90 1.20 0.18 2.18
182 745.03475 4597.27 75.05 4597.27 -5.44 0.52 -5.44 182 ‐436.15 379.49 ‐1203.88 1.27 0.18 2.29
183 745.12638 -176.97 435.51 -1677.04 0.94 0.14 2.94 183 ‐521.46 384.65 ‐1303.90 1.38 0.17 2.42
184 745.39697 7960.07 274.03 7875.72 -9.95 0.29 -9.83 184 ‐527.40 383.77 ‐1297.35 1.39 0.17 2.41
185 745.70041 5091.92 5695.60 6086.32 -6.09 -7.23 -7.43 185 ‐676.31 385.70 ‐1461.16 1.59 0.17 2.63
186 745.8517 10383.05 2985.57 5918.45 -13.20 -3.42 -7.21 186 ‐779.31 290.88 ‐1598.39 1.72 0.30 2.82
187 745.90357 -176.97 -238.59 -3884.26 0.94 0.99 5.92 187 ‐982.26 241.88 ‐1737.59 1.99 0.37 3.00
188 746.03324 3050.97 75.05 2821.04 -3.37 0.52 -3.06 188 ‐997.18 250.78 ‐1697.08 2.01 0.36 2.95
189 746.35743 1474.96 5434.70 #VALUE! -1.29 -6.66 #VALUE! 189 ‐1073.56 254.10 ‐1783.97 2.12 0.35 3.06
190 746.48365 8095.47 -544.53 4613.75 -10.13 1.44 -5.46 190 ‐1122.57 154.47 ‐1783.97 2.18 0.49 3.06
191 746.54676 3029.49 75.05 -4254.88 -3.33 0.52 6.37 191 ‐1303.31 168.17 ‐1909.42 2.42 0.47 3.23
192 746.58306 -2522.20 5434.70 -2522.20 4.03 -6.66 4.03 192 ‐1389.97 170.04 ‐1862.51 2.54 0.47 3.17
193 746.61073 8095.47 2985.57 4597.27 -10.13 -3.42 -5.44 193 ‐1366.86 62.59 ‐1849.04 2.51 0.61 3.15
194 746.72744 -3739.61 3310.06 -3873.20 5.64 -3.75 5.83 194 ‐1563.99 1.70 ‐1983.34 2.77 0.70 3.33
195 746.81216 -1717.79 -238.59 -4533.96 2.96 0.99 6.70 195 ‐1517.70 ‐68.69 ‐1943.13 2.71 0.79 3.28
196 747.27466 -2522.20 6714.40 -2522.20 4.03 -8.41 4.03 196 ‐1513.35 ‐65.00 ‐1886.81 2.70 0.79 3.20
197 747.36457 2906.97 2985.57 3029.49 -3.16 -3.42 -3.33 197 ‐1490.94 ‐215.65 ‐1872.69 2.67 0.99 3.18
198 747.78991 2906.97 -1692.55 -8243.16 -3.16 3.12 11.67 198 ‐1590.89 ‐288.41 ‐1984.10 2.81 1.09 3.33
199 748.24636 -1566.74 -2584.13 -2522.20 2.76 4.17 4.03 199 ‐1695.49 ‐255.75 ‐1838.54 2.95 1.05 3.14
200 748.52905 2883.06 4874.78 6086.32 -3.13 -6.07 -7.43 200 ‐1698.55 ‐200.31 ‐1822.27 2.95 0.97 3.11
201 748.61291 3474.20 -238.59 3323.35 -3.92 0.99 -3.72 201 ‐1810.30 ‐324.10 ‐2015.16 3.10 1.14 3.37
202 748.9639 2251.76 6714.40 2251.76 -2.35 -8.41 -2.35 202 ‐1942.41 ‐326.23 ‐2148.62 3.27 1.15 3.55
203 749.06764 3474.20 567.01 3502.26 -3.92 -0.23 -3.96 203 ‐2049.96 ‐506.76 ‐2261.45 3.42 1.39 3.70
204 749.46963 2906.97 2985.57 -4254.88 -3.16 -3.42 6.37 204 ‐2195.33 ‐535.02 ‐2413.13 3.61 1.44 3.90
205 749.61832 -1717.79 -238.59 -3873.88 2.96 0.99 5.83 205 ‐2333.23 ‐630.17 ‐2363.35 3.79 1.57 3.84
206 750.60558 -6209.29 -1677.04 241.89 8.93 2.94 0.38 206 ‐2350.32 ‐641.05 ‐2321.39 3.82 1.58 3.78
207 750.6635 3474.20 -1677.04 3323.35 -3.92 2.94 -3.72 207 ‐2240.07 ‐611.45 ‐2394.63 3.67 1.54 3.88
208 750.84851 -6040.79 6714.40 -6209.29 8.70 -8.41 8.93 208 ‐2408.14 ‐580.11 ‐2562.80 3.89 1.50 4.10
209 751.45106 10765.74 1051.98 10765.74 -13.61 -0.89 -13.61 209 ‐2298.05 ‐801.15 ‐2452.31 3.75 1.80 3.95
210 751.47527 -7765.84 -4689.87 -7765.84 11.03 7.23 11.03 210 ‐2706.30 ‐859.07 ‐2865.37 4.29 1.89 4.50
211 751.59371 -8243.16 567.01 -8243.16 11.67 -0.23 11.67 211 ‐2543.09 ‐735.49 ‐2707.29 4.07 1.72 4.29
212 751.75537 5027.73 -4261.70 -2520.50 -5.99 6.68 4.06 212 ‐2353.09 ‐778.91 ‐2522.76 3.82 1.78 4.05
213 751.8617 -7765.84 75.05 -7765.84 11.03 0.52 11.03 213 ‐2607.60 ‐658.81 ‐2522.84 4.16 1.61 4.05
214 751.91703 -8243.16 -4261.70 -6490.70 11.67 6.68 9.34 214 ‐2423.37 ‐685.02 ‐2335.59 3.91 1.65 3.80
215 752.03374 -7765.84 567.01 -5950.33 11.03 -0.23 8.62 215 ‐2207.83 ‐552.55 ‐2181.70 3.63 1.46 3.59
216 752.06227 5789.02 -4689.87 10765.74 -6.99 7.23 -13.61 216 ‐1994.06 ‐595.61 ‐2036.75 3.34 1.53 3.40
217 752.17552 5789.02 274.03 5789.02 -6.99 0.29 -6.99 217 ‐2305.38 ‐431.84 ‐2548.85 3.76 1.30 4.08
218 752.18848 -6209.29 274.03 -6209.29 8.93 0.29 8.93 218 ‐2642.64 ‐461.25 ‐2896.26 4.20 1.34 4.54
219 752.20664 -8718.14 -4261.70 -5950.33 12.30 6.68 8.62 219 ‐2487.57 ‐493.22 ‐2752.21 4.00 1.39 4.35
220 752.24813 -7765.84 -15188.35 -4586.57 11.03 21.81 6.80 220 ‐2204.37 ‐321.93 ‐2606.85 3.62 1.15 4.16
221 752.2758 -4586.57 567.01 -4586.57 6.80 -0.23 6.80 221 ‐1939.53 386.00 ‐2512.57 3.27 0.16 4.03
222 752.56973 -6040.79 6714.40 -6209.29 8.70 -8.41 8.93 222 ‐1807.18 376.95 ‐2408.87 3.09 0.18 3.89
223 752.7677 -1697.00 1958.56 -1697.00 2.95 -1.98 2.95 223 ‐1584.36 43.40 ‐2208.85 2.80 0.64 3.63
224 753.16018 -1717.79 -1677.04 -4526.64 2.96 2.94 6.69 224 ‐1578.10 ‐63.00 ‐2237.29 2.79 0.78 3.66
225 753.30455 -974.96 -1048.46 -6209.29 1.99 2.18 8.93 225 ‐1569.89 31.94 ‐2102.62 2.78 0.66 3.48
226 753.32098 -974.96 1051.98 -642.22 1.99 -0.89 1.55 226 ‐1607.07 99.47 ‐1845.95 2.83 0.56 3.14
227 753.49474 -1697.00 -1048.46 538.00 2.95 2.18 -0.02 227 ‐1649.21 35.97 ‐1926.20 2.88 0.66 3.25
228 753.57341 -974.96 300.75 -642.22 1.99 0.33 1.55 228 ‐1645.80 113.43 ‐2102.22 2.88 0.55 3.48
229 753.58379 -974.96 581.39 -974.96 1.99 -0.06 1.99 229 ‐1697.40 99.02 ‐2214.52 2.95 0.56 3.63
230 753.59243 -974.96 581.39 -467.51 1.99 -0.06 1.32 230 ‐1757.60 58.82 ‐2317.82 3.02 0.62 3.77
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230 753.59243 -974.96 581.39 -467.51 1.99 -0.06 1.32 230 ‐1757.60 58.82 ‐2317.82 3.02 0.62 3.77
231 753.63133 -974.96 838.29 -974.96 1.99 -0.49 1.99 231 ‐1828.75 11.31 ‐2486.03 3.12 0.68 3.99
232 753.63998 -2384.68 -1048.46 241.89 3.86 2.18 0.38 232 ‐1914.13 ‐71.38 ‐2637.14 3.23 0.79 4.19
233 753.71692 538.00 838.29 2225.74 -0.02 -0.49 -2.26 233 ‐1861.85 37.18 ‐2957.03 3.16 0.64 4.61
234 753.95639 -1717.79 1431.01 -3873.20 2.96 -1.22 5.83 234 ‐2161.83 ‐62.96 ‐3604.87 3.56 0.78 5.47
235 753.96935 -974.96 274.03 -642.22 1.99 0.29 1.55 235 ‐2225.26 ‐276.38 ‐3566.54 3.64 1.07 5.42
236 754.2581 -974.96 -238.59 -974.96 1.99 0.99 1.99 236 ‐2433.64 ‐368.12 ‐4053.93 3.92 1.20 6.07
237 754.79236 -974.96 -1677.04 -6209.29 1.99 2.94 8.93 237 ‐2725.38 ‐394.02 ‐4669.72 4.30 1.24 6.88
238 754.90474 -2522.20 1431.01 -3873.88 4.03 -1.22 5.83 238 ‐3162.98 ‐73.27 ‐4284.83 4.88 0.82 6.37
239 754.9739 -1566.74 117.45 -4533.96 2.76 0.58 6.70 239 ‐3376.58 ‐574.69 ‐4421.82 5.16 1.49 6.55
240 755.39405 -6040.79 742.59 -6209.29 8.70 -0.27 8.93 240 ‐4281.50 ‐920.77 ‐4365.74 6.37 1.95 6.48
241 755.70354 -2522.20 -2584.13 -2522.20 4.03 4.17 4.03 241 ‐2522.20 ‐2584.13 ‐2522.20 4.03 4.17 4.03
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APPENDIX E – MATERIALS SUPPLEMENT 



 
Collector, Pump, Reservoir, T0, and T1 
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Collector, Pump, Reservoir, T0, T1, and bypass loop 
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Treatment Train, bypass, T2 
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Counter Part Description Vendor Part Number
Price per 

unit
Number 
Bought Total cost

Bought 
locally (Y/N)

Lead Time 
for delivery Notes

1 Condenser Unit 1 N See Hua J. or Pattrick M.
2 Brine/Air Exchanger 1 N See Hua J. or Pattrick M.

3 1" PEX x MIP Adapter Plumbing Fittings Direct NA 3.77 25 94.25 N 2 Weeks Available Locally

4 1" PEX Crimp Rings Plumbing Fittings Direct NA 0.33 68 22.44 N 2 Weeks Available Locally

5 1" PEX Tubing 100' Spool San Plumbing Supply 225361 112.61 1 112.61 Y NA Available Locally
6 Modules 2 0 N See Andrea C.

7 1" PEX Brass Elbows Plumbing Fittings Direct NA 3.22 21 67.62 N 2 Weeks Available Locally

8 1" Brass IPS Ball Valve Plumbing Fittings Direct NA 11.22 8 89.76 N 2 Weeks Available Locally

9 1" x Close Brass Nipple Plumbing Fittings Direct NA 3.17 24 76.08 N 2 Weeks Available Locally

10
1" x 1" x 1" Brass T 
Junction Plumbing Fittings Direct NA 8.57 7 59.99 N 2 Weeks Available Locally

11
1" x 1" x 1/2" Reducing T 
Junction Plumbing Fittings Direct NA 9.35 8 74.8 N 2 Weeks Available Locally

12
1" Washer Drain Hose 
(6') Ace 0 Y NA See Patrick M.

13 1" Hose Clamps Ace 0 Y NA See Patrick M. or Andrew S.

14
1/2" x 600'  Teflon 
Thread Seal Tape Ace 40973 1.99 2 3.98 Y N

15 Radiator O'Reilly Auto Parts 432672 371.99 1 371.99 N 2 Weeks
Dependent on heat 
dispersion requirements

16 1" PEX Brass T Plumbing Fittings Direct NA 3.15 1 3.15 N 2 Weeks Available Locally

17 1" PEX x FIP Adapter Plumbing Fittings Direct NA 5.33 6 31.98 N 2 Weeks Available Locally
18 Pressure Gauge 2 0
19 Thermocouple Omega 5 0 N See your own notes

20 1" Threaded Brass Union Plumbing Fittings Direct NA 15.29 2 30.58 N 2 Weeks Available Locally

21
1" PEX x Copper Sweat 
Coupling Plumbing Fittings Direct NA 3.2 2 6.4 N 2 Weeks Available Locally

22 Liquid Flowmeter Grainger 2 0 N
Have to decide what we're 
replacing these with

23 1" ID Insulation Foam Ace 0 Y NA See Andrew

24
1"x 3/8" Brass Reducing 
Coupling Plumbing Fittings Direct NA 9.5 4 38 N 2 Weeks

Alternately may find 1" x 
1/2" locally and use a 1/2" 
x 3/8" reducer bushing

25 Dayton Utility Pump Grainger 3YU60 191 2 382 N 2 Weeks

Pump designed for 90°F 
fluids and may prove 
innappropriate in this role

26

8-Channel Thermocouple 
USB Data Acquisition 
Module Omega USB-4718 325 1 325 N 2 Weeks Requires laptop

27
Sun Earth Landscape 
Rack San Plumbing Supply 440510 94.86 1 94.86 Y NA

28
Sun Earth 8' x 4' Empire 
EC-32 Collector San Plumbing Supply NA 1052.3 1 1052.3 Y NA

Cost is highly dependent on 
copper prices

29 20" 3 Speed Box Fan Lowe's 95021 14.99 1 14.99 Y NA
Larger or more efficient 
fans may be substituted

30
Kobalt Multi-head PEX 
Tool Set Lowe's KH0015K 89 1 89 N 2 Weeks

31
Stanley 6 Piece 
Screwdriver Set Ace 60-060 6.99 1 6.99 Y NA

32 Ace PVC Pipe Cutter Ace 48185 15.99 1 15.99 Y NA
33 Ace Pipe Wrench Ace 24527 26.99 2 53.98 Y NA
34 0
35 Sum 3118.74
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THEEEMMPPIIRREE SERIES
GLAZED FLAT PLATE SOLAR COLLECTORS

Models EC and EP SPECIFICATION SHEET

PROTECTING OUR ENVIRONMENT—SINCE 1978

• EPDM Grommets

•Black Chrome or
Moderately Selective 
Black Paint
Absorber Coating

•Copper Absorber Plate

• Type M Copper Riser
Tubes and Manifolds

•Secondary Silicone
Glazing Seal

•Primary EPDM Glazing Seal

•Low Iron Tempered Glass

•Vent Plugs

•Riveted Corners

•Aluminum Backsheet

•Rigid Foam Insulation

•Low-Binder Fiberglass Insulation

•Extruded Anodized
Aluminum Casing and 
Capstrip

•Stainless Steel Fasteners

• 15% Silver Brazed Joints

•Integral
Mounting
Channel

THE VALUE LEADER
IN SOLAR WATER HEATING TECHNOLOGY
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ENGINEERING SPECIFICATIONS

EMPIRE SERIES SPECIFICATIONS

(Performance specifications subject to testing error of +/- 3%)

The follow ing shall be the specifications for the solar collectors. Collectors
shall be SunEarth Empire model ________, and shall be of the g lazed liq-
uid flat plate type. Collectors shall be tested in conformance w ith ASHRAE 93-
1986 and SRCC 100-81. The collectors shall be certified by the Solar Rating and
Certification Corporation (SRCC) and the Florida Solar Energy Center (FSEC).
GENERAL
The dimensions of the collector shall be _________ inches in length ,
_________ inches in w idth and 3 1/4 inches in depth . The collector casing
shall be an anod ized aluminum extrusion (alloy 6063 T5), minimum thick-
ness .060 inch , w ith an architectural dark bronze finish . The casing shall
have notched framewalls for ease of plate removal and reinstallation . Sheet
metal screwed fasteners shall be stainless steel (18-8 #10). The backsheet
shall be textured aluminum not less than .014 inch thickness. A 1 inch vent
plug shall be installed in each of the four corners of the backsheet to min-
imize condensation .
GLAZING
The co llector g lazing sha ll be one sheet of low iron tempered g lass, w ith
a min imum of 1 /8 inch th ickness (5 /32 inch on EC/EP 40), and a min i-
mum transmissivity of 91 percent (89 on EC/EP 40). The g lazing sha ll be
therma lly iso lated from the casing by a continuous EPDM gasket. There
sha ll be a continuous secondary silicone sea l bet ween the g lass and cas-
ing capstrip to m in imize mo isture from en tering the casing .
INSULATION
The insulation shall be foil-faced polyisocyanurate foam sheathing board of
a minimum 1 inch thickness, siliconed in place to the aluminum backsheet,
covered by low -binder fiberg lass of a minimum 1 inch thickness, providing

thermal isolation of the foam from the absorber plate. Total thermal resis-
tance shall be a minimum of R-12. The sides and ends of the collector shall
be insulated w ith a minimum of 1 inch foil-faced polyisocyanurate foam
sheathing board .
ABSORBER PLATE AND PIPING
The absorber shall consist of a roll-formed copper plate of no less than .008
inch thickness. Risers shall be a minimum of 1/2 inch O .D . Type M copper
tubing on no more than 4 1/2 inch centers continuously soldered to the
plate utilizing a non-corrosive solder paste w ith a melting point of 460

o
F.

The risers shall be brazed to 1 1/8 inch O . D . Type M (1 5/8 inch O .D . on
EC/EP40-1.5) copper man ifolds utilizing a copper phosphorous brazing
alloy w ith no less than 15 percent silver content, and conforming to the
American Welding Society’s BCuP-5 classification . EPDM grommets shall iso-
late the man ifold from the aluminum casing . The absorber plate shall be
designed for 160 psig maximum operating pressure.
ABSORBER COATING AND PERFORMANCE CURVE
A) Black Chrome (EC Series): The absorber coating shall be black chrome on
nickel w ith a minimum absorptivity of 95 percent and a maximum emissivity
of 12 percent. The instantaneous efficiency of the collector shall be a mini-
mum Y-intercept of 0.714 and a slope of no less than -0.7271 (BTU/ft2–hr)/F.

B) Moderately Selective Black Paint (EP Series): The absorber coating shall be
a moderately-selective black paint w ith a minimum absorptivity of 94 per-
cent and a maximum emissivity of 56 percent. The instantaneous efficiency
of the collector shall have a minimum Y-intercept of 0.682 and a slope of
no less than -0.7995 (BTU/ ft2–hr)/F.

Due to SunEarth's policy of continuous product improvement, specifica tions are subject to change w ithout notice .

4315 Santa Ana St. • O ntario, C A 91761
(909) 605-5610   •  Fax (909) 605-5613
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MODEL EPTHERMAL PERFORMANCE RATINGS*MODEL EC

Category
(Ti-Ta) CLEAR

DAY
M ILDLY

CL O U DY DAY
CLO UDY

DAY

A(-9oF)
B(9oF)
C(36oF)
D(90oF)
E(144oF)

1,284
1,169
   984
   619
   280

   971
   854
   677
   343
     62

659
542
372
  89
   -

Category
(Ti-Ta) CLEAR

DAY
M ILDLY

CL O U DY DAY
CLO UDY

DAY

A(-9oF)
B(9oF)
C(36oF)
D(90oF)
E(144oF)

1,332
1,218
1,040
   699
   390

1,005
   890
   720
   405
   137

680
565
402
127
   -

A-Pool Heating (Warm Climate)  B-Pool Heating  C-Water Heating (Warm Climate)  D-Water Heating (Cool Climate)  E-Air Cond ition ing/Industrial Process Heat.
Thermal performance is obtained by multiplying the collector output for the appropriate application and insolation level by the total gross collector area.
*Collector ratings are derived from the Solar Rating & Certification Corp (SRCC) Document RM-1 and Standard O G-100.

Btu/ ft2 /Day

Ti = inlet fluid temp
Ta = ambient air temp

Btu/ ft2 /Day

Ti = inlet fluid temp
Ta = ambient air temp
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0.78

1.00

1.20

1.61
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A(-9oF)
B(9oF)
C(36oF)
D(90oF)
E(144oF)

Category
(Ti-Ta)

CLEAR
DAY

2000
Btu/ ft2 /Day

M ILDLY
CL O U DY DAY

1500
Btu/ ft2 /Day

CLO UDY
DAY

1000
Btu/ ft2 /Day

1,284
1,169
   984
   619
   280

   971
   854
   677
   343
     62

659
542
372
  89
   -

Btu/ ft2 /Day

A(-9oF)
B(9oF)
C(36oF)
D(90oF)
E(144oF)

Category
(Ti-Ta)

CLEAR
DAY

2000
Btu/ ft2 /Day

M ILDLY
CL O U DY DAY

1500
Btu/ ft2 /Day

CLO UDY
DAY

1000
Btu/ ft2 /Day

1,332
1,218
1,040
   699
   390

1,005
   890
   720
   405
   137

680
565
402
127
   -

Btu/ ft2 /Day

Ti = inlet fluid temp
Ta = ambient air temp

Ti = inlet fluid temp
Ta = ambient air temp
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SSOOLLAARR  CCOOLLLLEECCTTOORR
CCEERRTTIIFFIICCAATTIIOONN  AANNDD  RRAATTIINNGG

SRCC OG-100

CCEERRTTIIFFIIEEDD  SSOOLLAARR  CCOOLLLLEECCTTOORR
 
SUPPLIER: SSuunnEEaarrtthh,,  IInncc..

8425 Almeria Avenue
Fontana, CA 92335 USA

MODEL: Empire EP-32
COLLECTOR TYPE: Glazed Flat-Plate  
CERTIFICATION#: 2007032D  

CCOOLLLLEECCTTOORR  TTHHEERRMMAALL  PPEERRFFOORRMMAANNCCEE  RRAATTIINNGG
KKiilloowwaatttt--hhoouurrss  PPeerr  PPaanneell  PPeerr  DDaayy

CATEGORY
(Ti-Ta)

CLEAR
DAY

MILDLY
CLOUDY

CLOUDY
DAY

A    (-5 °C) 12.5 9.4 6.3
B    (5 °C) 11.7 8.6 5.5
C    (20 °C) 10.0 7.0 3.9
D    (50 °C) 5.8 3.0 0.7
E    (80 °C) 1.4 0.0 0.0

TThhoouussaannddss  ooff  BBTTUU  PPeerr  PPaanneell  PPeerr  DDaayy
CATEGORY

(Ti-Ta)
CLEAR
DAY

MILDLY
CLOUDY

CLOUDY
DAY

A    (-9 °F) 42.6 31.9 21.3
B    (9 °F) 39.9 29.3 18.7
C    (36 °F) 34.2 23.8 13.5
D    (90 °F) 19.8 10.4 2.2
E    (144 °F) 4.8 0.0 0.0

AA- Pool Heating (Warm Climate) BB- Pool Heating (Cool Climate) CC- Water Heating (Warm Climate) DD- Water Heating
(Cool Climate) EE- Air Conditioning

Original Certification Date: 25-JUN-09
CCOOLLLLEECCTTOORR  SSPPEECCIIFFIICCAATTIIOONNSS
     GGrroossss  AArreeaa:: 3.051 m2 32.83 ft2

     DDrryy  WWeeiigghhtt:: 48.1 kg 106. lb
     TTeesstt  PPrreessssuurree:: 1103. KPa 160. psig

 
NNeett  AAppeerrttuurree  AArreeaa::2.77 m2 29.81 ft2

FFlluuiidd  CCaappaacciittyy:: 3.8 liter 1.0 gal
 

CCOOLLLLEECCTTOORR  MMAATTEERRIIAALLSS
     FFrraammee:: Aluminum Extrusion
     CCoovveerr  ((OOuutteerr)):: Low Iron Tempered Glass
     CCoovveerr  ((IInnnneerr)):: None

PPrreessssuurree  DDrroopp
FFllooww ΔΔPP

mmll//ss ggppmm PPaa iinn  HH22OO

    
    
    

     AAbbssoorrbbeerr
MMaatteerriiaall::

Tube - Copper /
Plate - Copper IInnssuullaattiioonn  SSiiddee:: Polyisocyanurate

     AAbbssoorrbbeerr
CCooaattiinngg:: Moderately Selective Black Paint IInnssuullaattiioonn  BBaacckk:: Polyisocyanurate &

Fiberglass

TTEECCHHNNIICCAALL  IINNFFOORRMMAATTIIOONN
      EEfffificciieennccyy  EEqquuaattiioonn  [[NNOOTTEE::  BBaasseedd  oonn  ggrroossss  aarreeaa  aanndd  ((PP))==TTii--TTaa]]YY  IINNTTEERRCCEEPPTT SSLLOOPPEE
  SSII  UUnniittss:: η= 0.718 -2.30010  (P)/I -0.04399  (P)2/I   0.744 -5.162  W/m2.°C
  IIPP  UUnniittss:: η= 0.718 -0.40516  (P)/I -0.00430  (P)2/I   0.744 -0.909  Btu/hr.ft2.°F
 IInncciiddeenntt  AAnnggllee  MMooddiififieerr  [[((SS))==11//ccoossθ  --  11,,
00°°<<θ<<==6600°°]]
   KKτα = 1 -0.322  (S) 0.031  (S)2
   KKτα = 1 -0.29  (S)  Linear Fit

TTeesstt  FFlluuiidd:: Water
TTeesstt  FFllooww  RRaattee:: 24.9   ml /s.m2    0.0367   gpm/ft2

RREEMMAARRKKSS::

October, 2011
Certification must be renewed annually, For current status contact:

SOLAR RATING & CERTIFICATION CORPORATION
400 High Point Drive, Suite 400 ♦ Cocoa, Florida 32926 ♦ (321) 213-6037 ♦ Fax (321) 821-0910

Return to Search

http://securedb.fsec.ucf.edu/srcc/coll_detail?srcc_id=2007032D 10/13/11 3:09 PM

1 of 1
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Tech
Specs

Additional
Information

Compliance
& Restrictions     

Required
Accessories

Optional
Accessories

Alternate
Products

Repair
Parts

 

Optional Accessories

Brand: SWAN
Grainger Item #: 2P562
Price (ea.): $40.15

Qty

More Accessories

Contractor Water Hose,
450 PSI, 918 GPH

Customers Also Viewed

Brand: LIBERTY
Grainger Item #: 5YU12
Price: $347.50

Qty

Pump, Centrifugal, 1/2hp

Brand: ZOELLER
Grainger Item #: 4HEX4
Price: $215.25

Qty

Utility Transfer Pump, 1/2
HP, 1 Ph, 115V

Brand: DAYTON
Grainger Item #: 5PXY0
Price: $293.50

Qty

Portable Utility Pump, 1/2
HP, 115V

Brand: DAYTON
Grainger Item #: 4CUK6
Price: $233.75

Qty

Utility Pump, 1/2 HP, 1Ph,
115V, 7.4 Amps

DAYTON Utility Pump, 1/2 HP, 115V, 6.5A, 1 Inch
Pumps > Centrifugal Pumps > Self Priming Portable Utility

Qty: ZIP code: 

When can I get it? Use your ZIP code to estimate availability. 

Sprinkler/Utility Pump, Portable, 1/2 HP, 1 Phase, Voltage 115, 6.5 Amps, 60 Hz, Inlet 1 In., Outlet 1 In., Motor Enclosure ODP, 3450
RPM, Impeller Material Plastic with Brass Insert, SS Wear Ring, Housing Material Plastic, Seal Type Mechanical, Suction Lift 25 Ft.,
Max. Head 134 Ft., Max. Pressure 58 PSI, Cord 10, Impeller Type Closed Impeller, Max. Dia. Solids Clear water Only In., Height 10.0
In., Length 14.5 In., Width 7.8 In.

Grainger Item # 3YU60 

Price (ea.) $211.25

Brand DAYTON 

Mfr. Model # 3YU60 

Ship Qty. 1 

Sell Qty. (Will-Call) 1 

Ship Weight (lbs.) 17.45 

Availability
In stock - ships

today   

Catalog Page No. 3833  

Country of Origin
(Country of Origin is subject to change.)

China 

 Enlarge Image

See Notes & Restrictions for important safety information.

Qty.

 Add Grainger TripleGuard® repair & replacement coverage  for $55.95 each.

Price shown may not reflect your price. Sign in or register.

MSDS

Item Sprinkler/Utility Pump
Type Portable
HP 1/2
Phase 1
Voltage 115
Amps 6.5
Hz 60
Inlet (In.) 1
Outlet (In.) 1
Motor Enclosure ODP
RPM 3450
Motor Type PSC
Wetted Materials Thermoplastic, Stainless Steel, Brass, Carbon, Ceramic, Buna N
Impeller Material Plastic with Brass Insert, SS Wear Ring
Housing Material Plastic
Volute Material Plastic
Shaft Material Stainless Steel
Screw Material Stainless Steel
Seal Type Mechanical
Seal Material Carbon, Ceramic, Buna N
Max. Liquid Temp. (F) 90
Suction Lift (Ft.) 25
GPH of Water @ 5 PSI 618
GPH of Water @ 10 PSI 594
GPH of Water @ 15 PSI 588
GPH of Water @ 20 PSI 576
GPH of Water @ 25 PSI 456
GPH of Water @ 30 PSI 366
GPH of Water @ 35 PSI 294
GPH of Water @ 40 PSI 252
GPM of Water @ 5 Ft. of Head 10.3
GPM of Water @ 10 Ft. of Head 9.9
GPM of Water @ 15 Ft. of Head 9.8
GPM of Water @ 20 Ft. of Head 9.6
GPM of Water @ 25 Ft. of Head 7.6
GPM of Water @ 30 Ft. of Head 6.1
GPM of Water @ 35 Ft. of Head 4.9
GPM of Water @ 40 Ft. of Head 4.2
Max. Head (Ft.) 134
Max. Pressure (PSI) 58
Cord 10 ft.
Best Efficiency GPM @ Head (Ft.) N@A
Max. Specific Gravity 1.0
Max. Case Pressure (PSI) 58
Max. Fluid Viscosity 100 SSU
Impeller Type Closed Impeller
Bearing Type Ball
Duty Continuous
Max. Dia. Solids (In.) Clear water Only
Agency Compliance UL Listed
Manufacturers Warranty Length 1 Year

Application To Transfer Water, Run Multiple Lawn Sprinklers or Boost City Water Pressure Up to 40 PSI for Washing
Cars, Boats and Farm Equipment

For Use With Nonflammable Liquids Compatible with Pump Materials
Height (In.) 10.0
Length (In.) 14.5
Width (In.) 7.8
Includes 1" FNPT x 3/4" Garden hose adapters

Customers Also Purchased

Sign In  | New Customer? Register Now  | Help

Catalog  | Find a Branch  | Cart Contains: (0) Items

Enter keyword or part number  PRODUCTS RESOURCES SERVICES WORLDWIDE REPAIR PARTS

1 of 5

Utility Pump, 1/2 HP, 115V, 6.5A, 1 Inch - Self Priming Portabl... http://www.grainger.com/Grainger/DAYTON-SprinklerUtility-...

1 of 2 12/8/11 1:13 PM
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A-131

NB1, Cast Iron NB2, Aluminum

NB3, Aluminum 
with Snap-Lock

NB4, Sub-Miniature
Aluminum

Industrial Thermocouples
Protection Head Design

57 mm (2.25")

83 mm
(3.25")

104 mm (4.1")

83
 m
m

(3
.3
")

25 mm
(1")

48 mm (1.9")

53 mm
(2.1")

15 mm
(0.6")

1⁄2 NPT
mounting
threads

92 mm
(3.63")

76 mm (3.0")

Probe length
includes
approximately 
12.5 mm (1⁄2")
allowance for
threads.

Note: All industrial
heads shown are
available for 
purchase
separately. Please
see page B-9.

260S Series

For a complete selection of thermowells in both Standard
and Metric dimensions, please see Section B.

� Sheath Materials: 304SS,
310SS, 316SS, 321SS,
Inconel® or Super
OMEGACLAD® XL

� Probe Length 300 mm
(12"), 600 mm (24")
Custom Lengths
Available, Consult Sales

260HL Series

Covered by U.S. and International
patents and pending applications.

PATENTED

L
en
g
th

Complete your application 
with OMEGA’s extension wire.

Please see page H-36.

Available! 
Probes with 

Built-In Tran
smitters!

Please See P
ages N-35

Through N-44
.

Available as

See page A-43
to A-48.

  

WIRELESS

  

See Section W
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A-132

New and Improved 
Protection Heads
Industrial Thermocouple Probes

Probe length
includes approx

1⁄2" allowance 
for threads.

NB7
Material: Alloy-Aluminum
Weight: 250 g (8.8 oz)

Dimensions: 
H=93 mm (3.7"), 
C=76 mm (3")

NB5
Material: Cast iron

Weight: 1.6 kg (3.5 lb)
Dimensions: 

H=95 mm (3.8"), 
C=86 mm (3.4")

NB8
Material: 
Alloy-Aluminum
Weight: 
230 g (8 oz)
Dimensions: 
H=86 mm (3.4"), 
C=70 mm (2.8")

1⁄2 NPT
mounting
threads.

H

C

NB6
Material: Alloy-Aluminum
Weight: 250 g (8.8 oz)
Dimensions: 
H=82 mm (3.2"), 
C=82 mm (3.2")

Ordering Example:
NB8-ICSS-18U-12
is a 300 mm (12")
ungrounded ICSS 
Type J stainless 
steel thermocouple, 
3 mm (1⁄8") sheath
diameter probe 
with an NB8 protection
head, $44.

Domed
Top

Flip Top

Deep Base

All Models 
Start at

$42

Cast Iron

Available!
Probes with 

Built-in Tran
smitters!

Please see p
ages N-35

through N-44
.

Available as

See page A-43
to A-48.

  

WIRELESS

  

See Section W
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A-133

NB9
Material: Nylon
& Glass Fiber
Weight: 
144 g (5 oz)
Dimensions: 
H=87 mm (3.4"), 
C=82 mm (3.2")

NB11
Material: Alloy-Aluminum
Weight: 140 g (4.9 oz)
Dimensions: 
H=67 mm (2.6"), 
C=62 mm (2.4")
IP67 Approval

Industrial Thermocouple 
Protection Head Probe Assemblies

NB10
Material: Bakelite

Weight: 82 g (2.9 oz)
Dimensions: 

H=68 mm (2.7"), 
C=61.5 mm (2.4") 

O-Ring Seal

NB12
Material: 
Alloy-Aluminum
Weight: 274 g (9.7 oz)
Dimensions: 
H=87 mm (3.4"), 
C=82 mm (3.2") 
IP67 Approval H

C

To Order:
Insert the style
number into the part
numbers shown in
the “How To Order”
table on page A-135.
See ordering
examples below and
on next page.

Ordering Example: 
NB9-CASS-18G-12
is a 300 mm (12")
grounded CASS 
Type K stainless 
steel thermocouple,
3 mm (1⁄8") sheath 
diameter probe with 
an NB9 protection 
head, $42.

Nylon and
Glass Fiber.

Low Profile

Miniature
Bakelite

Miniature
Aluminum

All Models
Start at 

$42

Available
! 

Probes w
ith 

Built-In T
ransmitte

rs!

Please Se
e Pages N

-35

Through N
-44.

L
en
g
th

Available as

See page A-43
to A-48.

  

WIRELESS

  

See Section W
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A-134

� NB1 Cast-Iron Protection
Head with Internal
Terminal Block

� NB2 Miniature Aluminum
Head with Internal
Terminal Block

� NB3 Aluminum Head
Features Convenient
Snap-Lock Design with
Internal Terminal Block

� NB4 Subminiature 
Aluminum Head with 
Internal Terminal Block

� 1⁄2 NPT Mounting Thread 
� 12" Length Standard†

Standard Dimensions
The industrial-style assemblies offer
a variety of protection heads to
meet the environmental and size
requirements of most applications.
They are available in J, K T, E, 
or N calibrations, with 304 SS,
310 SS, 316 SS, 321 SS, Super
OMEGACLAD® XL, or Inconel®
sheathing. Standard lengths are 
12", including 1⁄2" for the pipe thread,
with other lengths available. Both
the thread on the probe and the
extension-wire opening are 1⁄2 NPT.
The NB2 and NB4 include a
compression fitting nut and rubber
ferrule for 1⁄8 to 1⁄4" OD wires or
tubing. The internal terminal block 
is standard on all models. Consult
Technical Quotation Department 
for price and delivery on a wide
variety of non-metallic and other
specialized heads. 

To Order 12" Lengths (Specify Model Number) 
Alloy/ANSI Sheath Dia. Grounded Ungrounded Exposed Price/Add'l
Color Code (in) Junction Price Junction Price Junction Price foot
Iron- 1⁄16 NB(*)-ICIN-116G-12 $42 NB(*)-ICIN-116U-12 $44 NB(*)-ICIN-116E-12 $42 $1.55
Constantan 1⁄8 NB(*)-ICIN-18G-12 42 NB(*)-ICIN-18U-12 44 NB(*)-ICIN-18E-12 42 3.15
Inconel® 3⁄16 NB(*)-ICIN-316G-12 43 NB(*)-ICIN-316U-12 45 NB(*)-ICIN-316E-12 43 4.35
Sheath 1⁄4 NB(*)-ICIN-14G-12 47 NB(*)-ICIN-14U-12 49 NB(*)-ICIN-14E-12 47 7.50
Iron- 1⁄16 NB(*)-ICSS-116G-12 $42 NB(*)-ICSS-116U-12 $44 NB(*)-ICSS-116E-12 $42 $1.55
Constantan 1⁄8 NB(*)-ICSS-18G-12 42 NB(*)-ICSS-18U-12 44 NB(*)-ICSS-18E-12 42 1.85
304 SS 3⁄16 NB(*)-ICSS-316G-12 43 NB(*)-ICSS-316U-12 45 NB(*)-ICSS-316E-12 43 3.15
Sheath 1⁄4 NB(*)-ICSS-14G-12 47 NB(*)-ICSS-14U-12 49 NB(*)-ICSS-14E-12 47 5.00
CHROMEGA®-  ** 1⁄16 NB(*)-CAIN-116G-12 $42 NB(*)-CAIN-116U-12 $44 NB(*)-CAIN-116E-12 $42 $1.55
ALOMEGA® 1⁄8 NB(*)-CAIN-18G-12 42 NB(*)-CAIN-18U-12 44 NB(*)-CAIN-18E-12 42 3.15
Inconel® 3⁄16 NB(*)-CAIN-316G-12 43 NB(*)-CAIN-316U-12 45 NB(*)-CAIN-316E-12 43 4.35
Sheath 1⁄4 NB(*)-CAIN-14G-12 47 NB(*)-CAIN-14U-12 49 NB(*)-CAIN-14E-12 47 7.50
CHROMEGA®-  ** 1⁄16 NB(*)-CASS-116G-12 $42 NB(*)-CASS-116U-12 $44 NB(*)-CASS-116E-12 $42 $1.55
ALOMEGA® 1⁄8 NB(*)-CASS-18G-12 42 NB(*)-CASS-18U-12 44 NB(*)-CASS-18E-12 42 1.85
304 SS 3⁄16 NB(*)-CASS-316G-12 43 NB(*)-CASS-316U-12 45 NB(*)-CASS-316E-12 43 3.15
Sheath 1⁄4 NB(*)-CASS-14G-12 47 NB(*)-CASS-14U-12 49 NB(*)-CASS-14E-12 47 5.00
CHROMEGA®- 1⁄16 NB(*)-CXIN-116G-12 $42 NB(*)-CXIN-116U-12 $44 NB(*)-CXIN-116E-12 $42 $1.85
Constantan 1⁄8 NB(*)-CXIN-18G-12 42 NB(*)-CXIN-18U-12 44 NB(*)-CXIN-18E-12 42 3.75
Inconel® 3⁄16 NB(*)-CXIN-316G-12 43 NB(*)-CXIN-316U-12 45 NB(*)-CXIN-316E-12 78 5.00
Sheath 1⁄4 NB(*)-CXIN-14G-12 50 NB(*)-CXIN-14U-12 52 NB(*)-CXIN-14E-12 50 7.50
CHROMEGA®- 1⁄16 NB(*)-CXSS-116G-12 $42 NB(*)-CXSS-116U-12 $44 NB(*)-CXSS-116E-12 $42 $1.55
Constantan 1⁄8 NB(*)-CXSS-18G-12 42 NB(*)-CXSS-18U-12 44 NB(*)-CXSS-18E-12 42 2.50
304 SS 3⁄16 NB(*)-CXSS-316G-12 43 NB(*)-CXSS-316U-12 45 NB(*)-CXSS-316E-12 43 3.15
Sheath 1⁄4 NB(*)-CXSS-14G-12 47 NB(*)-CXSS-14U-12 49 NB(*)-CXSS-14E-12 47 5.00
Copper- 1⁄16 NB(*)-CPIN-116G-12 $42 NB(*)-CPIN-116U-12 $44 NB(*)-CPIN-116E-12 $42 $1.85
Constantan 1⁄8 NB(*)-CPIN-18G-12 42 NB(*)-CPIN-18U-12 44 NB(*)-CPIN-18E-12 42 3.75
Inconel® 3⁄16 NB(*)-CPIN-316G-12 43 NB(*)-CPIN-316U-12 45 NB(*)-CPIN-316E-12 43 5.00
Sheath 1⁄4 NB(*)-CPIN-14G-12 50 NB(*)-CPIN-14U-12 52 NB(*)-CPIN-14E-12 50 7.50
Copper- 1⁄16 NB(*)-CPSS-116G-12 $42 NB(*)-CPSS-116U-12 $44 NB(*)-CPSS-116E-12 $42 $1.55
Constantan 1⁄8 NB(*)-CPSS-18G-12 42 NB(*)-CPSS-18U-12 44 NB(*)-CPSS-18E-12 42 2.50
304 SS 3⁄16 NB(*)-CPSS-316G-12 43 NB(*)-CPSS-316U-12 45 NB(*)-CPSS-316E-12 43 3.15
Sheath 1⁄4 NB(*)-CPSS-14G-12 47 NB(*)-CPSS-14U-12 49 NB(*)-CPSS-14E-12 47 5.00

Note: PFA coating is available, 400°F (204°C) Max. †Other lengths available, consult Sales Department.
* Insert the number “1” through “12” for NB1, NB2, NB3, NB4, NB5, NB6, NB7, NB8, NB9, NB10, NB11 or NB12 heads, respectively. 
** For highest temperature and stability rating, change “SS” or “IN” to “XL” and add $3 to price.
To order probes with lengths other than 12", change the last 2 digits of the model number from “12” to the desired length in inches, and add the
appropriate price per additional foot from the last column.
To order with 310, 316 or 321 SS sheath, change “SS” in model number to “310SS”, “316SS” or “321SS”, respectively, no additional charge. Consult
Sales for lengths between 2 and 12", or for lengths over 24". 
Ordering Examples: NB1-CASS-14G-12, a 12" grounded 304 SS probe, Type K, 1⁄4" sheath diameter, $47.
NB2-ICSS-14U-12, a 12" ungrounded 304 SS, Type J, 1⁄4" sheath diameter, $49.

1 to 10…………………………………Net
11 to 24………………………………10%
25 to 49………………………………20%
55 and over ……………Consult Sales

Discount Schedule

MOST POPULAR MODELS HIGHLIGHTED!

OMEGALLOY ® Type “N” Available!Consult Factory for Pricing and Delivery

PFA Coating Available.Consult Sales

  

WIRELESS

  

See Section W
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A-135

� NB1 Cast-Iron Protection
Head with Internal
Terminal Block

� NB2 Miniature Aluminum
Head with Internal 
Terminal Block

� NB3 Aluminum Head
Features Convenient
Snap-Lock Design with
Internal Terminal Block

� NB4 Subminiature 
Aluminum Head with 
Internal Terminal Block

� 1⁄2" BSPT Mounting Thread 
� 300 mm Length Standard†

Metric Dimensions
The industrial-style assemblies offer 
a variety of protection heads to meet
the environmental and size
requirements of most applications.
They are available in J, K T, E, or N
calibrations, with 304 SS, 310 SS,
316 SS, 321 SS, Super
OMEGACLAD® XL, or Inconel®
sheathing. Standard lengths are 300
mm, including 12 mm for the pipe
thread, with other lengths available.
Both the thread on the probe and
the extension-wire opening are 1⁄2"
BSPT. The NB2 and NB4 include a
compression fitting nut and rubber
ferrule for 3.2 to 6.3 mm OD wires
or tubing. The internal terminal block
is standard on all models. Consult
Technical Quotation Department 
for price and delivery on a wide
variety of non-metallic and other
specialized heads. 

1 to 10…………………………………Net
11 to 24………………………………10%
25 to 49………………………………20%
55 and over ……………Consult Sales

Discount Schedule

To Order 300 mm Lengths (Specify Model Number) 
Alloy/ANSI Sheath Grounded Ungrounded Exposed Price/Add'l
Color Code Dia. (mm) Junction Price Junction Price Junction Price 300 mm 

Iron- 1.5 NB(*)-ICIN-M15G-300 $42 NB(*)-ICIN-M15U-300 $44 NB(*)-ICIN-M15E-300 $42 $1.55
Constantan 3.0 NB(*)-ICIN-M30G-300 42 NB(*)-ICIN-M30U-300 44 NB(*)-ICIN-M30E-300 42 3.15
Inconel® 4.5 NB(*)-ICIN-M45G-300 43 NB(*)-ICIN-M45U-300 45 NB(*)-ICIN-M45E-300 43 4.35
Sheath 6.0 NB(*)-ICIN-M60G-300 47 NB(*)-ICIN-M60U-300 49 NB(*)-ICIN-M60E-300 47 7.50
Iron- 1.5 NB(*)-ICSS-M15G-300 $42 NB(*)-ICSS-M15U-300 $44 NB(*)-ICSS-M15E-300 $42 $1.55
Constantan 3.0 NB(*)-ICSS-M30G-300 42 NB(*)-ICSS-M30U-300 44 NB(*)-ICSS-M30E-300 42 1.85
304 SS 4.5 NB(*)-ICSS-M45G-300 43 NB(*)-ICSS-M45U-300 45 NB(*)-ICSS-M45E-300 43 3.15
Sheath 6.0 NB(*)-ICSS-M60G-300 47 NB(*)-ICSS-M60U-300 49 NB(*)-ICSS-M60E-300 47 5.00
CHROMEGA®- ** 1.5 NB(*)-CAIN-M15G-300 $42 NB(*)-CAIN-M15U-300 $44 NB(*)-CAIN-M15E-300 $42 $1.55
ALOMEGA® 3.0 NB(*)-CAIN-M30G-300 42 NB(*)-CAIN-M30U-300 44 NB(*)-CAIN-M30E-300 42 3.15
Inconel® 4.5 NB(*)-CAIN-M45G-300 43 NB(*)-CAIN-M45U-300 45 NB(*)-CAIN-M45E-300 43 4.35
Sheath 6.0 NB(*)-CAIN-M60G-300 47 NB(*)-CAIN-M60U-300 49 NB(*)-CAIN-M60E-300 47 7.50
CHROMEGA®- ** 1.5 NB(*)-CASS-M15G-300 $42 NB(*)-CASS-M15U-300 $44 NB(*)-CASS-M15E-300 $42 $1.55
ALOMEGA® 3.0 NB(*)-CASS-M30G-300 42 NB(*)-CASS-M30U-300 44 NB(*)-CASS-M30E-300 42 1.85
304 SS 4.5 NB(*)-CASS-M45G-300 43 NB(*)-CASS-M45U-300 45 NB(*)-CASS-M45E-300 43 3.15
Sheath 6.0 NB(*)-CASS-M60G-300 47 NB(*)-CASS-M60U-300 49 NB(*)-CASS-M60E-300 47 5.00
CHROMEGA®- 1.5 NB(*)-CXIN-M15G-300 $42 NB(*)-CXIN-M15U-300 $44 NB(*)-CXIN-M15E-300 $42 $1.85
Constantan 3.0 NB(*)-CXIN-M30G-300 42 NB(*)-CXIN-M30U-300 44 NB(*)-CXIN-M30E-300 42 3.75
Inconel® 4.5 NB(*)-CXIN-M45G-300 43 NB(*)-CXIN-M45U-300 45 NB(*)-CXIN-M45E-300 43 5.00
Sheath 6.0 NB(*)-CXIN-M60G-300 50 NB(*)-CXIN-M60U-300 52 NB(*)-CXIN-M60E-300 50 7.50
CHROMEGA®- 1.5 NB(*)-CXSS-M15G-300 $42 NB(*)-CXSS-M15U-300 $44 NB(*)-CXSS-M15E-300 $42 $1.55
Constantan 3.0 NB(*)-CXSS-M30G-300 42 NB(*)-CXSS-M30U-300 44 NB(*)-CXSS-M30E-300 42 2.50
304 SS 4.5 NB(*)-CXSS-M45G-300 43 NB(*)-CXSS-M45U-300 45 NB(*)-CXSS-M45E-300 43 3.15
Sheath 6.0 NB(*)-CXSS-M60G-300 47 NB(*)-CXSS-M60U-300 49 NB(*)-CXSS-M60E-300 47 5.00
Copper- 1.5 NB(*)-CPIN-M15G-300 $42 NB(*)-CPIN-M15U-300 $44 NB(*)-CPIN-M15E-300 $42 $1.85
Constantan 3.0 NB(*)-CPIN-M30G-300 42 NB(*)-CPIN-M30U-300 44 NB(*)-CPIN-M30E-300 42 3.75
Inconel® 4.5 NB(*)-CPIN-M45G-300 43 NB(*)-CPIN-M45U-300 45 NB(*)-CPIN-M45E-300 43 5.00
Sheath 6.0 NB(*)-CPIN-M60G-300 50 NB(*)-CPIN-M60U-300 52 NB(*)-CPIN-M60E-300 50 7.50
Copper- 1.5 NB(*)-CPSS-M15G-300 $42 NB(*)-CPSS-M15U-300 $44 NB(*)-CPSS-M15E-300 $42 $1.55
Constantan 3.0 NB(*)-CPSS-M30G-300 42 NB(*)-CPSS-M30U-300 44 NB(*)-CPSS-M30E-300 42 2.50
304 SS 4.5 NB(*)-CPSS-M45G-300 43 NB(*)-CPSS-M45U-300 45 NB(*)-CPSS-M45E-300 43 3.15
Sheath 6.0 NB(*)-CPSS-M60G-300 47 NB(*)-CPSS-M60U-300 49 NB(*)-CPSS-M60E-300 47 5.00
Note: PFA Coating is available, 204°C (400°F) Max. † Other lengths available, consult Sales Department.
* Insert the number “1” through “12” for NB1, NB2, NB3, NB4, NB5, NB6, NB7, NB8, NB9, NB10, NB11 or NB12 heads, respectively.
** For highest temperature and stability rating, change “SS” or “IN” to “XL” and add $3 to price.
To order probes with lengths other than 300 mm, change the last 3 digits of the model number from “300” to the desired length in mm, and add the
appropriate price per additional 300 mm from the last column. To order with 310 SS, 316 SS or 321 SS sheath, change “SS” in model number to
“310SS”, “316SS” or “321SS”, respectively, no additional charge. Consult Sales for lengths between 50 and 300 mm or for lengths over 600 mm. 
Ordering Examples: NB1-ICSS-M60G-300, a 300 mm grounded 304 SS probe, Type J, 6.0 mm sheath diameter, $47.
NB2-CASS-M60U-300, a 300 mm ungrounded 304 SS, Type K, 6 mm sheath diameter, $49.

MOST POPULAR MODELS HIGHLIGHTED!

OMEGALLOY ® Type “N” Available!Consult Factory for Pricing and Delivery

Available as

See page A-43
to A-48.
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USB-4718 8-Channel Thermocouple Input 
USB Data Acquisition Module

� Supports USB 2.0
� Portable
� Bus-Powered
� 8 Differential Analog 

Input Channels
� 16-Bit Resolution 
� 8 DI/8 DO
� Wiring Terminal on

Modules
� Suitable for DIN-Rail

Mounting
� Lockable USB Cable 

for Rigid Connection

USB-4718, $325,
shown smaller than
actual size.

The USB-4700 series consists 
of true Plug & Play data acquisition
devices. No more opening up your
computer chassis to install boards-
just plug in the module, then get 
the data. It’s easy and efficient. 
The USB-4718 offers 8
thermocouple inputs with 16-bit
resolution, up to 0.1% input range
accuracy, or 4 to 20 mA Inputs.
Reliable and rugged enough 
for industrial applications, yet
inexpensive enough for all types 
of projects, the USB-4718 is the
perfect way to add measurement
and control capability to any USB
capable computer. 
The USB-4718 is fully USB 
plug and play and easy to use.
It obtains all required power from
the USB port, so no external power
connection is ever required.
Data collection is simple. Simply
plug the data acquisition module
into an available USB port and 
our easy-to-use Windows software
does the rest. The software
converts your PC into a real-time
strip chart recorder. Data can be
printed in graphical or tabular
format. It can also be exported to 
a text or Microsoft Excel file.

Specifications
ANALOG INPUT
Accuracy: ±0.1% for voltage input
Bandwidth: 13.1 Hz @ 50 Hz,
15.72 Hz @ 60 Hz
Channels: Eight differential
Ch. Independent Conf: Yes
CMR @ 50/60 Hz: 92 dB min
Resolution: 16-bits
Input Impedance: 20 MΩ
lnput Range: 0 to 15 mV, 
0 to 50 mV, 0 to 100 mV, 
0 to 500 mV, 0 to 1V, 0 to 2.5V, 
0 to 20 mA, 4 to 20 mA 
lnput Types: Thermocouple, 
mV, V, mA 
Sampling Rate:
10 samples/sec (total)
Span Drift: ±25 ppm/°C
TVS/ESD Protection: Built-in
Zero Drift: ±3 μV/° C
ISOLATED DIGITAL INPUT
Channels: 8 
Input Voltage:

Logic 0: 2V max 
Logic 1: 5V min (30 V max)

Isolation Protection: 2500 Vdc
Opto-Isolator Response: 25 μS

ISOLATED DIGITAL OUTPUT
Channels: 8
Output Type: Sink (NPN)
Isolation Protection: 2500 Vdc
Output Voltage: 5 to 30 Vdc, 
1.1 A max/total
Sink Current: 200 mA max/channel
Opto-isolator Response: 25 μS
GENERAL
Bus Type: USB 2.0
Software: Windows 2000/XP
I/O Connector: Onboard 
screw terminal
Dimensions:
80 H x 132 L x 32 mm D 
(3.1 x 5.2 x 1.3")
Power Consumption:
100 mA @ 5V
Power Input: 5V from USB line
Watchdog Timer: 1.6 sec (system)
Operating Temperature:
0 to 60°C (32 to 140°F) 
Storing Temperature:
-20 to 70°C (-4 to 158°F)
Storing Humidity: 5 to 95%
RH non-condensing

To Order (Specify Model Number)
Model No. Price Description
USB-4718 $325 8-channel thermocouple input USB module

Comes with Windows Software and complete user manual on CD, a 1.8 m (6') 
USB 2.0 cable, and DIN rail mounting kit.
Ordering Example: USB-4718, 8-channel thermocouple input USB module, 
and OMEGACARESM 1-year extended warranty for USB-4718
(adds 1 year to standard 1-year warranty), $325 + 32 = $357.

AVAILABLE FOR FAST DELIVERY!

Basic Unit
$325

Windows software displays data
in graphical or tabular format.

Thermocouple Ranges and Accuracy
Thermocouple Input Range Typical Maximum 

Accuracy Error
J 0 to 760°C (32 to 1400°F) ±1.0°C ±1.5°C
K 0 to 1370°C (32 to 2498°F) ±1.0°C ±1.5°C
T -100 to 400°C (-148 to 752°F) ±1.0°C ±1.5°C
E 0 to 1000°C (32 to 1832°F) ±1.0°C ±1.5°C
R 500 to 1750°C (932 to 3182°F) ±1.2°C ±2.5°C
S 500 to 1750°C (932 to 3182°F) ±1.2°C ±2.5°C
B 500 to 1800°C (932 to 3272°F) ±2.0°C ±3.0°C

Note: Due to the location of the CJC sensor, the measurement will have a 1°C maximum
difference in channels.

171



One Omega Drive | Stamford, CT 06907 |   1-888-TC-OMEGA (1-888-826-6342) |    info@omega.com 

www.omega.com

More than 100,000 Products Available!

CANADA
www.omega.ca
Laval(Quebec) 

1-800-TC-OMEGA

UNITED KINGDOM
www. omega.co.uk

Manchester, England
0800-488-488

GERMANY
www.omega.de

Deckenpfronn, Germany
0800-8266342

FRANCE
www.omega.fr

Guyancourt, France
088-466-342

BENELUX
www.omega.nl

Amstelveen, NL
0800-099-33-44

UNITED STATES
www.omega.com

1-800-TC-OMEGA
Stamford, CT.

CZECH REPUBLIC
www.omegaeng.cz

Karviná, Czech Republic
596-311-899

Temperature
Calibrators, Connectors, General Test and Measurement 
Instruments, Glass Bulb Thermometers, Handheld Instruments 
for Temperature Measurement, Ice Point References, 
Indicating Labels, Crayons, Cements and Lacquers, Infrared 
Temperature Measurement Instruments, Recorders Relative 
Humidity Measurement Instruments, RTD Probes, Elements 
and Assemblies,  Temperature & Process Meters, Timers and 
Counters,  Temperature and Process Controllers and Power 
Switching Devices, Thermistor Elements, Probes and 
Assemblies,Thermocouples Thermowells and Head and Well 
Assemblies, Transmitters, Wire

Pressure, Strain and Force
Displacement Transducers,  Dynamic Measurement
Force Sensors,  Instrumentation for Pressure and Strain 
Measurements,  Load Cells,  Pressure Gauges,  Pressure 
Reference Section,  Pressure Switches, Pressure Transducers, 
Proximity Transducers,  Regulators,  
Strain Gages,  Torque Transducers,  Valves

pH and Conductivity
Conductivity Instrumentation,  Dissolved Oxygen 
Instrumentation,   Environmental Instrumentation,  pH 
Electrodes and Instruments,  Water and Soil Analysis 
Instrumentation

Heaters
Band Heaters,  Cartridge Heaters,  Circulation Heaters,  
Comfort Heaters,  Controllers, Meters and Switching 
Devices,  Flexible Heaters,  General Test and Measurement 
Instruments,  Heater Hook-up Wire,  Heating Cable 
Systems,  Immersion Heaters,  Process Air and Duct,  
Heaters,  Radiant Heaters,  Strip Heaters,  Tubular Heaters

Flow and Level
Air Velocity Indicators,  Doppler Flowmeters,  Level 
Measurement,  Magnetic Flowmeters,  Mass Flowmeters,
Pitot Tubes,  Pumps, Rotameters, Turbine and Paddle Wheel 
Flowmeters,  Ultrasonic Flowmeters,   Valves, Variable Area 
Flowmeters,  Vortex Shedding Flowmeters

Data Acquisition
Auto-Dialers and Alarm Monitoring Systems, 
Communication Products and Converters,  Data 
Acquisition and Analysis Software,  Data Loggers
Plug-in Cards,  Signal Conditioners,  USB, RS232, RS485 
and Parallel Port Data Acquisition Systems,  Wireless 
Transmitters and Receivers

click here to go to the omega.com home page
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