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ABSTRACT

In order to maximize solar energy gains per square foot on a residential roof, the development of a new
Building-Integrated Photovoltaic/Thermal (BIPV/T) module was designed, built and tested. The concept
for the design was constrained by a provisional patent entitled, Low-cost, modular mounting system for
building-integrated photovoltaic/thermal collector. The novel aspect of the patent required that the
framing/mounting system include an integrated heat conducting fluid conduit. Photovoltaic/Thermal
collectors are capable of simultaneously producing electricity and hot water. A heat conducting fluid is
passed underneath the PV laminate picking up the waste heat from the PV panel. The waste heat rejected
to the fluid is useful for two reason; 1) it cools the PV cells allowing for higher power conversion
efficiencies and 2) it provides a source of heat for low-grade temperature applications. In addition to the
solar performance, the building-integrated modules are to serve as fagade elements, replacing traditional
shingles or siding, which is accomplished by designing the frame with integrating flanges and gaskets that
overlap one another providing a smooth, low-profile and aesthetic array. A prototype was fabricated by a
local plastic shop and a physical experiment was built on the roof of the engineering center. Data
collected from the experiment was used to calibrate a TRNSYS computer model which simulated the
annual performance of a 5SkW BIPV/T array on a typical American household for 20 non-freezing climate
cities. The computer simulation found the BIPV/T modules were capable of meeting up to 80% of the
domestic hot water load (the solar fraction), and an improved electrical power efficiency up to 2.6% in
certain climates.
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CHAPTER 1 INTRODUCTION AND MOTIVATION

MOTIVATION FOR A MODULAR BIPV/T

The motivation for this project is to maximize solar energy at the lowest possible cost. Several variables
come into play when considering this optimization and a great place to start is with the money trail.
When looking at ones monthly energy bill there are two energy sources that are metered; electricity and
combustible fuel (typically natural gas or fuel oil). The cost of generation, infrastructure, and delivery
are passed on to the consumer. A typical residence can offset the cost of electrical energy and
combustible fuel with the installation of photovoltaic and solar thermal modules, respectively.
Photovoltaic energy conversion efficiencies are in the range of 3-15% and solar thermal energy
conversion efficiencies range 20-40%. The traditional approach for achieving the maximum solar energy
benefit has been to use both systems side-by-side. Due to issues of shading, building orientation and
roof geometry, there is rarely enough room for both technologies to be utilized. Additional issues in
using both systems side-by-side include additional installation costs and multiple mounting systems.
One solution to all of the above issues would be to combine the technologies into a single module, a

Photovoltaic/Thermal (PV/T).

Photovoltaic/Thermal (PV/T) systems have been studied for more than thirty years yet there are only a
few commercially produced products available. Many past studies have been custom, one-of-a-kind
designs, not intended for mass production (see RA-CELL). Additionally, many previous designs have
decreased electrical efficiencies and have not identified a clear cost advantage. Of the existing PV/T
designs on the market, there has been little emphasis on designing a modular Building-Integrated PV/T

(BIPV/T) product.



OBJECTIVES

Funding for this project has come from the Technology Transfer Office (TTO), with the hope that this
technology becomes patentable. As mentioned above, the invention is a solar module frame that serves
as a low-profile fagcade mounting system and conduit through which a heat conducting fluid can be
passed. The novel aspect of this invention is the use of the module frame as a pipe and integrated
mounting system. Please see APPENDIX A PROVISIONAL PATENT for a copy of the provisional

patent.

The purpose of this research is to design and build a patentable, modular BIPV/T prototype to assess the

following:

Performance

Economics

Constructability

Operation and Maintenance

The performance and economics were assessed by building a physical experiment in which all
parameters required to quantify both the electrical and thermal performance were measured. The data
collected by the physical experiment was used to validate/calibrate a PV/T component in TRNSYS. Once
the TRNSYS component had been calibrated to reflect the measured performance of the physical
experiment, the component was used in a TRNSYS simulation that modeled the performance of the PV/T
connected to a hot water tank in multiple U.S. cities. Simulations were run for an entire year and all
engineering and economic parameters were calculated based on the simulation results. A plan for
constructability is outlined in CHAPTER 2 MODULE DESIGN along with a discussion on operation

and maintenance in Chapter 6.



PV/T MARKET PARTICIPANT REVIEW

Previous work by fellow University of Colorado Architectural Engineering students (Lilliestierna &
Zdrowski, 2010) provides a comprehensive literature review of PV/T, BIPV, and BIPV/T technology. This
paper is primarily concerned with possible competition with the designed prototype and will investigate

PV/T products that are already on the market.

SOLARDUCT PV/T

SolarDuct PV/T is a modular rooftop application of PV/T technology that also acts as a PV racking
system. This system mounts the PV modules to the top of the SolarDuct units, and the heat is drawn off
the back of the PV modules and then ducted to the nearest rooftop air handler, as seen in Figure 1. The
excess heat is then channeled into the building’s HVAC system where it is used to offset the heating
load. The SolarDuct system claims that the heat removal from behind the PV modules increases the
electrical conversion efficiency by up to 10%. Since the SolarWall air heating panels serve as the racking
system needed to mount the PV modules, the cost-effectiveness of the cogeneration system is increased

by the elimination of the PV mounting rack system. (SolarWall, 2012)

Figure 1. This is a rendering of the SolarDuct modular system. The PV modules are mounted on top of the SolarWall and air
is drawn in behind the PV and into the building air handler. (SolarWall, 2012)



Figure 2. Heat flow in the SolarDuct system. (SolarWall, 2012)

The SolarDuct is indeed a PV/T, however it lacks the Building-Integrated component and is primarily
targeting commercial buildings with large flat roofs so that the ducting and construction can be easily
integrated into the nearest air handler. A couple of questions come to mind when considering this
system. One, how does the waste heat get used during the cooling season, and two, there is no thermal

storage for air systems. (SolarWall, 2012)

ECHO SOLAR SYSTEM (FORMALLY KNOWN AS PVT SOLAR)

The Echo Solar system is an air-based system designed for residential use. It includes a thermal module
that is integrated into the residences’ roof and ducted into an “energy transfer module”, a little air
handling unit, which is located in the home’s attic. The energy transfer module contains an air filter, a
heat exchanger and a fan. The fan inside the energy transfer module draws outside air through the
plenum and heat is transferred from the solar panels to the air. The heated air then moves through
ducts to the energy transfer module, where the air is filtered and drawn across a copper tube/aluminum
fin coil heat exchanger. Cold water from the home’s water tank is fed into the heat exchanger,
extracting heat from the air and transferring it back to the tank via a circulator. After passing across the

heat exchanger, the air is guided to either the inside of the home through the ducts of the HVAC system



(for space heating) or exhausted when heating is not required. Figure 3 is a schematic of the system.

(Echo Solar Systems, 2011)
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Figure 3. Schematic of the Echo Solar system. Air is heated underneath the PV modules by way of a special mounting
module. The heated air is ducted into the energy transfer module, where the heat is transferred into the hot water tank via
air-to-water heat exchanger. (Echo Solar Systems, 2011)

Echo solar is a very clever and versatile system that can be efficiently utilized in many different climate
zones. Using air as the working fluid has its tradeoffs. One major benefit of the air system is the
friendliness for sunny, freezing climates. There is no risk of freezing or water leaks, which is very
reassuring for homeowners. On the other hand, the carrying capacity of air is four times less than that
of water, and the energy required to move air is also significantly higher than that of water, due to the

compressibility gas.

Echo Solar is targeting a different market than the proposed BIPV/T of this research. It is obvious that

this system is not a low-cost option and by choosing to go with the air-based system there are significant



energy losses by having to transfer the heat to the water via heat exchanger, and then having to dump
the excess heat during the cooling season. The installed cost per kW will be significantly more than the

modular water-based BIPV/T tested and simulated in this paper.
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Figure 4. The figure on the left shows the building integration on the roof. The top right photo demonstrates a fairly low
profile design. The bottom right image demonstrates the heat flow of outside air into the home via roof penetrations. (Echo
Solar Systems, 2011)

It seems that the best season for combined electrical and thermal performance would be sunny,
winter/fall days. Typical US markets for the Echo Solar would be the sunny climes of the Rocky
Mountain region, including Colorado, Utah, New Mexico and Arizona, where intense winter sunshine

combined with cool air and the need for space heating, make this a very desirable system.



MILLENNIUM SOLAR

The Multi Solar System (MSS) by Millennium Solar is a modular PV/T that generates electrical energy
and thermal energy simultaneously. The MSS uses air and water pipes to cool the PV cells, increasing
efficiency, and produces hot water and air which can be used for other low grade heating applications.
The company has a patented technology for a Multi Solar PV/T/A (Solar PV/Thermal/Air) system,
however the patent is certainly different than the patent that is being pursued in this research. They
demonstrate little interest in the Building Integration aspect of the product and provide no mounting

solution.

Figure 5. These photos demonstrate the concept of the PV/T designs by Millennium Solar. You can see the plumbing for the
thermal component in the left-side photos. There is no building integration design or emphasis put on the aesthetics on a
residence. (MillenniumSolar, 2011)

It appears that the products by Millennium Solar were designed to maximize efficiency and are most
likely sold to commercial/power companies that can afford the technology. The residence is not a major

target market for this company.



PVTWINS
PVTWINS is a spin-off company from the Energy Research Centre of The Netherlands (ECN) that
produces PVT products and related system components. PVTWINS collectors are intended for

residential use and can be applied in individual and collective domestic hot water systems.

Figure 6. PVTWINS PVT collector module. (PVTWINS, 2011)

This is a very similar concept to our BIPV/T, however, it is definitely missing the building-integration

component, and is not attractive on a building facade.

RA-CELL

RA-cell is a research company specializing in electronic circuits and solar power, with a focus on
processing and manufacturing semiconductor components. The company specializes in PV/T and PV
modules for building integration, but does not have a specific product on the market. They work closely
with architecture companies, and will custom design whatever the architectural firm has sold to its
clients. Thus, the company is not a direct competitor to the product being developed in this research.

(RA-cell, 2011)



SUMMARY OF MARKET PARTICIPANTS
Of all of the PV/T market participants, not one of them is doing what is being proposed in this paper.
The SolarDuct is an air-based system that targets commercial flat rooftops with large air handling

equipment. They are not targeting a residential market and would not be a competitor.

Echo solar would provide the greatest competition in the market of Building-Integrated
Photovoltaic/Thermal systems. They produce a good looking, roof integrated system that has the
flexibility to heat water and provide space heating via heated air. Echo solar is an air-based system,
which has its tradeoffs. Benefits include the elimination of the risk of water leaks and freezing
problems, opening them up to a market with locations in freezing climates. Disadvantages are a lack in
thermal efficiency simply due to the larger carrying capacity of water versus air and the additional
power required to pressurize air for transport, relative to water. Echo solar is most effective on cold
sunny days where the air can be heated to high temperatures, and the heat can be transferred to the
hot water tank, and the excess hot air downstream of the heat exchanger can be used for space heating.

During the cooling season, the excess hot air must be exhausted and is wasted.

Millennium Solar offers up a high performing PV/T module, but provides no aesthetic integration into
building facades, and is not a low cost option. They are primarily targeting power generation companies

and/or commercial businesses that can afford the technology. Surely they’re price can be beat.

PVTWINS’s product is the most similar to the prototype of this paper, however it fails to compete on the
building integration side of the market. Figure 6 is a photo of their module, and it is obvious that a

racking system is required and that it simply looks awful.

RA-cell is a research company that is willing to custom fabricate any type of PV/T that is ordered from
them by architectural firms, who have designed a building integrated PV or PV/T system for large-scale
commercial projects. They are not selling a specific product.
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Table 1 summarizes the above competitors and in bold is the BIPVT being developed in this research. A
quick glance at the table demonstrates that the BIPVT module is different than all of the other

competitors, and should have a good chance for success.

Table 1. Summary of PVT market participants and the BIPVT prototype in bold.

Summary of PVT Market Participants
Ideal
Environmental
Competitor |Headquarters |Working Fluid | Thermal Applications | Target Market Conditions
Hot water and space
Echo Berkeley, CA Air heating Residential | Sunny and cool
Space Heating and Sunny and cool
Solar Wall Toronto, ON Air Process drying Commercial | (space heating)
Power station, Co-
generation power
stations, Grid Commercial
Millenium Solar Israel Airand Water| connected houses |and Residential| Hotand sunny
PVTWINS Netherlands Water Hot water Residential Hot and Sunny
RA-Cell Denmark Water Hot water Commercial |Custom Product
BIPVT Boulder, CO Water Hot Water Residential Hot and sunny
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CHAPTER 2 MODULE DESIGN

The BIPV/T design had to meet the following criteria:

1. The fluid conduit must be integrated into the PV frame.

2. The modules are to be designed such that they create an aesthetically even fagade on a roof.

3. Each module is to have weather resistant gaskets allowing the array of collectors to serve as
facade elements, replacing shingles or siding.

4. The modules need to be able to be mounted directly on the roof.

5. The frame needs to be able to fit any PV manufacturer’s laminates (they are not all the same
shape).

6. The module needs to be Low cost.

A major constraint on the project was to use inexpensive materials, further separating this patentable
design from existing PV/T designs that rely on relatively pricey metallic materials. It was important to
design the prototype in anticipation of mass production. That being said, the most cost effective way to
mass produce something would be to use multiple plastic extrusions that could be cut to the client’s
selected PV laminate dimensions and assembled around the PV in a shop/distribution warehouse. The

desire for an extrudable absorber resulted in a simple design, best described by Figure 7

Figure 7 Concept for the extrudable absorber. Water is to flow through the square channels.
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ABSORBER SIZING

ABSORBER ORIENTATION AND WIDTH

The first decision in designing the actual absorber prototype was to decide if the water was to flow
along the portrait or landscape orientation of the PV. It was decided that the absorber was to flow
water along the portrait view of the PV in order to maximize contact time for any given flow rate. The
extrusion process will be able to provide any given length desired, most likely stocked in 10-15’ long
pieces, but the width will have to be a fixed dimension. The junction box on the back of all PV laminates
is usually centered in portrait view, typically located a couple of inches from the top of the laminate and
has dimension of (4-5")x(4-5"”)x1.25”. The junction box forces each PV panel to have two absorbers on
each side of the j-box. APPENDIX C PV PANEL DIMENSION RANGES, contains a table of the most
popular PV manufacturers and all of their PV models. The table was used to get an idea of typical
dimensions for sizing the absorber so that it would fit inside any PV laminate. Table 2 is a summary of
the PV dimension compilation and an investigation of the width results shows that the average width of
any given PV laminate is about 3 feet, with a standard deviation of about 4 inches. For two absorbers to
fit on any given PV laminate the width was determined by the following equation.

(WidthPV,average - Widthj—box - WidthSt-Dev)
2

Widthgpsorper < = 13.6" (2.1)

Table 2. Maximum, minimum, average and standard deviation for the lengths, widths and weights for the most common PV
manufacturers and models.

Depth (in.)(includes Weight
Length (in.)| Length (ft.) [ Width (in) | Width (ft) | cover and/or frame) (Ib)

Max 77.56 6.46 41.18 3.43 1.97 61.70

Min 51.57 4.30 26.30 2.19 1.40 27.50

Awverage 64.19 5.35 35.79 2.98 1.75 40.61
StDev 6.32 0.53 4.14 0.35 0.19 9.25
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In accordance with equation 2.1, the width of the absorber for the prototype was set to be 12”.

FLOW CHANNEL SIZING

Adhering to design criteria number 6 (low cost), the design of the absorber was more focused on ease of
extrusion and low cost tooling as opposed to optimized heat transfer. That being said, square flow
channels were the geometry of choice. The rate of heat transfer by convection between a surface and a

fluid can be calculated from the relation

qc = h AAT (2.2)

Where, . = rate of heat transfer by convection, W
A = heat transfer area, m?

AT = difference between the surface temperature T, and the fluid temperature Ty4, K

h. = average convection heat transfer coefficient over the area A, W/m?* K

When designing a heat exchanger the easiest way to increase the heat transfer rate is to increase the
heat transfer area. In the case of flow channels, this is achieved by making the hydraulic diameter as

small as possible, thus increasing the total surface area of fluid contact.

The other parameter of interest is the convective heat transfer coefficient, which is calculates as

n = Nu * k (23)
c — DH *
Where, Nu = the Nusselt number, dimensionless

k = the fluid thermal conductivity, W/m K

Dy = the hydraulic diameter, m

Increasing the convective heat transfer coefficient will naturally increase the rate of heat transfer, as

seen in equation (2.2). The only parameter that is adjustable by design is the hydraulic diameter, which
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has an inverse relation to the coefficient. Thus, smaller absorber tubes increases the heat transfer
coefficient, which increases the rate of heat transfer by convection. The fluid thermal conductivity is a
thermodynamic property of the selected fluid and is, of course, a constant when determining the

convective heat transfer coefficient.

The Nusselt number for forced convection in tubes is typically evaluated from empirical equations based
on experimental results. A dimensional analysis of the experimental results of convection heat transfer

reveal that the Nusselt number can be determined by an equation

Nu = @ (Re)p(Pr) (2.4)

For fully developed, laminar flow in tubes, the Nusselt number is determined by the above relation to be
3.7 for constant wall temperature and 4.4 for constant heat flux. In a solar collector the thermal
condition is closely represented by a constant resistance between the flowing fluid and the constant
temperature environment. If this resistance is large, then the thermal boundary condition approaches
constant heat flux. If the resistance is small, then the boundary condition approaches constant
temperature. Therefore, a solar collector will naturally have a Nusselt number in between the two
values. For designing and modeling purposes a conservative value is preferred and it is assumed that

the thermal boundary condition is constant wall temperature.

Therefore, in order to maximize the heat transfer rate from the absorber to the fluid:

e The heat transfer area should be maximized (achieved by increasing the number of flow
channels)

e Minimize the hydraulic diameter in order to increase the convective heat transfer coefficient

14



e Increase the temperature gradient. The absorber temperature is a function of solar radiation,
but the entering fluid temperature should be as cool as possible. Lower temperature water also

increases the Prandtl number, increasing the convective heat transfer coefficient

The above analysis obviously suggests that the absorber should have as many flow channels as possible,
where the limiting factors are the tradeoff of better heat transfer at the expense of increased pressure

drop (increased pumping power) and the limitations of manufacturing.

When the design was taken to Colorado Plastics for quotation, the prototype fabricator, John Butler,
recommended that the thickness of plastic separating the flow channels shouldn’t be any smaller 3/32”
(Butler, 2011). Using the channel wall thickness constraint, an algorithm that calculated the height of
the flow channel such that the thickness of material above and below the channel was constrained to
3/32”, and the ASHRAE/SRCC test flow rate metric of 0.1GPM/ft’, the overall thickness of the absorber
was varied until the calculated pressure drop along the flow path was comparable to that of other
unglazed solar collectors, as reported in the directory of SRCC certified solar collector ratings. Table 3
shows the results for the parametric runs. Run 6 was chosen for the prototype because, the overall

thickness was a convenient dimension (}%”) and the pressure drop was a reasonable value.
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Table 3. This table calculates the hydraulic diameter, the total number of flow channels, the Reynolds number, overall
absorber weight, fluid velocity and pressure drop. The overall absorber thickness was varied to get an idea of the changing

parameter

Parametric Table: Table 1

Tabs Ten Tenact Dy N Rep Load Viiuid AP

[in] [in] [in] [in] [Ibf/in) [imin] [in*WQC]
Run 1 0.3 0.09375 0.09803 0.1125 57 2742 53.48 164.1 1.095
Run 2 029 0.09375 0.0975 0.1025 60 2859 53.45 187.8 1.509
Run 3 028 0.09375 0.09798 0.0925 63 301.7 53.43 219.6 2.167
Run 4 027 0.09375 0.0966 0.0825 67 318.1 53.41 259.6 3.22
Bun 5 026 009375 009651 00725 Z1 3416 5339 3172 5095

I Run 6 025 0.09375 0.09539 0.0625 76 3702 53.37 398.8 8.619 I

Run 7 024 0.09375 0.09565 0.0525 81 4135 53.34 530.3 16.24
Run 8 023 0.09375 0.09543 0.0425 87 4755 53.32 753.4 35.21
Run 9 022 0.09375 0.09516 0.0325 94 5756 53.3 1192 95.31
Run 10 021 0.09375 0.09515 0.0225 102 766.2 53.28 2293 382.4
Run 11 0.2 0.09375 0.09464 0.0125 112 1256 53.26 6765 3655
Run 12 0.19 0.09375 0.09506 0.0025 123 5718 53.23 154000 2.080E+06

Figure 8 through Figure 10 represent the details of the absorber.

Figure 8. Overall absorber dimensions.
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Figure 9. Absorber Flow channel detail.

Figure 10. This image shows two spacers and two absorbers underneath one PV laminate.

FLUID HEADER DESIGN AND SIZING

HEADER SIZING

Sizing the fluid headers had to account for an estimated maximum number of modules that would be
connected to each other. The sizing criteria followed the common recommendation that sets a velocity
limit of 4 ft/sec for pipes 2” and smaller, and a head loss of 4 ft/100 ft of pipe for pipes larger than 2”

(McQuiston, Parker, & Spitler, 2005).
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Table 4. Header sizing criteria.

Flow rate Estimated Total Pipe Size
per module maximum GPM accommodating
(GPM) number of flowingin | the 4 ft./sec line
modules headers and GPM line
connected intersection
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Figure 11. Friction loss due to flow of water in commercial steel pipe (schedule 40). From ASHRAE Handbook, Fundamentals
Volume, 1989.

Applying the criteria of Table 4 and the recommendations of Figure 11 the module supply and return
headers were sized to have a hydraulic diameter of 1”. For a square conduit the lengths of the sides of

the conduit were found by the relation

4 Areacross—section 412
D, = = =]=1" (2.7)
H Perimeter 4]

HEADER DESIGN
The headers were designed such that their profiles could be easily extruded and cut to the size of any PV

laminate. The upstream and downstream headers are not identical and differ in the way that the
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integrating flanges work. Adhering to design criteria 2 through 4, the headers need to integrate with
each other such that an aesthetic facade is generated, the integrated array acts like roofing shingles, and
the completed module can be mounted directly to the roof. Figure 12 show the details of the supply
and return headers. The “integrating slip and flange” serve the purpose of generating the aesthetic and
even facade to act like roofing shingles. During installation of an array, only two sides of the module will
be accessible for fastening to the roof. In order to provide added support to the inaccessible sides, the

“mounting integrating flanges”, as seen in Figure 12, will provide the additional support (See Figure 13).

Return Header Supply Header

_— Integrating Fange:
Facade

Integrating Slip:
Facade

_—— Weatherization
= Gasket

___—— Integrating Flange:
Integrating Flange: _— Mounting

Mounting

Mounting Flange

Figure 12. Supply and Return headers

The functionality of the integrating flanges is best demonstrated by Figure 13. The installation

procedure for any given array is similar to the installation of roofing shingles. The array should be
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started in the lower left hand corner of the roof and work its way left-to-right, bottom-to-top.

Return Header Integrating Flange:

Facade

Supply Header PV Laminate

Spacer
Alternating Mounting Flanges

Absorber

Figure 13. Detail of the Supply and Return Header Integration

SIDE-RAIL DESIGN

The side rails were designed with an extrudable profile in mind. Naturally, the height of the side-rails
needs to match the height of the headers, and the width was chosen to be %" primarily based on the
convenient metric. The details of the side rails are shown in Figure 14. Similar to the header design, the

“mounting integrating flanges” are for additional support when fastening to the roof when the
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mounting flanges are inaccessible.

Upstream Side-rail Downstream Side-rail

Integrating Flange:
Integrating Flange: Mounting
Mounting

Mounting Flange

Mounting Flange

Figure 14. Side-Rail detail

Figure 15 is the detail of the side-rail integration. The gasket will be compressed into a full

weatherproofing layer between the modules.

Figure 15. Side Rail integration detail

MOUNTING FLANGE SIZING AND DETAIL

The mounting flanges will be an extra extrusion that will have to be glued or welded onto each of the

headers and side-rails. Figure 16 is the detail of the mounting flange. In mass production of the
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mounting flange, it is most likely that the screw holes will simply be punched out at 90° angles after the
extrusion takes place. Due to the integration of the modules, there is no extra room for the mounting
flange to stick out past the other integrating flanges, without occupying the same space as the

neighboring module headers or side-rails. Thus, the wood screws will have to be inserted at an angle.

Figure 16. Mounting flange detail.

Figure 17 shows the angle of approach that the wood screw will have to be in order for fastening to the
roof. The elevation angle is about 72° and the corresponding zenith angle is 18°. Assuming the
installation will use a standard 10-gauge wood screw, with a shank diameter of 3/16”, the effective
shank diameter at an 18° zenith angle is 0.197”. To account for the thickness of the mounting flange

(1/4”), the diameter of the hole needs to be at least 0.28”
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Figure 17. Roofing screw angle of approach.

JOINT DESIGN

The joint is the only piece of the module that can’t be extruded. The joint is the critical piece that

connects the headers to the side-rails. The connection is made by glued slip-fits.

-
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“we

1

Figure 18. If flowing water from left-to-right, bottom-to-top, then these two images show the details of the downstream
return joint (top right corner). One half of a 1/2" plastic union is to be countersunk into each joint, as seen in the image on
the left.

Due to integration requirements, all four joints are slightly different. The mass production of these
joints would be manufactured using an injection molded piece of tooling. All plastic thicknesses are 1/8”

unless otherwise specified.
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The top drawing of Figure 19 is an example of what an array would look like. The bottom drawing of
Figure 19 is a zoomed in view of one of two 4-way junctions of the array in the top drawing. There is a
gap between modules due to the union that connects the header of one module to the header of
another module. A separate piece of plastic is to be manufactured to so that it closes the gap and

attaches by a snap or push-fit mechanism.

For more detailed drawings and a recommended sequence of assembly, please see APPENDIX B

PROTOTYPE FABRICATION DRAWINGS.

Figure 19. The drawing on top shows an example array fitted together. The bottom drawing is zoomed in at one of the
junctions. An additional piece of plastic is to be push-fitted into all 4-way junctions.

MATERIAL SELECTION

When the original design was discussed with the master fabricator at Colorado Plastics it was decided

that PVC would be an inexpensive, easily workable material for the job. Other materials that were



discussed were polycarbonates. The polycarbonate would have been a nice option for the absorber
because it comes as a sheet with rectangular channels already extruded. The problem with using the
polycarbonate is that it doesn’t bond with PVC, meaning that the entire module would have to be made
from polycarbonate, which is an opaque color. Trusting the expertise of the fabricator PVC was selected

and the fabrication began.

DESIGN MODIFICATIONS AND CONSTRUCTION PROBLEMS

The first issue with the designs that were sent to Colorado Plastics (see APPENDIX B PROTOTYPE
FABRICATION DRAWINGS) was the lack of support the absorber. Being connected by an 1/8” at both
ends of the 5’ long run, caused the absorber to sag. John welded in some side rails on the inner sides of

both absorber, and welded the absorber along the side rail.

The original design was sized around a particular union, but the unions that John picked up were slightly
different. Thus, in order to get the profile height correct for the modules, a specific union needs to be
selected to ensure that there is enough clearance in the profile height and to properly align the

integrating flanges.

Construction issues with the absorber are discussed at length in CHAPTER 3 THE PHYSICAL
EXPERIMENT. Basically, the technique used to machine and close the flow channels was unsuccessful,

and water was not properly contained in the flow channels.
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CHAPTER 3 THE PHYSICAL EXPERIMENT

As mentioned in Chapter 1, the purpose of this research is to design and build a patentable, modular
BIPV/T prototype to assess the prototype’s performance, economics, constructability and operation and
maintenance. In order to accomplish these tasks, a physical experiment needed to be setup to test the
modules. The first decision to be made was to decide where the experiment was to be built. The most
practical place to test the modules was on campus. The Building Systems’ Larson Laboratory is located
on the second floor of the Civil Engineering wing, with direct access to the roof. Approval from the
University’s Facility Management was required before construction could begin. Having the BIPV/T
experiment in the Larson Lab will be useful for many future solar thermal projects.

SHADING ANALYSIS

The location of choice is an 87 ft south facing wall along the south side of the Larson Lab. Of the 87 ft.,
about 30 ft. of the eastern most section of the wall is useful for solar testing. Before any construction
began, a shading analysis was conducted. Google SketchUp was the tool for the job. The roof area
needed to be drawn to scale such that the surrounding buildings’ shadows could be modeled. Google
SketchUp has several great features for performing the shading analysis. The first feature is the Match
Photo tool. This tool allows you to import photos into the model space and generate 3D models to

match the photo. Taken from Google SketchUp documentation (Google SketchUp Match Photo, 2011)

High-level steps for creating a model from photos
Creating a model from photos consists of 4 high-level steps:

1. Take digital pictures of a building or structure. Refer to Taking Digital Photos for
Use When Matching for further information.

2. Start matching. Matching involves loading a digital picture and calibrating
SketchUp's camera to the position and focal length of the camera used to take
the actual photo (you are setting up the exact criteria used to take your picture
so you can draw on the picture). You can also set the scale of the actual building
or structure while matching, or just resize the entire model after it has been
drawn. Refer to Creating a 3D Model to Match a Photo for further information.
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3. Start sketching. Once you have duplicated the position and focal length of the
camera used to take the picture, you can draw over the image in SketchUp.
SketchUp moves into a 2D sketching mode from matching (it is 2D because you
are drawing on a 2D photo that needs to be oriented at a specific camera angle
to you). Refer to Creating a 3D Model to Match a Photo for further information.

4. Repeat Step 2 and 3 with any photos representing other views of the building or
structure.

PHOTO MATCH

Following the above steps, the buildings were traced and pushed into 3D images. Figure 20 through

Figure 23 show the similarities.

Figure 20. The building directly across from the array location.
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Figure 21. Same building as in the above figure, looking southeast.

Figure 22. Outside of the Larson Lab. This is the south facing wall to be used for testing.
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Figure 23. The tall building directly in front of the door from the Larson Lab onto the roof.

Using a tape measure, the layout and spacing of the three building was set.

GEO-LOCATION

The next step in using Google SketchUp as the shading modeling program is to properly set the latitude,
longitude and orientation for the solar calculations. SketchUp has a couple very nice features for this.
The Geo-location tool is extremely easy to use. Go to Window>Model Info, and select Geo-location
from the left list of options. This launches Google Earth from within SketchUp. From here you can find
the exact location of the model, select the region to the desired size, click “grab” and the image is
automatically imported with a true north arrow centered in the zone. From here you can set your
model exactly to the precise location and orientation. Figure 24 shows the roof top 3D model set
against the Google Earth image. Note the latitude, longitude and the true north arrow. As can be seen

from the figure, the wall faces dead south.
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Figure 24. The roof top model set against the geo-location imported Google Earth image, with precise latitude and longitude
and a true north arrow.

SHADING RESULTS

The shading results will be for two array scenarios:

1) The western most array of only two BIPV/T modules (of concern to this project) and

2) The entire array area for larger future project.

Figure 25 and Figure 26 show the shading results for January 23, at 2pm (the last time a shadow crosses
the array between peak sun hours) and the shading results for January 24, from 10am-2pm, (the first
time of the year that the array is not crossed by a shadow during peak sun hours) for the first scenario,

respectively.
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Figure 25. This is the last day and time between peak sun hours that a shadow crosses the BIPV/T array. [January 23 at
2:00pm]
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Figure 26. From left-to-right, top-to-bottom; Looking north, these are the shadows cast on the array at 10am, 12pm, 1pm,
and 2pm. This is the first day of the year that the array is shadow-free during peak sun hours [January 24].

Array scenario 1, is shadow-free from 10am-2pm daily until November 19, as seen in Figure 27.
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Figure 27. This is the shadow cast across the array on November 19 at 1:30pm. This is the first time that a shadow is cast
across the array since January 23.

Figure 28 shows the shadow cast across array scenario 2, the entire array. The top image is on May 1 at
2pm, the first time of the year that no shadow is cast on the array between the hours of 10am-2pm.
The bottom image is on August 10 at 2pm and is the last time of the year that no shadow is cast on the

array between the hours of 10am-2pm.
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Figure 28. The top image is May 1 at 2pm. This day and time is the first day that the entire array is shadow free from 10am-
2pm. This scenario lasts until August 10, as seen in the bottom image.

Table 5 is a summary of the shading results

Table 5. Summary of Shading Analysis.

Array Scenario First Day of the year Last Day of the year Total consecutive Days
when the array is when the array is of shadow-free
shadow-free shadow-free exposure
1 — Western Side January 24 November 19 299
2 — Entire Array May 1 August 10 101
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SIZING THE THERMAL STORAGE TANKS

The first step in sizing the thermal storage tanks was to decide on the highest temperature that was
desired to be in the system. This value was selected to be 140°F, equal to the typical leaving water
temperature of a DHW tank. The AT was then calculated assuming that the initial water temperature of
the tanks would be at about room temperature, 75°F. NREL’s U.S. Solar Radiation Resource Maps was
used to find the average daily solar radiation per month, ET, from Figure 29 . September was chosen as

the month in anticipation of running tests at that time.

Average Daily Solar Radiation Per Month

SEPTEMBER

Flat Plate Tilted South at Latitude

This map shows the general trends in the amount of solar radiation received in the
United States and its territories. It is a spatial interpelation of solar radiation values 2
derived from the 1881-1980 National Solar Radiation Dats Base (NSRDB). The dots kWh/m‘/day
on the map represent the 239 sites of the NSROB.

Maps of average values are produced by averaging all 30 years of data for each site.
Maps of maximum and minimum values are composites of specific months and years |:| 8to 10
for which each site achieved its maximum er minimum amounts of solar radiation.

Though useful for identifying general trends, this map should be used with caution for
site-specific resource evaluations because variations in solar radiation not reflected in
the maps can exist, introducing uncertainty into resource estimates.

4 8

0 6to 7

] 5te &
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National Renewable Energy Laboratory
Resource Assessment Program
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Figure 29. Average Daily Solar Radiation per Month. This map was used to size the water storage tanks.

35



i 7 kWh 3600 S mC,AT
= . —_— —_=
’ mzday h Acollector * Neollector

(3.1)

Where, AT = 140°F - 75°F = 65°F or 18°C

Acontector =3 * 1.24m?

Neottector = -23

Cp =419 2
The tanks were sized in anticipation of having three BIPV/T prototypes and the efficiency of the collector
was an approximate conservative value. Solving for the mass in equation (3.1) and converting to US

gallons, the total thermal capacity of the system should be approximately 88 gallons. Thus two 55

gallon, plastic open top tanks were selected for the job.

Figure 30. This is a photo of the experiment from inside of the Larson Lab. In the upper right hand corner is the electrical
terminations and PV load dumping station. Centered in the photo are the two 55-gallon tanks, and the datalogger and
thermistor enclosure. The 1/6 HP circulator pump is seen in the left hand side of the photo.
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SIZING THE PUMP
Table 6 is used in conjunction with Table 7. The head loss calculations follow the methods outlined in

(McQuiston, Parker, & Spitler, 2005). References to tables and figures in Table 6 are referring to the
aforementioned text. 5 GPM was chosen as the highest test value to be flowed through two of the

BIPV/T modules. Anticipated application flow rates will be less than 1 GPM/module.

Table 6. Criteria and constants to be used in calculating the system head loss for pump sizing.

Type L copper tubing

Pipe size criteria
maximum GPM: 5 GPM
maximum head loss: 7 ft/100ft in main run
3/4" copper pipe to be used

Friction Factor (3/4")
Fm table10-2 0.025

FmFig. 10-22a Fm Fig. 10-22b
Fittings K L_eq
Tee's (branch flow,
thermistor will be
inserted alongrun

flow) 1.5 4
Ball Valves 0.075 0.33
elbows 0.75 3

flow meter treating like ball valve

Table 7 breaks up the piping system into 7 segments and calculates the fittings equivalent length and
then calculates the head loss for each section. A safety factor of 15% was used to ensure extra capacity

and to accommodate unforeseen plumbing issues.
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Table 7. System head loss spreadsheet.

Fittings
Lost
Pipe Flow Fluid Head per Fittings Collector
Section Rate, Nominal Velocity, 100 ft, Pipe Equiv. Lost  Total Lost
No Description gpm Size,in  ft/sec  ft/100ft Length, ft Type Count Length, ft Total Length, ft Head, ft Head, ft
1 From Tanks 5 3/4"  3.272849 7 26 ball valves 2 0.66 -
to outside elbows 5 15 41.66 - 2.9162
2 5 3/4"  3.272849 7 69 elbows 4 12
ball valves 4 1.32
flow meter 1 0.33
run to Thermistor
collector Tee 1 4 86.65 - 6.0655
thru
3 collector 5 variable variable variable - - - - - - 10
4 5 3/4" 3.272849 7 1.5 elbows 2 6
collector to Tee 1 4
straight run ball valves 3 0.99 12.49 - 0.8743
5 run to inside 5 3/4" 3.272849 7 67.5 elbows 3 9 76.5
building
6 penetration 5 3/4" 3.272849 7 30.5 elbows 7 21
to tanks ball valves 2 0.66 52.16 - 3.6512
tank 1to
7 tank 2 5 ? 3.272849 7 - -
Elevation - 4
total 27.5072
Safety Factor (15%) total 31.63328

Having calculated the system head of 32 ft. at a flow rate of 5 GPM, the ARMSTRONG ARMflo E series
circulator — model E8 was chosen see APPENDIX D PLUMBING COMPONENTS, for more pump
information. Figure 31 is the selected pump performance curve. It is clear from the figure that the

pump can handle 32 ft. of head at a flow rate of about 5 GPM. Figure 32 is a photo of the pump station.
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Figure 31. Armstrong E8 circulator pump performance curve.

Figure 32. Photo of pump station and water filter.
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CHARGING THE PUMP

The plumbing system that was installed is a closed-loop, open to atmosphere drain-back system.
Unfortunately, starting the system was far more difficult than simply filling the tanks and turning on the
pump, primarily due to air getting caught in the lines as a result of having to constantly drain the system
to prevent freezing. The following list is a method that worked in charging the pump and starting water

flow in the system:

1. Fill system in collector bypass, closing valves along the way to the high point
a. Close collector supply valve

Close collector return valve

Open bypass valve

Open supply and return drain valves

Open upper drain valve, next to air separator

Fill from upper pump fill bib

Close top pump valve

SQ@ ™o aons

Open bottom pump valve

2. Fill Tank 1 (closest to the pump) to the top

a. As the city water starts to flow through the system, follow the water to all of the drain
valves, and shut them down after the air has been pushed out

b. Once all drain valves are closed, check the air separator for proper operation

c. Confirm that the water is flowing into tank 1, and fill to the top

3. Open top pump valve (for a few seconds) to let the water column run back through the pump
and push the air out of the pump back through the tank. Then close the valve

4. Turnonpump

a. The pump will be deadheaded, but the pressure will rise allowing for system to start
flowing

b. Slowly open the top pump valve (allowing water to flow)

5. Open the valve to tank 2 and convince yourself that the water is circulating (not just falling from
a higher head)

6. Slowly open collector fill valve until water flows out of the system through the upper drain hose
bib (purging the collectors of air). Once water starts to flow through the system at a consistent
rate, leave the valve in that position

7. Slowly start to close the bypass valve noting that the flow through the collectors will be
increasing, thus increasing the pressure.

a. As the flow through the collectors starts to increase, start throttling back the collector
supply valve, as not to over pressurize the collectors and damage them. Completely
close the bypass valve.

8. At this point water is still flow out the top drain valve and the collector is not pressurized.
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a. Open the collector return valve and close the drain hose bib
9. Read flow rate from data collector and adjust with the supply valve until the desired flow rate is
achieved.

WATER FILTRATION

Water filtration was required for this project in order to prevent the absorber flow channels from
getting clogged with debris. The filter housing was selected to handle the highest of anticipated
temperatures, while the filter cartridge only passed particles smaller than the diameter of the absorber
flow channels. Please see APPENDIX D PLUMBING COMPONENTS for the specification about the water

filtration system.

SIZING THE POWER RESISTORS

It is imperative that the power generated by the PV panels be removed from the BIPV/T module, in
order to appropriately account for the behavior of the system. Several power resistors were wired in
series to dump the electrical energy. The power resistor bank was sized such that the equivalent

resistance intersected the PV IV-curve at the maximum power point, as demonstrated in Figure 33.
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Figure 33. This figure demonstrates the PV operating point. The PV panel will operate at the intersection point of the IV-
curve and the line of constant resistance (1/R).

For this project, there are two PV modules wired in series. When power generators are wired in series
the power and voltage add, while the current remains the same (conservation of charge). Thus, for two

SunPower SPR-215-BLK modules connected in series,

2V)?
2Pay = ()" _ 430W (3.2)

Ry

Where, Prax =215 W
Vinp =40V
Rpp=149Q

When building the power resistor circuit, the total resistance should equal Ry, thus forcing the PV to

operate at the maximum power point. The total resistance of the power resistor circuit is shown in
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Figure 34. The resistors used for this circuit are fairly uncommon, because it is rare to have low

resistances and a how power ratings. These resistors were ordered from Mouser.com.

PV Power In 10Q + 4.7Q + 0.3Q
=150

Figure 34. Power resistors for dumping the PV power as heat.

The reason for three resistors in series, as seen in Figure 34, was so that the voltage could be dropped to

less than 2.5V in order to be within the detection range for the Campbell Scientific CR100 Datalogger.

FRAME DESIGN

The location for the experiment was on the roof of the Civil Wing of the Engineering Center. The frame
was supposed to imitate a typical residential roof and was constructed of multiple triangular Unistrut
trusses anchored to a vertical concrete wall, as seen in Figure 35. The depth of the mock roof was

determined to be large enough such that, either two typical PV panels would fit in landscape orientation

43



or one in portrait orientation. The slope of the roof was set at an angle of 30°, a typical residential roof

angle.

Figure 35. Detail of frame truss.

Each frame truss was spaced every four feet to develop the structural support for the solar modules.
The original plan for construction was to build the full scale array as a permanent structure for the use
of future student projects. Figure 36 shows the plans, where the right side has plywood to act like a roof
and the left side is left flexible for other mounting options. Unistrut is an extremely convenient material
to work with. It allows for lots of flexibility, which is an important factor for unknown future student
projects. Please see APPENDIX G CONSTRUCTION MATERIAL SPECIFICATIONS, for information

about all construction materials.
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Figure 36. This shows the plan for the full scale array. Each truss is spaced 4 ft. on center. Cross-bracing at the end braces
only is sufficient especially when other types of cross-bracing will be added for mounting solar panels, i.e. plywood, Unistrut
channels, etc.

DATA ACQUISITION
Quantification of the BIPV/T modules performance required a full data acquisition system. Table 8 is a
summary of all instrumentation. For all instrumentation specification sheets please see, APPENDIX H

DATA ACQUISTION INSTRUMENTION.

Table 8. BIPV/T point list.

Point Parameter Instrument Manufacturer | Point Name Detection
Method

1 Temperature Thermocouple Omega T,in Differential
Voltage

2 Temperature Thermocouple Omega T, out Differential
Voltage

3 Temperature Thermocouples Omega PV cell Temp | Differential
Voltage

3 Temperature Thermistor PreCon/Kele T, ambient Differential
Voltage

4 Wind Speed Cup Anemometer InSpeed Wind Speed | Pulse

5 Flow Rate Flow Meter Omega Flow Rate Pulse
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6 Insolation Pyranometer Licor Tilted Differential
Surface Solar | Voltage
Radiation

7 PV Power Datalogger Campbell Sci. | DC Voltage Differential
Voltage

DATALOGGER

A Campbell Scientific CR 1000 measurement and control datalogger was used for the data acquisition.
This datalogger has capacity for eight channels of measured differential voltage levels, two pulse
channel counters, and three outputs for precise excitation voltages for resistive bridge measurements
(thermistors), among other unused features. Figure 37 shows the wiring panel for the datalogger. The
CR1000 has 2 MB of flash memory for the operating system and 4 MB of battery-backed SRAM for CPU
usage, program storage, and data storage. The data is conveniently stored in table format. Power is

supplied to the datalogger via any 12 Vdc source.

Switched Voltage Voltage drop across 10kQ resistor from flow

meter. \
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Thermistor enclosure and flow meter

Figure 37. Campbell Scientific CR1000 datalogger wiring panel.

THERMOCOUPLES
Type T thermocouples, by Omega, were used to measure the temperature of the fluid entering and

leaving the collectors. Thermocouples play very nicely with the Campbell Scientific datalogger and
software, simply connect the thermocouple leads to the H and L differential voltage terminals and tell

the software which thermocouple type is being used, and the temperature is reported.
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THERMISTOR

Only one thermistor was used for this experiment, and that was to measure the ambient temperature.
The Larson Lab had several thermistors lying around and one was grabbed and used for tests. A
thermistor measurement is not as easy to read with the Campbell Scientific Datalogger as
thermocouples are. A thermistor measurement is called a resistive bridge measurement, meaning that
a precise excitation voltage is required to measure the resistance across the thermistor. It is also typical
that the voltage is dropped across a 10kQ resistor in series with the thermistor in order to minimize the
self-heating effect. As with any current, the current flowing through the thermistor will generate heat
which raises the temperature of the thermistor above its surroundings. If the temperature being
measured is the ambient temperature, as in this experiment, then a correction factor must be applied to

the measurement.

In order to solve for the temperature based on a differential voltage reading several steps must take

place. The third-order Steinhart-Hart equation relates temperature to electrical resistance as follows

1
7= A+ B *Ln(R) + C * Ln3(R) (3.3)

Rref* Vimeasured
R= L

Where,

and,

Vexcitation= Vmeasured

R,¢f = Reference Resistance = 10kQ
Vineasurea = Differential voltage measured
Vexcitation = SUpplied excitation voltage = 5V (from the datalogger)

A, B, and C = The Steinhart-Hart parameters.

The Steinhart-hart parameters are determined by simultaneously solving three versions of equation

(3.3) with three temperature and resistance points found from the thermistor manufacturer’s resistance
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table (see APPENDIX H DATA ACQUISTION INSTRUMENTION). The three points should be selected to

represent the range of temperatures anticipated during the testing.

Figure 38 demonstrates the thermistor resistive bridge measurement technique. Although only one
thermistor was used in this experiment, this custom enclosure is capable of handling 7 resistive bridge
measurement devices. Currently three 10kQ resistive bridge measurements are wired up, the remaining

4 instruments would have to be wired.

5V power

supply in L\_} " Leads across

Thermistor, to data-
Logger Diff. Voltage

Solderable
Printed-
Circuit board

Terminal Bars

| Excitation voltage out to thermistor

Figure 38. Custom made resistive bridge enclosure. A 5 volt power supply from the datalogger is fed into the solderable
printed-circuit board. Soldered underneath the board are several 10k ohm resistors (one for each thermistor). Excitation
voltage is sent to the thermistors after the voltage is dropped across the 10k ohm resistor. The measurement is taken across
the thermistor leads and terminated in the datalogger’s differential voltage terminals.

ANEMOMETER

Wind speed was measured using a cup anemometer. Wind speed is a critical parameter to monitor as it
has a dramatic effect on the top loss heat transfer coefficient. The sensor consists of a 3-cup rotor
connected to a reed switch/magnet, providing 1 pulse per rotation. No power is required for this

instrument. The wind speed was calculated from the pulse counter by the following relation
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# of Pulses
2.5 sec

MPH,inq = (3.5)

FLOW METER

In order to quantify the thermal performance of the collectors the flow rate must be measured. A 5"
Omega Super-jet Turbine Flowmeter, with a pulse rate of 151.4 pulses/USGPM was used in this
experiment. Care was taken to plumb the flowmeter with the standard 10 pipe diameters upstream and
5 pipe diameters downstream of uninterruptible flow. The flow meter, like the thermistor, requires an
excitation voltage, so that when the turbine rotates it can send pulses to the datalogger. Figure 39 is the
wiring schematic for the Omega Super-jet Turbine Flowmeter. In this experiment, (as called out in Figure

37) lead A is supplied 12VDC, and the resistance, R, is 10kQ.

LEAD KEY COLOR SCHEME
6-16VDC A BROWN
PULSE SIGNAL H1 B GREEN
POWER GROUND C WHITE
PULSE LO

{Min +6VDC
Max +16VDC:
greater
Pulse Signal
B AT | mro

C __ ovolts(gnd) |

Q
Water Meter Cable

Counter

Figure 39. Wiring diagram for the Omega Flow meter.

PYRANOMETER

Total solar radiation was measured by a Licor pyranometer. This pyranometer features a silicon
photovoltaic detector mounted in a fully cosine-corrected miniature head. The current output, which is

directly proportional to solar radiation, was calibrated by NREL and the relationship for the differential

voltage measurement is:
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Wsolar energy
— = 156.99 * MVyeqsured (3.4)

During the calibration of the instrument at NREL, a resistor was wired in series such that the analog
measurement would be in volts. There are three leads coming from the pyranometer, high voltage, low
voltage and ground. The three leads are simply connected to the H, L and ground terminals in the

differential voltage readings on the datalogger.

PV POWER

The power generated by the PV can be calculated from the voltage measured across the 0.3Q power
resistor as seen in Figure 34. Three resistors (instead of one) were used to dump the electrical energy so
that the voltage could be dropped into the Datalogger’s measurement range (+/- 2.5V). Applying ohm’s
law to the 0.3Q resistor, the current can be calculated and since the three resistors are wired in series,
the conservation of charge principle states that the current through all three resistors must be the same.

Knowing the total circuit resistance and the circuit current, the power can be calculated.

Voza = IRo3q (3.5)
Pgenerated = IZRtot (3.6)
Where, Vo.3q = voltage measured across the 0.3Q resistor

I = circuit current
R, = total circuit resistance

P

generated = POwer generated by the PV

It’s important to know the instantaneous power generation along with the instantaneous solar radiation
so that the PV instantaneous electrical efficiency can be calculated. One major attraction to the
modular BIPV/T is that the temperature of the PV can be lowered by heat transfer into the fluid,
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therefore improving the electrical conversion efficiencies. Tests can be conducted with and without the

fluid component engaged and the improvement of electrical conversion efficiencies can be quantified.
UNIVERSITY APPROVALS

STRUCTURAL APPROVAL

The University’s structural engineer wanted to see some static and wind loading calculations to ensure
stability and safety of the structure. Not being a professional structural engineer, a simplified approach
was used for determining the pull-out strength of wind on the solar framing and the static loading on

the structure and concrete anchors.

The fundamental equation for the wind calculation was determining the force of the wind on the
plywood. It was assumed that the worst case scenario would be a gust that acts normal to the plywood

from underneath. The following equation was used to find the force of the wind:

2
_ Pair * wind,design * Aplywood * Cd (3 6)
Fyina = 2 '

where, Vwind,design =110 mph
C4 = 1.17 (the drag coefficient for square flat plate at 90° angle, from reference table)

From this force the reaction force on the anchors was calculated.

The frame design that was chosen is statically indeterminate. However, by simplifying the frame, from
bolted fixed supports to a simple triangle with a frictionless hinge at the top, frictionless hinge
connecting the two members and a rough surface as the bottom support, then the problem can be
statically determined. The reactions to be determined are at the hinges, which will define the required
strength of the anchors to hold the plate on the hinge. The problem that was solved is simply a two-
dimensional problem where the distributed load is simplified into a point load on one triangular frame
with only one anchor providing the reaction. This was chosen because if one anchor can be proven to
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hold the load, then the additional two frames with 3 anchors each will certainly be sufficient. Please see

APPENDIX | STRUCTURAL CALCULATIONS, for detailed explanation of the structural calculations.

Figure 40. Photo of the frame structure. Support for the plywood is 2x4’s spaced every 24” on center. This photo is missing
the cross bracing that is currently installed between the horizontal members.

ELECTRICAL APPROVAL

During talks with the Project Manager, it was determined that a professional electrician was to install all
electrical connection. As time was of the essence, | side-stepped this requirement and installed the
terminations myself. One, 200" MC3 extension cable was cut in half to make up the positive and
negative leads. The positive lead terminated at a 20A breaker, and was connected to a power resistor
array for load dissipation. The negative lead was connected to the other end of the power resistor,

completing the circuit. The PV modules were left floating, ungrounded.

PLUMBING APPROVAL

During the meeting with Bobby Burke, it was mentioned that the university requires type L copper pipe.
This specification was met by purchasing type L at the Home Depot. A vacuum breaker was required
between the hose bib and the fill station (tanks).
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FIRE RATING APPROVAL
The fire department required that the plywood be fire rated. Boulder Lumber Company was the
distributor for the fire rated plywood, and they were able to provide a material specification sheet.

Please see, APPENDIX G CONSTRUCTION MATERIAL SPECIFICATIONS, for documentation.

ARCHITECTURAL PLANNING APPROVAL

Approval for a permanent structure to be built on the University of Colorado’s property needs approval
from the architectural planning department. The major requirement for approval is a full blown 3D
computer rendering of the structure and the surrounding buildings. Approval would be guaranteed if
the computer rendering could prove that the structure is not visible from anywhere on campus. This
rendering was not completed, and as of now, the structure is temporary. However, the structure is not
visible from the ground. Since approval from the architectural planning department was not met the 32’
structure to accommodate future work was not installed. Instead, only three trusses were mounted,
enough to accommodate this project. Figure 40 is a photo of the finished frame. Hopefully, approval

will be granted to leave the structure up indefinitely.

THE DATA

Data was finally collected on a clear day on November 30, 2011. Data was collected every minutes from
7:27am — 3:43pm. During this particular day, the morning sunlight was covered by a large lenticular
cloud that finally burned off around 10am. The data collected from 10am — 12:15pm is the highest
quality data to be used for the computer calibration because there were no obstructing clouds, and the
surrounding buildings don’t cast any shadow on the PV until after 12:15pm. Figure 41 shows the
shading on November 30, 2011. In reality the shadow was cast on the bottom left corner of the PV at

this point in time, and spreads across the PV until after 2pm.
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Figure 41. This is the shading image for November 30, 2011 at 12:15pm. The actual location of the PV may not be exactly the
same as shown here, but this verifies that the shading results are quite accurate. In reality at this point in time the shadow is
cast on the bottom left corner of the PV and spreads across until after 2pm.

The data recorded by the Campbell Scientific datalogger is stored as a *.dat file in a table format. The
* dat file was opened in MS Excel where further manipulations were conducted. Table 9 shows an

example of the data headers and how the raw data was organized.

Table 9. This is how the raw data from the datalogger was imported into Excel.

Timestamp | Record | PYRA | Tin | Tamb | Tout | Tevitop | Tevmid | Tevpot | PVyor | Flowmeter | Anemometer

TS RN W/m® | Deg | Deg | Deg | Deg | Deg | Deg | mV GPM m/s
C C C C C C

Four parameters were used to calibrate the computer model from the collected data

1. Useful energy gain
. kJ
Quseful = meAT [H] (3.7)

Where, m = mass flow rate, as read from the flow meter, converted to Kg/hr

AT = Tout - Tin
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2. Leaving fluid temperature

a. As measured by the thermocouple and recorded by the datalogger
3. Temperature of the PV

a. Calculated the average of Tpy top, Tev,mig, aNd Ty pot.
4. PV power generated

a. Calculated as described in PV Power on page 50.

Figure 42 shows the results of the four parameters over the time frame of 10am to 12:15pm. As will be

described in the next chapter (see pg. 62), completely clear skies were desired for data collection.
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Figure 42. These plots are the four tuning parameters used to calibrate the computer model and to analyze the performance
of the collector.
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Figure 43. This figure is the remaining suite of measured data. The plot on the left shows all three temperatures (left axis)
and the wind speed (right axis). The plot on the right is the measured solar radiation on the plane of the collector.

Figure 43 shows the remaining measured data. One can clearly see the correlation between PV power
and the incident radiation. Another parameter correlation to notice is the effect of wind speed on the
PV temperature and the useful energy gain. From 11am through the end of data collection, the wind

speed picks up and the plots of PV temperature and useful energy gain become a bit more jagged.

ERROR ANALYSIS

When calculating the useful energy gain of the BIPV/T collectors, two measurement values are
multiplied together in equation (3.7), rn and AT. Uncertainty in a product is equal to the sum in
guadrature of the original fractional uncertainties. So, for equation (3.7), the fractional uncertainty in
Qusefur is €qual to the sum in quadrature of the fractional uncertainty in the flow rate reading and the

temperature difference (Taylor, 1997).

8Quserul sm 2 SAT 2

= | +
|Quseful,best| |mbest| |ATbest|

(3.8)

The flow meter provided an accuracy curve with the product and, at 0.58 GPM, the fractional

uncertainty is about 1%.
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In order to assess the fractional uncertainty in the AT measurement a simple test was conducted on a
cold December day, where a glass jar was filled with warm water (~33 °C), both thermocouple probes
were inserted into the water and the temperatures were recorded every 10 seconds as the water cooled

over the course of a couple of hours.

The results of the thermocouple test showed a 0.17°C error in the temperature measurements. Thus,

the fractional uncertainty of the thermocouple measurements is

OAT _ 0.17°C
|ATbest | |ATbest |

(3.9)

For every data point, equation (3.8) was calculated and multiplied by the equation (3.7) to determine

the absolute error in the Qu.t, metric, and this value was used to set the error bars in Figure 42.

ISSUES AND COMMENTS ABOUT THE DATA

It pains the author to have to admit that after all of the effort that went into the physical experiment,
the precious amount of data that was finally collected is probably flawed. The results are flawed for a
couple of reasons. First of all, a week before the above data was collected; one of the prototypes
suffered a catastrophic failure. The failure occurred during leak testing before all of the data acquisition
instruments were fully installed. As water began to flow through the two modules creaking and cracking
could be heard. When the modules were vented of air and pressurized to the closed-loop system, the
failed module began to bulge, creak some more and eventually suffered the catastrophic failure and
water burst out from underneath the module. The failed module was removed from the test frame and
taken back to Colorado Plastics and the PV laminate was removed and the failure inspected. Believe it
or not, there wasn’t an obvious place of failure. However, when the module was pressure tested with
compressed air, it was apparent that the construction of the absorber was compromised because the

top sheet of the absorber bulged upward under pressure.
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Figure 44. This image shows how the absorber was constructed, and, consequently, failed. The grooves were machined out
and then a 3/32" thick piece of PVC was glued on top of the machined grooves, completing the channels.

Figure 44 shows the major design flaw that has plagued this project. The construction of the absorber
was completed in two steps. First, a 5/32” thick piece of PVC (the bottom piece of Figure 44) had 1/16”
square grooves machined out. Second, a piece of 3/32” thick PVC was glued on top of the machined
PVC and the channels were enclosed. When the water pressure broke the glue bond between the
machined grooves and the top sheet, flow was no longer confined to the channels. Figure 44 shows the
top sheet lifted from the channels, creating a path of least resistance and changing the dynamic of
intended heat transfer. The water will now flow above the channels in an open stream severely

reducing the efficiency of the collector.

The gluing process was conducted by using clamps, a low viscosity solvent, a syringe and gravity. In
other words, the two pieces of plastic were clamped together, angled down such that the solvent
expelled into each flow channel, via syringe, would run down and wick itself into the cracks of the two
surfaces. This process relies on the trust of the surface tension and wicking ability of the solvent. John

at Colorado Plastics has had success with this technique before, but has never done it blind.

The author feels that there are two major problems that went wrong with the physical experiment,

which made calibration of the computer model impossible.
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The tested module’s absorber was compromised! After the module was tested, it was taken
down from the testing frame and sent back to Colorado Plastics, where the PV laminate was
removed, and the compressed air test confirmed that the top sheet of the absorber was coming
loose from the machined channels, as can be seen in Figure 44. In the opinion of the author, the
failure was due to the lack of success of the gluing procedure described above. Since the gluing
was performed without visual confirmation, there were probably sections along the length of
the flow channel where the solvent did not make it into the cracks of the two PVC pieces. Once
water is introduced into one of the unsealed cracks and becomes pressurized, the water will
constantly try to exacerbate the problem and eventually break apart all bonds. This failure
makes calibrating the model to match the collected data semi-irrelevant. Why would one want
to calibrate to a prototype that is not working as designed?

Only one module was tested and the electrical load was sized for two! This creates a
discrepancy between the computer model and the physical experiment because the model
assumes that the PV is operating at the maximum power point (MPP). Unfortunately, there
wasn’t enough time before the Colorado winter set in to properly size the power resistors for

one PV.

Ultimately, the failed absorber made calibration of the TRNSYS model somewhat irrelevant because the

absorber no longer contained the flow of water inside specific channels. The PVT component of the

model assumes confined flow, so basing a simulation on a model calibrated by data from a broken

absorber doesn’t make it very useful. See CALIBRATION RUNS for more information.
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CHAPTER 4 COMPUTER SIMULATION

In order to properly account for the economic analysis of the performance and dollars saved by the new
BIPV/T product, a detailed energy engineering analysis must be conducted and the target markets must
be identified. Remembering that low cost manufacturing was a major requirement for the design, it is
understood that the thermal efficiencies will not be comparable to glazed solar thermal collectors. That
being said the target markets are new construction in non-freezing climates in the United States.

TRNSYS was used to perform the transient hourly simulation for many different US locales.

The computer simulation portion of this project consisted of two models; 1) the calibration model and 2)
the simulation model. The calibration model was used to input measured weather data into the TRNSYS
model and then compare the simulation to the measured results and calibrate the mathematical model
to match the actual performance of the prototype. The simulation model, modeled a typical US

residential home consisting of a 5kW BIPV/T array plumbed into an electric water heater.

TRNSYS is a flexible graphically based software environment used to simulate the behavior of transient
systems. The software is made up of two parts. The first is an engine that reads an input file, iteratively
solves the system, determines convergence and plots system variables. The engine also provides
utilities that determine thermophysical properties, invert matrices, perform linear regressions, and
interpolate external data files. The second part of TRNSYS is an extensive library of components, each of
which models the performance of one part of the system. These components range from physical
equipment, like pumps and HVAC equipment, to multizone buildings, wind turbines to electrolyzers,
weather data processors to economic routines. Inputs and outputs of components are graphically

connected and parameters are entered to specify the system (TRNSYS Documentation, 2009).
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THE CALIBRATION MODEL
The calibration model has to be capable of reading an input file, process the information and deliver the
calculated outputs to various components and present the desired variables for interpretation. Figure

45 is the graphical representation of the TRNSYS calibration model.
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Figure 45. Graphical representation of the TRNSYS calibration model.

All components in the calibration model are a means to facilitate the inputs for the BIPV/T component.
The following sections describe in detail the user-defined components and the BIPVT involved in the

calibration model.

SKY TEMPERATURE CALCULATOR
In order to predict the performance of solar collectors it is necessary to evaluate the radiation exchange

between the collector surface and the sky. The sky is considered a blackbody at some equivalent sky
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temperature. The sky temperature is required by the BIPVT component for radiation computations. The

sky temperature is calculated using the relation (Duffie & Beckman, 2006):
Tsky = Tambient[0.711 + 0.0056T,, + 0.000073T2dp +0.013 cos(15t)]*/* (4.1)
Where t = hour from midnight
Tgp=the dew point temperature

TOTAL HORIZONTAL RADIATION EQUATION BLOCK - USER DEFINED

The BIPV/T component requires the total horizontal radiation as an input for the mathematical model.
The pyranometer was mounted on the same plane as the collectors themselves, thus measuring the
incident solar radiation, or irradiance (W/m?), Gr. In order to convert from incident radiation to total
horizontal radiation, a system of equations must be solved. The following inputs, intermediates and

outputs are used in the system of equations.

e INPUTS
o Gy—the measured irradiance on the tilted plane of the collector
o Theincidence angle — the angle of incidence of the beam radiation on the tilted plane
o The zenith angle — the angle between the vertical and line of sight of the sun
e INTERMEDIATES
o B —thetilted angle from horizontal, 30°

o Ry —the ratio of beam radiation on the tilted surface to that on a horizontal surface at

cos(8)

any time, = c0s(0))

o pg—the reflectivity of the ground, 0.2
e QUTPUTS

o @Gy, —total horizontal radiation
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o Gy —beam radiation on horizontal

o Gq-diffuse radiation on horizontal

In order to simplify the system of equations to be solved to find the total horizontal radiation from the
measured incident radiation, the data collected should be during clear sky “bluebird” conditions. This

allows for the simplification of the Erbs correlation (Duffie & Beckman, 2006),

G, 1.0 — 0.09k, kr <0.22
o= 109511 —0.1604 ks + 4388k, — 16.638k;> 4+ 12.336k,* 022 <k <0.8 (4.2)
h 0.165 kr>0.8

where the clearness index, ky, can be assumed to be greater the 0.8. The clearness index is defined as
the ratio of instantaneous radiation on a horizontal surface to the instantaneous extraterrestrial

radiation.

G
ky = — > 0.8 (4.3)
Go

When this assumption is made then the Erbs correlation is reduced to the following

G
-4 _ 0.165 (4.4)
Gp

In other words, the ratio of diffuse radiation to total radiation is 16.5%. The equation that relates
horizontal radiation to radiation on a sloped surface is called the isotropic diffuse model and is as

follows:

1+ cos ,B) (4.5)

‘ 1—cosﬁ)

GT = GbRb + Gd( thg (T

The third equation is simply the sum of the radiation components as follows:
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Gh = Gb + Gd (46)

Equations 4.4 — 4.6 have three unknowns and can be solved simultaneously at every time-step for the

total horizontal radiation (Duffie & Beckman, 2006).

TOP LOSS HTC, FOR CALIBRATION
This equation block is used to calculate the convective heat loss coefficient from the top of the collector
to the ambient. TRNSYS did not have a component for calculating this value, thus, the following

narrative describes the reasoning for the user-defined calculation.

Convective heat losses on the collector surface are dependent on the wind and natural convection.
There have been many experimental wind tunnel studies on rectangular plates in an attempt to derive
the Nusselt number. There is a slight difference between the calculation of the Nusselt number for the
calibration model and the simulation model. The difference is due to the location of the wind
measurement. For the simulation, wind speed data is taken at some regional site that is probably
unobstructed. When simulating a solar array on a residential home the flow over the house is not well
represented by wind tunnel tests of isolated plates. The collectors will sometimes be exposed directly
to the wind and at other times will be in wake regions. However, for the experiment, the anemometer
was located on the exact surface as the collectors and the wind speed is well represented by wind

tunnel tests. Sparrow et al. (1979) found the following correlation for the Nusselt number:

Nu = 0.86Rel/2pyl/3 (4.7)

where the characteristic length (in calculating the Reynolds number) is four times the plate area divided

by the plate perimeter.

However, at low wind speeds, natural convection conditions tend to dominate. Natural convection is

driven by the buoyancy force. When the collector surface is hotter than the surrounding air the fluid in
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the vicinity of the collector surface will be heated and the density decreases, relative to the surrounding
fluid, and will cause the heated fluid to rise. This is the buoyancy force. There are three forces acting on

air in motion:

1. The force due to the pressure gradient
2. The body force

3. The frictional shearing forces due to the velocity gradient

Applying principles of conservation of momentum, using the simplification that the fluid far from the
plate is in hydrostatic equilibrium, and finally the Boussinesq approximation (which assumes that the
density depends only on the temperature (not pressure), the equation of motion for natural convection
can be obtained. Furthermore, deriving the conservation of energy equation for the flow near the plate

yields the temperature field for the natural-convection problem

Utilizing the Buckingham pi theorem, the dimensionless parameters can be determined. The three
dimensionless groups are: Nu = Nu(Re,Pr,Gr). Since the flow velocity is determined by the temperature
field, the Reynolds number is not an independent parameter. Experimental results for natural-

convection heat transfer can therefore be correlated by an equation of the type:

Nu = @(Gr)p(Pr) = @(Ra) (4.8)

Where, Ra = the Rayleigh number, the product of the Grashof and Prandtl numbers

Gr = the Grashof number, the ratio of buoyant forces to viscous forces

Thus, the Nu number for natural convection is a function of the product of the ratio of buoyant forces to
viscous forces (Grashof #) and the ratio of molecular momentum diffusivity to thermal diffusivity

(Prandtl No.).
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Using an equation of the type, Nu = @(Ra), experimental data for natural convection can be plotted
and the coefficients found. Lloyd and Moran (1974) and McAdams (1954) give relationships for the Nu
number as a function of the Ra number for hot horizontal flat plates and vertical plates, respectively.
For large Rayleigh numbers, as is typical for solar collectors (due to the large Grashof number), the heat
transfer coefficient from the two relationships are nearly identical, because the Rayleigh coefficients
differ slightly. Applying some temperature differences to the Nu number relationships for natural
convection, it is determined that the minimum heat transfer coefficient for horizontal or vertical
collectors is about 5W/m?K for a 25°C temperature difference and 4W/m?K for a 10°C temperature

difference.

A solar collector is most likely to be experiencing natural convection and forced convection
simultaneously. McAdams recommends calculating both heat transfer coefficients and using the larger
of the two for design and modeling calculations. Thus the top loss convective heat transfer coefficient

(W/m?K) for flush mounted collectors can be expressed as:

Nu * kg;
Ryping = Max [5, —“”] (4.9)
Lc
Where, Nu = the Nusselt number calculated from equation (4.7)

L. = characteristic length, equal to 4 times the plate area divided by the perimeter

e |nputs
o Measured wind speed
o PV temperature
o Ambient temperature
e Qutputs

o Top loss convective heat transfer coefficient.
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FLUID HTC (HEAT TRANSFER COEFFICIENT)
This equation block is used to calculate the heat transfer coefficient between the wall of the fluid
channels and the fluid flowing inside it. TRNSYS did not have a component for calculating this value,

thus, the following narrative describes the reasoning for the user-defined calculation.

Flow ranges for the BIPV/T result in a Reynolds number well below the transitional and turbulent flow
regime and will always be laminar. Knowing that the flow in the absorbers channels is fully developed
laminar flow, a table developed by Shah and London (1978) (Kreith & Bohn, 2001), provide Nusselt
numbers and friction factors for fully developed laminar flow of a Newtonian fluid through specific
ducts. For a square channel, as is the case with the design BIPV/T, Shah and London provide an average
Nusselt number for uniform heat flux in the flow direction and uniform wall temperature at any cross
section, as well as a value for the average Nusselt number for uniform wall temperature. The Nusselt
numbers for a square duct are 3.608 and 2.979, respectively. The theoretical performance for a solar
collector will lie between the results for constant heat flux and constant wall temperature, thus it is
recommended for design calculation to use the lesser of the two values, constant wall temperature, for
a conservative design. This equation block also has the capability to calculate the fluid heat transfer
coefficient in the turbulent regime; however, this will probably never be used. For this calculation, the

Nu number is entered as 2.976, and the HTC is calculated as follows:

h _ Nuwater,laminar * kwater 4.15
fluid,laminar — D ( . )
h

Where, Nuyater laminar = 2.976

Kwater = conductivity of the water as a function of temperature

Dy, = hydraulic diameter
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e Inputs

o Mass flow rate from the pump

o Bulk temperature, or average fluid temperature for the conductivity calculation
e Qutputs

o hfluid,laminar to BlPV/T

THE BIPV/T COMPONENT

This component models an un-glazed solar collector which has the dual purpose of creating power from
embedded photovoltaic (PV) cells and providing heat to a fluid stream passing through tubes bonded to
an absorber plate located beneath the PV cells. The waste heat rejected to the fluid stream is useful in
two ways. 1) The rejecting of heat from the PV cells reduces the PV cell temperature and improves the
electrical power conversion efficiency and 2) the heated fluid stream can be used in many low grade

temperature applications, namely domestic hot water (DHW) usage (TRNSYS Documentation, 2009).

e Parameters — this simulation is to model the prototype
o Collector Length — Length of the absorber =1.5144 m
o Collector width — width of absorber = 0.6096m
o Absorber plate thickness — the top layer of material of the absorber = 0.00238m (3/32”)
o Thermal conductivity of the absorber = 0.374 kJ/hr.m.K (from PVC spec sheet)
o Number of tubes- 2*76 = 152
o Tube diameter — the hydraulic diameter for a square channel is simply the length of its

side =.0015875m (1/16”)

The following three parameters apply to the bond material that connects the fluid tubes to the absorber
plate. Equation 560.28 of APPENDIXJ TRNSYS PVT MATHEMATICAL MODEL, implies that the

temperature of the tube wall is uniform circumferentially, which is a reasonable assumption if the tube

68



is made of a highly conductive material. Obviously, the prototype BIPV/T’s absorber tubes are not highly
conductive, and therefore a wall temperature profile will exist in the y-direction. In order to account for
the temperature profile, a resistance should be imposed to drop the temperature to a more realistic
average absorber temperature. This was done by using the Cg term in equation 560.28 of APPENDIX J

TRNSYS PVT MATHEMATICAL MODEL.

o Bond width —0.0015875m. The width of the fluid channel

o Bond thickness —0.007938m. % the length of the side of the fluid channel. This length
defines the resistance to a temperature node located in the middle of the absorber

o Bond thermal conductivity — 0.374 kJ/hr.m.K. The same conductivity as the PVC.

o Resistance of substrate (backsheet) material — This value combines the thermal network
of several layers of material before reaching the surface of the absorber. SunPower was
unable to supply a cross-sectional drawing with specific materials called out. Thus, a
general search was performed to arrive at typical values. This parameter was used as a

calibration tuning knob.

Cowver film

— Solar cell
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Figure 46. This image is a typical cross-section of a photovoltaic module. An understanding of the materials of the module is
critical for determining the thermal resistance of the substrate material (Solar Energy Scene, 2010).
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Figure 47. This image is a product made by DUNSOLAR that is sold to various PV module manufactures for use as a
substrate/backsheet. This cross-sectional drawing helped provide an understanding of the materials used in the backsheet.
Although SunPower's module cross-section was unavailable, technical support did say that they used a DuPont Tedlar (DUN-

SOLAR TPE BACKSHEETS, 2011).

DUNSOLAR was unable to provide me with the necessary thermal properties of their product and
DuPont’s available information for Tedlar PVF did not have thermal conductivity. A paper from eXPRESS
Polymer Letters conducted a study on thermally conductive and electrically insulating EVA composite
encapsulants for PV cells. In this paper the authors show a cross sectional drawing of a laminated and

encapsulated Si solar cell, along with a table calling out the thickness and thermal conductivity, as seen

in Figure 48.
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Thicknesses and conductivities from Figure 48 were used for the calculation of the substrate resistance.
Table 10 shows the calculations for the substrate resistance that was used in both the calibration and

simulation models.

Table 10. This table shows the substrate resistance calculations for the BIPV/T. The EVA (ethylene-vinyl acetate) thickness
was set at 1 mm instead of 0.5mm to conservatively accommodate the space between the Si cells.

GOOOOOGOCOOONT

Ty

Figure 1. The configuration of laminated & encapsulated
Si solar cells [11] (ARC: anti-reflecting coating,
Tedlar: a kind of composite film of PET-PVF
from DuPont)

Table 1. The sizes and properties of each layer in encapsu-
lated Si solar cells

. Thickness & Thermal conductivity k

No. | Layer R
[mm] [W-m-1"K-1]

1 |Glass 3.0 0.98"

2 |EVA 0.5 0.23°

3 |ARC (0.06-0.1)-10-3 1.38

4 |Si 0.25-04 148

5 |EVA 0.5 0.23*

6 |Tedlar 0.1 0.36

"measured value

Figure 48: Abstracted from (Lee, Liu, Sun, Shen, & Dai, 2008)

o Resistance of back material — (3) sheets of %" thick R-3.0 board =0.22 hr.m2.K/kJ

(4.5hr.ft2.F/Btu)

o Fluid specific heat — Water = 4.190 kJ/kg.K
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Thermal
Thickness | Conductivity | Resistance Resistance
No. Layer (mm) (W/m.K) (m2.K/W) (hr.m2.K/k))
1 EVA 1.000 0.23000 0.00435 0.00121
2 Tedlar 0.100 0.36000 0.00028 0.00008
3 PVC Spacer 3.175 0.10400 0.03053 0.00848
total 0.00977




Reflectance — the overall reflectance of the collector surface at normal incidence. The
absorptance at normal incidence is found by subtracting this value from 1. The default
value of 0.15 was used.

Emissivity — the emissivity of the collector surface for long-wave radiation exchange with
the sky. The default value of 0.9 was used.

1* order IAM — coefficient (bo) in the incidence angle modifier function. The default
value of 0.1 was used.

PV cell reference temperature — 25C, per spec sheet

PV cell reference radiation — 3600 kl/hr.m2, per spec sheet

PV efficiency at reference conditions - .173, per spec sheet. This parameter needs to be
modified. The PV area is calculated from the collector length and width parameters,
which is not accurate. The collector width is 0.6096 m while the PV width is 0.798m.
Thus, in order to achieve the same power generation from the PV with a reduced width,

the efficiency must compensate.

PVpower =M *xGr* Ay (4.7)
PVpower = Ny xGr*x Ay (4.8)
Where, 11 = 0.173, as per the spec sheet

A; = area of the PV
A, = area of the collector
G = total solar radiation striking the surface

In order to produce the same power out from a smaller area, set equations 4.7 and 4.8

equal to each other and solve for n,. 7, =0.226 or 22.6%.
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Inputs

Efficiency modifier — Temperature = -0.38%/C, per spec sheet
Efficiency modifier — radiation — the multiplier to correct the rated PV cell efficiency as a

function of incident solar radiation. The default value of 0.000025 hr.m2/kJ was used.

Inlet fluid temperature, from input file

Inlet flow rate, from the input file

Ambient temperature, from the input file.

Back-surface temperature — the temperature of the air located behind the back surface
of the collector. The BIPV/T is flush mounted (Building Integrated), thus | would say this
back surface temperature is the same as the ambient, from the input file.

Incident solar radiation — the rate at which incident solar radiation (beam + diffuse)
strikes the sloped collector surface, from the input file.

Total horizontal radiation — the rate at which total solar radiation (beam + diffuse)
strikes a horizontal surface, from the Total Horizontal Radiation Equation block.
Horizontal diffuse radiation — the rate at which diffuse radiation strikes a horizontal
surface, from the Total Horizontal Radiation Equation block.

Ground reflectance — the reflectance of the surface above which the solar collector is
positioned. Typical value is 0.2.

Incidence angle — the angle of incidence between the beam solar radiation and the
normal vector to the sloped collector surface, from the Solar Processor.

Collector slope — the slope of the collector surface. The test setup was at 30 degrees,
and will set at this slope for simulations.

Top loss convection coefficient — the convective heat loss coefficient from the top of the

collector to the ambient, from the Top Loss convective HTC equation block
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Back heat loss coefficient —the combined convective and radiative heat transfer

coefficient from the back of the collector to the environment, tuning parameter that has

little effect. Default value is 15 ki/hr.m2.K

Fluid heat transfer coefficient — the heat transfer coefficient from the fluid in the flow

channels to the walls of the fluid channel enclosure, from the Fluid HTC equation block.

THE INPUT FILE

various components of the calibration model.

allocated to the listed components.

The data reader must be able to read the measured environmental conditions that occurred during the
experiment and send the appropriate variables to be computed by the PVT component. The input file
was a modified version of the datalogger record file where some of the parameters needed to be

converted to the appropriate units. Table 11 shows the allocation of the input file parameters to the

Table 11. This is a table representing the input file parameter allocation. The parameters on the left were read and

Input File Parameter Allocation

read

Components
Total
Wet-bulb Solar [Horz.|Top Loss [Fluid
Parameter kPa to Atm |calculator |BIPVT|Processor| Rad. | HTC HTC
Atmoshperic X
Pressure
T_ambient X X X
Fluid Temperature X
(In)
Inlet flow rate X X
Inude_nt_SoIar X X
Radiation
Wind Speed X
) X
Time of last data read
Time of next data X
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CALIBRATION RUNS

Unfortunately, the data collected is not a good representation of the design of the collector. As

mentioned on page 58, the integrity of the absorber was compromised during the experiment.

However, it is still important to have something to compare the computer model against.
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Figure 49. Various calibration runs to try to match the experimental data.

Figure 49 shows the various tuning runs of the computer model against the experimental data. The

model was significantly over predicting the thermal performance of the collector (top left plot in Figure

49), most likely due to the fact that the flow was not confined to the square channel rather was more

like a slower moving river. The leaving fluid temperature is similarly over predicted and the

proportionalities are the same as Qeeu. The PV ower plot was not used for thermal calibration but was

an interesting parameter to watch since the model assumes that the PV is operating at maximum power

point (MPP), while the experimental data was operating pretty far off of the MPP due to the oversized

load. Adjustments were made to the PV power by changing the reference temperature and reference
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efficiency. The Tpy plot is a good calibration check because it is the driving temperature for heat

transfer, thus, a correctly calibrated model should match the measured PV temperature rather well.

Table 12. Various parameters and input changes for tuning the model

Resistance of

substrate | Resistance of
Absorber Plate| material |back material Pv eff. @ ref| Back heat loss
Run thickness (m) | (h.m2.K/kJ) | (h.m2.K/kJ) |Reflectance [Emissivity [PV cell Ref Temp |PV cell ref rad cond coeff (kJ/h.m2.K) [ Nu# (fluid)
1 0.00238125 0.012019 0.220137 0.15 0.9 37.6 3600 0.12 10 3.608
2 0.00238125 0.0155446 0.220137 0.15 0.9 37.6 3600 0.12 10 3.608
3 0.00238125 0.020248 0.220137 0.15 0.9 37.6 3600 0.12 10 3.608
4 0.00238125 0.020248 0.220137 0.15 0.9 37.6 3600 0.12 10 3.091
Plotted the calculated PV temperature. This temperature accounts for conduction through the glass cover.
5 0.00238125 0.0108409 0.220137 0.15 0.9 37.6 3600 0.12 10 3.608
6 0.00238125 0.0108409 0.220137 0.15 0.9 37.6 3600 0.12 10 2.976
7 0.00238125 0.00917 0.220137 0.15 0.9 37.6 3600 0.12 10 2.976
8 0.00238125 0.00917 0.220137 0.15 0.9 25 3600 0.173 10 2.976
9 0.00238125 0.00917 0.220137 0.15 0.9 25 3600 0.226 10 2.976
10 0.00238125 0.00917 0.220137 0.15 0.9 25 3600 0.226 10 2.976
11 0.00238125 0.00917 0.220137 0.15 0.9 25 3600 0.226 10 2.976
Table 13. This table is the description of the adjustments made for the calibration runs of Table 13.
Run Comments
Resistance of substrate (.25 W/mK) included 1/8" PET plus PVC spacer. T_PV is close but the measured PV temp is on top of the glass
1 and EVA material.
2 Resistance of substrate (.25 W/mK) increased thickness due to assuming 1/4" PET
3 Resistance of substrate increased due to low end of conductivity spectrum (0.15 W/mK) @ 1/4"
4 Changing Nu # average value for uniform heat flux both axially and circumferentially
Now that | think about this, | don't think that this is correct. Not accounting for radiation penetration. | think convection is negligible.
5 Same as run 1 except for the PET thickness 1/12" thick, which is probably more realistic
6 Changed Nu# to conservative constant wall temperature value. Also, needed to convert h_fluid from W/m2K to kJ/hr m2 K
7 Used measured thermal conductivities and thickness from eXPRESS Polymer Letters paper.
8 Going back to PV reference values
9 Changed PV efficiency to reflect the reduced PV area.
Realized that machined absorber was 3/16" vs 5/32". It is possible that this thicker side was placed against the PV vs. the 3/32" top
10 sheet. This changes the substrate resistance.
11 Was using 156 flow channels, but its really 152

CALIBRATION 1 - TRNSYS BASE MODEL

This calibration run is set to all of the above listed parameters and inputs from section THE BIPV/T

COMPONENT of this chapter. This is the most accurate and most justified model that the author was

comfortable presenting. After all of the changes that were described in Table 12 and Table 13, it was

apparent that the model just wasn’t going to match the data properly, obviously due to the

malfunctioning absorber. Thus, this calibration run is the closest mathematical match to the material
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and flow characteristics that make up the prototype. Changing parameters and inputs from here are not
properly justified. Figure 50 shows the comparison of the TRNSYS BASE-CASE (Calibration 1) model to

the collected data.
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Figure 50. These plots show the comparison to the TRNSYS model base case versus the collected data.

Adjusting the thickness of the absorber to be the entire thickness versus just the top sheet had little
effect on heat transfer. Initially, this seemed concerning, however, a closer inspection of the
mathematical model for the BIPV/T (see APPENDIX J TRNSYS PVT MATHEMATICAL MODEL), indicates
that the model assumes the absorber plate to be thin and made from a conductive material. In other
words, the model assumes a constant temperature for the entire thickness of the absorber plate.
Clearly the BIPV/T prototype’s absorber is neither thin nor conductive and there will be a temperature

profile across the thickness of the absorber. Future calibration (when the absorber construction
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remains intact), will achieve the actual temperature of the absorber flow channel walls by adjusting the
substrate resistance parameter and the bond parameters to compensate for the temperature profile

across the absorber thickness.

A qualitative investigation of Figure 51, leads one to assume that the TRNSYS model would be less
efficient than the designed BIPV/T because the TRNSYS model has heat being transferred to the flow
tubes in only one direction, from the top. As can be seen in Figure 51, the flow tubes are bonded to an
absorber plate, and the temperature distribution in the x-direction is calculated by the classical fin
problem where the absorber plate section between the midpoint of the two adjacent tubes and tube

acts as the fin.

Incident Solar Radiation

PV Cells —> ¢ Adhesive,
Substrate etc.
Absorber /
Plate &~ Insulation, Collector
Back Material
Flow Tubes

Figure 1 -PV/T Schematic

PV laminate and
spacer

Absorber

Figure 51. The top image shows a cross-section of the module that TRNSYS's mathematical model is based on. The bottom
image is a cross-section of designed BPV/T.

Solving the fin problem for the temperature at the base of the fin results in a useful energy gain relation:

78



, _ Ts — Triuia
9 fruia = 1 1

(4.9)

hfluidT[Dtube C_B

Where, Tg = base of the fin temperature
Cg = % = the tube and absorber bond conductance, where kjis the bond

conductivity, b is the bond width, and y is the bond thickness.

Equation 4.9 implies that the temperature of the tube wall is uniform circumferentially, which is a
reasonable assumption if the tube is made of a highly conductive material. Obviously, the prototype
BIPV/T’s absorber tubes are not highly conductive, and therefore a wall temperature profile will exist in
the y-direction. In order to account for the temperature profile, a resistance should be imposed to drop
the temperature to a more realistic average absorber temperature. This was done by using the Cg term
in equation 4.9. The conductivity of the bond is simply the same as the absorber material, the width is

the width of the flow channel and the thickness was equal to half the length of the side wall.

CALIBRATION 2 - SUBSTRATE RESISTANCE TO MATCH QuseruL

Of all the parameters and inputs that could be tweaked to calibrate the computer model, the substrate
resistance was the most reasonable to adjust to account for failed construction techniques. The plots of
Figure 52, show the calibration results from tuning the substrate resistance to match the useful energy
gain. CAL2a and CAL2b represent an increase in substrate thermal resistance by 20% and 100% (relative

to the TRNSYS BASE-CASE), respectively.
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Figure 52. The above plots are the calibration results from tuning the substrate resistance to match the useful energy gain.
CAL2a represents a 20% increase in substrate resistance and CAL2b represents a 100% increase in substrate resistance
(relative to calibration 1).

Looking at Figure 52, it is evident that the increased substrate resistance (2 times more than Calibration
1) of Cal2b has brought the TRNSYS model useful energy gain within the range of measured uncertainty.
Both Calibration components will be run in the simulation model and analyzed for annual energy savings

and economic analysis.

THE SIMULATION MODEL

Figure 53 is the graphical representation of the simulation model. The simulation is to represent a
typical 4-5person, American home, where the BIPV/T system is sized to produce 5kW of electrical power
and the domestic hot water consumption is 100 gallons/day. Using the SunPower SPR-215 modaules, this

requires 25 modules on a roof space that can accommodate 31 m? of roof space. The house is assumed
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to be a two story home of about 2000 ft*. These two assumptions affect the overall collector area and

the top loss convective heat transfer coefficient, respectively.

This simulation is to represent a typical 4-person, American, home. That being said, the BIPVT system is sized to produce 5kW of power. Using the SunPower SPR-215 module, this
requires 235 modules on a roof space that can accomodate 51 sq. meters of space. The houss is assumed to be a two story home of about 2000 sq. ft.
***ly Temperature block requires location elevation®**

— bo—
) == Sky Temp Calculator
Equa - Pascal to Atm Dew Point Calculator
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Figure 53. This is the graphical representation of the simulation model.

COMPONENT DESCRIPTIONS

Each component’s function description and reasoning for the parameter, input and output values can be
found in APPENDIX K DETAILED SIMULATION COMPONENT DESCRIPTION. However, some comments

about particular components warrant a discussion in the main body.
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TOP LOSS HTC, USING L¢

The top loss coefficient for simulation purposes differs from the calculation used in the calibration
model because flow over a collector mounted on a house is not necessarily well represented by wind
tunnel tests of isolated plates. Mitchell (1976) (Duffie & Beckman, 2006)found that many shapes were
well represented by a sphere when the equivalent sphere diameter (L ) is the cube root of the volume.
Mitchell suggests that the wind tunnel results of the various animal shapes be increased by
approximately 15% for outdoor conditions. Thus, assuming a house to be a sphere, the Nusselt number

can be expressed as:

Nu = 0.42Re%® (4.10)
Or,
0.6
= BV (4.11)
L0.4

Thus the top loss convective heat transfer coefficient (W/m? K) for flush mounted collectors on a

house can be expressed as:

0.6
8.6V ] (4.12)

hying = max [S;W

STORAGE TANK

This storage tank model has variable inlets and uniform losses. The thermal performance of a fluid-filled
sensible energy storage tank, subject to thermal stratification, can be modeled by assuming that the
tank consists of N (N<= 100) fully-mixed equal volume segments. The degree of stratification is
determined by the value of N. If N is equal to 1, the storage tank is fully mixed. This instance of Type 4
models a stratified tank having variable inlet positions such that entering fluid may be added to the tank

at a temperature as nearly equal to its own temperature as possible. The tank modeled in simulation has
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four nodes of equal depth where stratification can occur. This tank has one 4500 W electric heater
located in the second node from the top, and its thermostat is located in the top node of the tank. The

thermostat set point is at 60 °C with a 5°C deadband.

THE LOAD PROFILE
The load profile is abstracted from ASHRAE 90.2, table 8-4, Daily Domestic Water Load Profile. The
values in the right column of Table 14 simply are multiplied by daily consumption of the household,

assumed to be 100 gallons/day.

Table 14. ASHRAE daily domestic water load profile.

TABLE 8-4
Daily Domestic Hot Water Load Profile
Time of Day
MID-1am. 0.0085
1-2am 0.0085
2-3am. 0.0085
3-4am. 0.0085
4-5am 0.0085
5-6am 0.0100
G6-Tam. 0.0750
7-8am 0.0750
8-9am 0.0650
9-10am. 0.0650
10-11am. 0.0650
11 - NOON 0.0460
12-13pm. 0.0460
13-14ph 0.0370
14-15pm. 0.0370
15-16 p.m. 0.0370
16- 17 pm. 0.0370
17-18pm. 0.0630
18-1%9pm 0.0630
19-20 p.m. 0.0630
20-21pm 0.0630
21-22pm 0.0510
22-23pm. 0.0510
23 -MID 0.0085
Note: These hourly values include a large diversity factor and
should not be used to calculate peak loads for equipment sizing.
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ON/OFF DIFFERENTIAL CONTROLLER

This differential controller sends either a 0 or 1 control signal to the pump. The upper temperature
deadband is set at 5°C and the lower temperature deadband at 0°C, where the deadband temperature is
the difference between the collectors leaving fluid temperature and the temperature at the bottom
node of the tank. Thus, the pump cycles until the leaving fluid temperature is 5°C above the bottom
tank node temperature, then stays on until the leaving fluid temperature is the same temperature as

the bottom node temperature.

THE PUMP

The pump is a 1/6 HP pump with a flow rate set at 0.06 GPM/ft*, which works out to about 0.6

GPM/module, or 3385 kg/hr for all 25 modules.
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CHAPTER 5 SIMULATION RESULTS AND ECONOMIC ANALYSIS

Table 15 is a summary of all the locations that were simulated in TRNSYS. The cities in the table were

selected in order to represent the State’s climate diversity without entering a freezing climate zone.

Table 15. This table represents the locations that will be simulated. The selected cities are nonfreezing climates, in large
urban areas.

STATES CITIES
CALIFORNIA San Diego Los Angeles Sacramento Fresno
NEVADA Las Vegas
ARIZONA Phoenix Tucson
TEXAS El Paso Dallas Austin San Antonio Houston
LOUISIANA New Orleans
GEORGIA Atlanta
FLORIDA Miami Tampa Jacksonville Tallahassee
HAWAII Honolulu

For each location in Table 15, both calibration BIPV/T components will be used, and the range of results
presented. Calibration 1 was also simulated for each city using a highly thermally conductive polymer.
The flow rate for the simulation was set a 0.06 GPM/ft?, which is in between typical flat-plate collectors
and unglazed pool heating flows. It was desirable to lower the flow from that of pool heating

applications, in order to increase the leaving fluid temperature and increase the useful energy gains into
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the storage tank. The simulation time step was set to 6 minutes because this prevented convergence

problems, which were related to the pump controller.

All cities were run in the TRNSYS simulation model under heat collection and stagnation conditions. The
stagnation condition was tested to investigate the potential electrical energy efficiency improvement
due to cooling of the PV cells. The electricity rates were gathered from the US Energy Information

Administration, Form EIA-861, as seen in Figure 54.

Average Residential Price of Electricity by State, 2009

U.S. Residential Average Price per kilowatthour is 11.51 Cents
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Note: Data are displayed as 5 groups of 10 States and the District of Columbia.
Source: U.S. Energy Information Administration, Form EIA-861, "Annual Electric Power Industry Report.”

Figure 54. Average Residential Price of Electricity by State

Table 16 and Table 17 present the results for all the key performance characteristics for all simulated
cities. The dollars saved per year was calculated as the difference between the DHW load and the

electrical demand, as follows

$Sm’ed/year = DHW Load — (Auxilliary Energy + Pump Energy) (5.1)

The last column, Lifetime Thermal Savings, in Table 16, Table 17, and Table 18 is calculated by the

following
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PV = A USPW(d,N) (5.2)

Where PV = Present Value, or lifetime thermal savings
A = Annual Energy Savings per module due to the thermal component of the BIPVT
USPW(d, N) = the Uniform Series Present Worth factor; N = 30 years, d = 5%

The present value indicates the maximum amount of additional cost over a PV array that can be passed
onto the consumer to justify the investment on a per module basis. The lifetime thermal savings
parameter was calculated on a per module basis because this is where the additional costs for the BIPVT
array versus traditional PV array show themselves. Each PV module will have to be shipped to a
warehouse/machine shop, stripped of the existing frame, fabricated up by hand, and then shipped to
the installation site. Installation costs should be less than traditional PV array because of the direct
building integrated mounting, and the fact that it will be on new construction and will not have roofing
materials cost where the array is installed might be able to further increase the competitive margin for

profits.

87



Table 16. Annual simulation results for Calibration 1, using PVC. The last column indicates the maximum amount of additional cost over a PV array that can be passed onto
the consumer to justify the investment on a per module basis.

Annual Results sorted by the Solar Fraction - Calibration 1 - PVC

88

Incident |collector
Solar Useful Auxiliary PV Lifetime
Radiation Energy DHW Energy | Collector| Solar | Efficiency |PV Efficiency|PV Efficiency % | Elec Rate Thermal
(kJ/m?) (k) Load (kJ) (kJ) |Efficiency |Fraction|(collection) | (stagnation) | improvement | $/kWh Seaved/ VT $saved/ft2/yr $eavea/module/yr | Savings
Phoenix 8.62E+06 | 1.58E+07 | 1.85E+07 | 4.89E+06 | 7.70% 73.50% 15.30% 15.00% 1.96% 0.11 $405.65 $1.63 $16.23 $249.44
Tuscon 8.67E+06 | 1.41E+07 | 1.85E+07 | 6.36E+06 | 6.86% 65.60% 15.60% 15.32% 1.79% 0.11 $361.84 $1.46 $14.47 $222.49
Las Vegas 8.67E+06 | 1.39E+07 | 1.85E+07 | 6.57E+06 | 6.73% 64.40% 15.60% 15.31% 1.86% 0.13 $426.17 $1.72 $17.05 $262.05
El Paso 8.59E+06 | 1.36E+07 | 1.85E+07 | 6.87E+06 | 6.65% 62.80% 15.70% 15.43% 1.75% 0.12 $399.94 $1.61 $16.00 $245.92
Fresno 7.64E+06 1.31E+07 | 1.85E+07 | 7.32E+06 | 7.20% 60.40% 15.50% 15.25% 1.65% 0.15 $457.76 $1.84 $18.31 $281.48
Tampa 7.05E+06 | 1.31E+07 | 1.85E+07 | 7.31E+06 | 7.82% 60.40% 15.50% 15.28% 1.42% 0.12 $385.12 $1.55 $15.40 $236.81
Honolulu 7.43E+06 | 1.31E+07 | 1.85E+07 | 7.33E+06 | 7.40% 60.30% 15.40% 15.24% 1.04% 0.24 $750.87 $3.02 $30.03 $461.71
Miami 6.93E+06 | 1.29E+07 | 1.85E+07 | 7.48E+06 | 7.84% 59.50% 15.50% 15.27% 1.48% 0.12 $379.27 $1.53 $15.17 $233.21
San Antonio 7.11E+06 | 1.23E+07 | 1.85E+07 | 8.04E+06 | 7.27% 56.40% 15.60% 15.37% 1.47% 0.12 $359.71 $1.45 $14.39 $221.18
Tallahassee 6.78E+06 1.22E+07 | 1.85E+07 | 8.09E+06 | 7.59% 56.20% 15.60% 15.35% 1.60% 0.12 $358.28 $1.44 $14.33 $220.30
Austin 7.03E+06 | 1.21E+07 | 1.85E+07 | 8.19E+06 | 7.26% 55.70% 15.60% 15.37% 1.47% 0.12 $354.55 $1.43 $14.18 $218.01
Jacksonville 6.63E+06 | 1.20E+07 | 1.85E+07 | 8.27E+06 | 7.63% 55.20% 15.60% 15.33% 1.73% 0.12 $352.08 $1.42 $14.08 $216.49
New Orleans| 6.59E+06 |1.18E+07 | 1.85E+07 | 8.49E+06| 7.53% 54.00% 15.60% 15.38% 1.41% 0.08 $225.23 $0.91 $9.01 $138.49
San Diego 7.58E+06 | 1.17E+07 | 1.85E+07 | 8.56E+06 | 6.50% 53.70% 15.90% 15.64% 1.64% 0.15 $406.99 $1.64 $16.28 $250.26
Dallas 7.19E+06 | 1.15E+07 | 1.85E+07 | 8.72E+06 | 6.75% 52.80% 15.70% 15.48% 1.40% 0.12 $336.32 $1.35 $13.45 $206.80
Houston 6.30E+06 | 1.15E+07 | 1.85E+07 | 8.72E+06 | 7.69% 52.80% 15.60% 15.35% 1.60% 0.12 $336.32 $1.35 $13.45 $206.80
Sacramento 7.24E+06 | 1.14E+07 | 1.85E+07 | 8.83E+06| 6.63% 52.20% 15.70% 15.46% 1.53% 0.15 $395.93 $1.59 $15.84 $243.46
Los Angeles 7.40E+06 | 1.13E+07 | 1.85E+07 | 8.95E+06 | 6.41% 51.50% 15.90% 15.71% 1.19% 0.15 $391.02 $1.57 $15.64 $240.44
Atlanta 6.83E+06 | 1.07E+07 | 1.85E+07 | 9.45E+06 | 6.61% | 48.80% 15.80% 15.58% 1.39% 0.10 $254.66 $1.03 $10.19 $156.59
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Table 17. Annual Results sorted by the Solar Fraction for Calibration 2. Calibration 2 differed from Calibration 1 by an increased PV substrate resistance to better match the
experimental data.

Annual Results sorted by the Solar Fraction - Calibration 2 - PVC

Incident | collector
Solar Useful Auxiliary PV Lifetime
Radiation| Energy DHW Energy | Collector | Solar | Efficiency |PV Efficiency| PV Efficiency % |Elec Rate $saved/ftz/ Thermal
(kJ/m?) (kJ) Load (kJ) (k)) |Efficiency | Fraction [(collection) | (stagnation) | improvement | $/kWh |$_ . /yr yr $.ovea/module/yr | Savings
Phoenix | 8.62E+06 | 1.47E+07 | 1.85E+07 | 5.86E+06 | 7.17% 68.30% 15.30% 15.00% 2.00% 0.11 $376.74 $1.52 $15.07 $231.66
Tucson 8.67E+06 | 1.31E+07 | 1.85E+07 | 7.24E+06 | 6.38% 60.80% 15.60% 15.32% 1.83% 0.11 $335.61 $1.35 $13.42 $206.37
Las Vegas | 8.67E+06 | 1.29E+07 | 1.85E+07 | 7.49E+06 | 6.25% 59.50% 15.50% 15.31% 1.24% 0.13 $393.30 $1.58 $15.73 $241.84
El Paso 8.59E+06 | 1.26E+07 | 1.85E+07 | 7.76E+06| 6.16% 58.00% 15.70% 15.43% 1.78% 0.12 $369.34 $1.49 $14.77 $227.10
Honolulu | 7.43E+06 | 1.22E+07 | 1.85E+07 | 8.07E+06 | 6.93% 56.30% 15.40% 15.24% 1.05% 0.24 $701.13 $2.82 $28.05 $431.12
Tampa 7.05E+06 | 1.22E+07 | 1.85E+07 | 8.14E+06 [ 7.28% 55.90% 15.50% 15.28% 1.44% 0.12 $356.56 | $1.44 $14.26 $219.25
Fresno 7.64E+06 | 1.21E+07 | 1.85E+07 | 8.24E+06 | 6.64% 55.40% 15.50% 15.25% 1.67% 0.15 $420.09 | $1.69 $16.80 $258.31
Miami 6.93E+06 | 1.21E+07 | 1.85E+07 | 8.23E+06 [ 7.33% 55.40% 15.50% 15.27% 1.51% 0.12 $353.46 | $1.42 $14.14 $217.34
San Antonio | 7.11E+06 | 1.14E+07 | 1.85E+07 | 8.85E+06 | 6.77% 52.10% 15.60% 15.37% 1.50% 0.12 $331.85 | $1.34 $13.27 $204.06
Tallahassee | 6.78E+06 | 1.13E+07 | 1.85E+07 | 8.87E+06| 7.05% 52.00% 15.60% 15.35% 1.63% 0.12 $331.43 | $1.33 $13.26 $203.80
Austin 7.03E+06 | 1.13E+07 | 1.85E+07 | 8.94E+06| 6.77% 51.60% 15.60% 15.37% 1.50% 0.12 $328.76 $1.32 $13.15 $202.15
Jacksonville | 6.63E+06 | 1.12E+07 | 1.85E+07 | 9.01E+06 | 7.12% 51.20% 15.50% 15.33% 1.11% 0.12 $326.61 $1.32 $13.06 $200.83
New Orleans | 6.59E+06 | 1.10E+07 | 1.85E+07 | 9.23E+06 | 7.02% 50.00% 15.60% 15.38% 1.43% 0.08 $208.58 $0.84 $8.34 $128.25
San Diego | 7.58E+06 | 1.09E+07 | 1.85E+07 | 9.31E+06 | 6.04% 49.60% 15.80% 15.64% 1.02% 0.15 $376.28 $1.52 $15.05 $231.37
Dallas 7.19E+06 | 1.07E+07 | 1.85E+07 | 9.44E+06| 6.28% 48.90% 15.70% 15.48% 1.42% 0.12 $311.56 $1.25 $12.46 $191.58
Houston 6.30E+06 | 1.07E+07 | 1.85E+07 | 9.45E+06 | 7.18% 48.80% 15.50% 15.35% 0.98% 0.12 $311.22 $1.25 $12.45 $191.37
Sacramento | 7.24E+06 | 1.06E+07 | 1.85E+07 | 9.57E+06 | 6.15% 48.20% 15.70% 15.46% 1.55% 0.15 $365.63 $1.47 $14.63 $224.83
Los Angeles | 7.40E+06 | 1.05E+07 | 1.85E+07 | 9.69E+06 [ 5.95% 47.50% 15.90% 15.71% 1.21% 0.15 $360.72 $1.45 $14.43 $221.81
Atlanta | 6.83E+06 | 9.95E+06 | 1.85E+07 | 1.02E+07 | 6.13% 44.90% 15.80% 15.58% 1.41% 0.10 $233.55 | $0.94 $9.34 $143.61




Figure 55 and Figure 56 are a graphical representation of the solar fraction and the lifetime thermal
savings per module. Figure 55 goes to show that the prototype can handle a solid annual percentage of
the domestic hot water load. The highest solar fraction is found to be located in Phoenix, Az where over
70% of the annual DHW load can be met by the BIPVT and the lowest solar fraction being in Atlanta, Ga

where nearly 47% of the annual DHW load can be met.

Solar Fraction for Calibration 1 and Calibration 2: Average Values in Parenthesis
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Figure 55. Solar Fraction by city for both calibrations.

Figure 56 takes into account the cost of electricity and calculates lifetime thermal savings. In Honolulu,
Hi where electricity rates are more than double the rest of the simulated cities, the incremental savings
over a traditional PV panel are over $500 per module over the lifetime of the system. This metric allows

the BIPVT supplier a large margin for profits and savings to be passed onto the consumer.
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Lifetime Thermal Savings per Module
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Figure 56. This parameter is the incremental savings over the lifetime of the BIPVT when compared to a PV only module.

Table 18 is the annual simulation results for Calibration 1 but instead of using a PVC absorber, a special

highly thermally conductive material was used. It is important to understand that these types of

materials are out on the market, but the only way to know if the additional cost of the material is worth

the improved performance is to run a simulation to make the right economic decision. The results

presented in Figure 57 clearly show a point of diminishing returns with improved absorber thermal

conductivity and increasing solar fraction. The manufacturer of the thermally conductive plasticis a

company based out of Rhode Island called Cool Polymers. Their family of thermally conductive plastics

range from conductivities of 2 W/mk to 100 W/mk. The polymer selected for simulation had a

conductivity of 20 W/mk and its specification sheet can be viewed in APPENDIX JTRNSYS PVT

MATHEMATICAL MODEL.
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Table 18. Annual simulation results for Calibration 1 using the CoolPoly thermally conductive absorber material.

Annual Results sorted by the Solar Fraction - Calibration 1 - CoolPoly

Incident | collector
Solar Useful Auxiliary PV PV Efficiency Lifetime
Radiation| Energy DHW Energy | Collector Solar Efficiency |PV Efficiency % Elec Rate Thermal
(k/m?) (kJ) Load (kJ) (kJ) Efficiency | Fraction |(collection) | (stagnation) |improvement| $/kWh Seavedl YT Ssaved/ftzlyr $.avea/module/fyr | Savings
Phoenix 8.62E+06 | 1.73E+07 | 1.85E+07 | 3.52E+06 8.46% 81.00% 15.40% 15.00% 2.60% 0.11 $446.49 $1.80 $17.86 $274.54
Tucson 8.67E+06 | 1.58E+07 | 1.85E+07 | 4.81E+06 7.69% 73.90% 15.60% 15.32% 1.79% 0.11 $408.04 $1.64 $16.32 $250.90
Las Vegas | 8.67E+06 | 1.54E+07 | 1.85E+07 | 5.17E+06 7.50% 72.00% 15.60% 15.31% 1.86% 0.13 $476.18 $1.92 $19.05 $292.80
El Paso 8.59E+06 | 1.52E+07 | 1.85E+07 | 5.35E+06 7.46% 71.00% 15.70% 15.43% 1.75% 0.12 $452.21 $1.82 $18.09 $278.07
Tampa 7.05E+06 | 1.47E+07 | 1.85E+07 | 5.86E+06 8.77% 68.20% 15.50% 15.28% 1.42% 0.12 $435.03 $1.75 $17.40 $267.50
Honolulu | 7.43E+06 | 1.45E+07 | 1.85E+07 | 5.98E+06 8.23% 67.60% 15.50% 15.24% 1.68% 0.24 $841.62 $3.39 $33.66 $517.51
Fresno 7.64E+06 | 1.45E+07 | 1.85E+07 | 6.04E+06 7.99% 67.30% 15.60% 15.25% 2.28% 0.15 $510.17 $2.05 $20.41 $313.70
Miami 6.93E+06 | 1.44E+07 | 1.85E+07 | 6.10E+06 8.75% 67.00% 15.50% 15.27% 1.48% 0.12 $426.77 $1.72 $17.07 $262.42
San Antonio | 7.11E+06 | 1.37E+07 | 1.85E+07 | 6.74E+06 8.12% 63.50% 15.60% 15.37% 1.47% 0.12 $404.41 $1.63 $16.18 $248.67
Tallahassee | 6.78E+06 | 1.37E+07 | 1.85E+07 | 6.73E+06 | 8.52% 63.50% 15.60% 15.35% 1.60% 0.12 $405.08 $1.63 $16.20 $249.09
Austin 7.03E+06 | 1.36E+07 | 1.85E+07 | 6.84E+06 8.13% 62.90% 15.60% 15.37% 1.47% 0.12 $400.97 $1.61 $16.04 $246.56
Jacksonville | 6.63E+06 | 1.34E+07 | 1.85E+07 | 6.96E+06 8.54% 62.30% 15.60% 15.33% 1.73% 0.12 $397.17 $1.60 $15.89 $244.22
New Orleans | 6.59E+06 | 1.32E+07 | 1.85E+07 | 7.22E+06 8.43% 60.90% 15.60% 15.38% 1.41% 0.08 $253.80 $1.02 $10.15 $156.06
San Diego | 7.58E+06 | 1.31E+07 | 1.85E+07 | 7.24E+06 7.29% 60.80% 15.90% 15.64% 1.64% 0.15 $461.03 $1.86 $18.44 $283.49
Houston 6.30E+06 | 1.29E+07 | 1.85E+07 | 7.45E+06 8.62% 59.70% 15.60% 15.35% 1.60% 0.12 $380.00 $1.53 $15.20 $233.66
Dallas 7.19E+06 | 1.29E+07 | 1.85E+07 | 7.49E+06 7.53% 59.40% 15.70% 15.48% 1.40% 0.12 $378.62 $1.52 $15.14 $232.81
Sacramento | 7.24E+06 | 1.28E+07 | 1.85E+07 | 7.56E+06 |  7.43% 59.00% 15.70% 15.46% 1.53% 0.15 $447.93 $1.80 $17.92 $275.43
Los Angeles | 7.40E+06 | 1.27E+07 | 1.85E+07 | 7.66E+06 7.21% 58.50% 16.00% 15.71% 1.81% 0.15 $443.84 $1.79 $17.75 $272.91
Atlanta 6.83E+06 | 1.21E+07 | 1.85E+07 | 8.20E+06 7.45% 55.60% 15.80% 15.58% 1.39% 0.10 $289.83 $1.17 $11.59 $178.22




Solar Fraction for PVC and CoolPoly; sorted on %increase (left to right)
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Figure 57. Solar Fraction Comparison among cities and absorber material.
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Figure 58. BIPVT maximum price margin comparison among cities and absorber material, sorted by percent increase.

Figure 57 and Figure 58 reveal an important manufacturing optimization problem. Notice that there is a
significant improvement in thermal performance with the improved thermal conductivity of the
CoolPoly material. However, the thermal improvements are far from linearly related to the

conductivities.

The optimization problem is to maximize the NPW by varying the material, and consequentially the

material conductivity, as shown in equation 5.2.
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Max[NPW] = —Material Cost per module + A USPW(d,N) (5.3)

Where, A = @ (material conductivity)

Table 19 provides a summary of the range of solar fraction and lifetime thermal savings results.

Table 19. Summary of the range of results for the Solar Fraction and the Lifetime Thermal Savings per module

Annual Solar Fraction Ranges

Calibration Max Min Avg
Cal1-PVC 73.5% (Phoenix) 48.8% (Atlanta) 57.69%
Cal 2-PVC 68.3% (Phoenix) 44.9% (Atlanta) 53.39%
Cal 1- CoolPoly| 81% (Phoenix) 55.6% (Atlanta) 64.95%
Lifetime Thermal Savings (per module)
Calibration Max Min Avg
Cal 1-PVC |$461.71 (Honolulu) |$138.49 (New Orleans) | $237.47
Cal 2-PVC |$431.12 (Honolulu) |$128.25 (New Orleans) | $219.82
Cal 1- CoolPoly|$517.51 (Honolulu) |$156.06 (New Orleans) | $267.29

The above analysis has laid the foundation for a future manufacturing business model. There is a cost
per module that the manufacturer can compete against for an increased profit margin. The simulations
demonstrate an improved electrical performance due to the heat collection component and all costs can
be rolled into a 30-year mortgage plan on a new residence. For example, if the manufacturer charges
$130 more per module than a traditional PV then, the consumer will realize savings in about 15 years,
and the manufacturer will be able to make a 30% profit. It is possible that the additional cost per BIPVT
module over a traditional PV module may be closer to zero, making the BIPVT even more attractive to

customers and more lucrative for the supplier.
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SPOTLIGHT ON PHOENIX

Typical Seasonal Day Analysis

In order to gain a better understanding of the system on a daily basis, the simulation was run in Phoenix,
AZ on typical winter, spring and summer days. Figure 59 is the graphical representation of the typical
seasonal days. The top plots show the incident radiation and the pump control signal, while the bottom
plots show the pump signal, temperature in and out of the tank, and average tank temperature. At first
glance, it seems a bit concerning that the temperature rise across the collector is very small. This
occurrence is because the pump is most likely circulating water from the same node. The collector is
pulling from the bottom of the tank, and if the return temperature rise across the collector is only
slightly warmer than the supply temperature, the tank will dump the heat back into the same node. This
causes a gradual heating of the tank from the bottom up breaking down stratification, but increasing
thermal capacity. | believe the increase in thermal capacity is where significant energy savings can be

found, by coasting longer into the night using less auxiliary power as stratification sets back up.
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Figure 59. This figure demonstrates the behavior of the system for a couple of days during the winter, spring and summer in Phoenix, Az. The upper plots show the incident

radiation striking the surface and the pump control signal (On/Off). The bottom plots consist of the average tank temperature, the entering and leaving fluid temperature of

the collector and the pump control signal. Note that Tin is also the temperature at the bottom of the tank and all values where Tout is not under the pump control curve are

calculated values.



Effect of Flow Rate and Pumping Power on Annual Performance
Figure 59 is showing very little temperature rise across the collector. Slowing the flow rate across the

collector will undoubtedly improve the temperature rise. A parametric flow rate analysis was conducted
to see the impact on annual performance. Pumping power was also taken into account. The simulation
was run for a couple of days during the summer. Specifically, July 15 — 17 was chosen and the TMY2
data for those hours of the year were the forcing functions. Figure 60 shows the collector temperature
rise over the course of two days. The first and third peaks correspond to values when the pump was
signaled on during the day. The second and fourth peaks are calculated values by TRNSYS during the
course of the night. When the pump is off, stratification in the tank starts to setup. The residual heat of
the collectors from the day would still create a temperature rise from water at the bottom of the tank,

but not significant enough for the pump control sequence to turn on the pump at night.

Based on Figure 60, it is obvious that the slow flow rate is indeed improving temperature rise across the
collector. Improved temperature rise is also improving tank stratification because the water entering
the tank from the collector is being introduced to the tank at a higher level versus the bottom. Better
stratification lowers the average tank temperature (lower heat loss from the tank) and lowers the
entering fluid temperature to the collector (improves collector efficiency). Table 20 represents the
results of the parametric flow rate analysis. 0.06 GPM/ft> was the typical flow rate used for the regional
annual comparisons of the previous section. The flow rate was parametrically reduced down to a very

slow rate. The collector efficiency and solar fraction improved slightly with slower flows.

The pump HP was assumed to be reduced from 1/6 to 1/8 HP based on pump selections from Taco
pumps for flow rates less than .02 GPM/ft>. The reduction in pump HP was the driving factor for dollars
saved improvement. The improved temperature rise with flow rate had negligible impact on the
number of hours the pump ran per year. The kWh improved by 1 kWh when flow was reduced from

0.06 to 0.04 and 2 kWh when reduced from 0.02 to 0.01 GPM/ft>.
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Figure 60. The above figure shows the calculated values of collector temperature rise as a function of time. The first and third peaks represent times when the pump is on.
The second and fourth peaks represent calculated values. The pump control sequence doesn’t signal the pump on until a 5 degree temperature difference is achieved.

Table 20 Parametric analysis of flow rate on annual performance.

Flow Rate Parametric Analysis for Phoenix

Lifetime
Incident | Collector Thermal
FlowRate| Solar | useful Auxiliary PV PV Efficiency Ssaved | Savings
(0.06 |Radiation| Energy DHW Energy | Collector | Solar [PV Efficiency| Efficiency % PumpEnergy/yr|Elec Rate Ssaveal VT /module | per
GPM/ft2) | (kJ/m?) (kJ) Load (kJ)| (kJ) [Efficiency|Fraction| (collection) |(stagnation)|improvement |Pump HP (kwh) $/kWh | s Jyr |%Increase|s_ .. /it’fyr| [yr module
0.06 8.62E+06 | 1.577E+07| 1.85E+07 [ 4.89E+06| 7.70% 73.50% 15.3% 15.00% 1.96% 1/6 301 0.11 $373.45 0.00% $1.50 $14.94 | $229.63
0.04 8.62E+06 | 1.580E+07| 1.85E+07 [ 4.78E+06| 7.71% 74.11% 15.3% 15.00% 2.22% 1/6 302 0.11 $376.50 0.82% $1.52 $15.06 | $231.51
0.02 8.62E+06 | 1.586E+07| 1.85E+07 [ 4.72E+06| 7.74% 74.46% 15.3% 15.00% 2.15% 1/8 228 0.11 $386.35 3.45% $1.56 $15.45 | $237.56
0.01 8.62E+06 | 1.590E+07| 1.85E+07 [ 4.68E+06| 7.76% 74.66% 15.3% 15.00% 2.15% 1/8 230 0.11 $387.23 3.69% $1.56 $15.49 | $238.11




Additional System Sensitivities

Thus far, all annual results have been based on a single system size and economic assumptions. Clearly,
not all residential systems will be identical. The primary assumption of this thesis is that the BIPVT will
be part of the new construction. Systems will differ in numerous ways: the slope of the collector will
vary based on varying roof angles, the number of modules will vary based on available roof space, DHW
use will change with differing family size, size of the storage tank. The following sub sections will look
into additional system sensitivities on annual performance. The lifetime of the modules is set at 30

years for the determining the USPW multiplier.

Slope of Collector

All previous simulations have been based on a roof angle of 30 degrees. The parameter will be varied
from 20 degrees to 40 degrees to analyze the impact on annual performance. All other system
parameters will remain the same (flow rate set back to 0.06 GPM/ft2). Table 21 shows the results of the
parametric analysis. Notice the change in incident solar radiation which peaks around Phoenix’s latitude
of 33 degrees. Performance results propagate as a function of the incident solar radiation. One reason
for tilting solar thermal collectors beyond local latitude angles is to take advantage of lower winter sun

angles. This simulation did not see improvement with higher roof angles.

Size of the Storage Tank

All previous simulations have been based on a storage tank of approximately 120 gallons. The size of
the storage tank will be varied from 100 gallons to 200 gallons. By varying the size of the tank, one must
decide whether the height or diameter or both will vary. Stratification is of the most interest here, so
the diameter remained constant while the height of the tank and of each node increases with capacity.
The slope of the collector was set back to 30 degrees. Table 22 shows the results of the storage tank

parametric analysis. As the tank capacity increased, the ability for stratification to set up increased as

99



well. Improved performance results propagated as a function of tank size. Notice the improving trend
of collector efficiency, solar fraction and savings with increased tank size. Improved stratification lowers
the average tank temperature (lowering heat losses) and allows cooler water to be supplied to the

collector from the bottom of the tank, thus improving performance.

Number of BIPVT modules

All previous simulations have been based upon a 5kW system, which translated into a total of 25
modules. Previous investigation about residential energy use has suggested that a 5kW PV system is an
appropriate starting place for typical domestic energy needs. However, differing architecture may not
provide the roof space to accommodate a 5 kW array. The size of the BIPVT system will be varied to test
the impact on annual performance. The size of the tank was set back to a typical 120 gallon tank at a

height of 1.75 m (~5.5 ft) for all runs.

Table 23 shows the results of the system size parametric analysis. A couple of metrics to notice are the
collector efficiency and the solar fraction. While the solar fraction improves with system size (expected),
the collector efficiency degrades significantly. The BIPVT system tank is sized for typical DHW use and
not necessarily for integration with a solar thermal system. Tank stratification is again responsible for

improved collector efficiency at smaller system sizes.

There are a few other metrics to notice in Table 23 that make small BIPVT systems attractive. Moving
from left to right across the table, the PV efficiency % improvement is significantly better at the 1 kW
size. Also, dollars saved per square foot and per module improve with decreasing system size. The last
column in Table 23 is the lifetime thermal savings ($) per module is the annual energy savings per
module multiplied by the uniform series present worth (USPW) assuming a discount rate of 5% and a

lifetime of 30 years.
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Table 21. Parametric Analysis of roof angle on performance.

Roof Angle Parametric Analysis for Phoenix

Lifetime
Incident | collector Flow Thermal
Roof Solar Useful Auxiliary PV PV Efficiency | Rate Scaved Savings

Angle |Radiation| Energy DHW Energy [ Collector| Solar [PV Efficiency| Efficiency % (GPM/ |PumpEnergy/yr|Elec Rate ssaved/ftZ/ /module per
(deg) (kJ/mz) (kJ) Load (kJ)| (kJ) |Efficiency|Fraction| (collection) |(stagnation)|improvement| ft2) (kwWh) $/kWh Seaved/ YT yr Jyr module
20 8.50E+06 | 1.54E+07 | 1.85E+07(5.20E+06| 7.63% 71.85% 15.31% 15.00% 2.03% 0.06 300.06 0.11 $427.01 $1.72 $17.08 $262.57
25 8.59E+06 | 1.56E+07 | 1.85E+07(5.01E+06| 7.66% 72.88% 15.33% 15.00% 2.17% 0.06 300.97 0.11 $433.55 $1.75 $17.34 $266.59
30 8.62E+06 | 1.58E+07 | 1.85E+07|4.89E+06| 7.70% 73.54% 15.34% 15.00% 2.23% 0.06 301.70 0.11 $437.62 $1.76 $17.50 $269.09
35 8.61E+06 | 1.58E+07 | 1.85E+07|4.86E+06| 7.71% 73.70% 15.34% 15.00% 2.21% 0.06 301.91 0.11 $437.46 $1.76 $17.50 $268.99
40 8.53E+06 | 1.57E+07 | 1.85E+07(4.98E+06| 7.72% 73.04% 15.33% 15.00% 2.13% 0.06 302.21 0.11 $434.30 $1.75 $17.37 $267.05

Table 22. Parametric Analysis of tank size on performance.
Tank Size Parametric Analysis for Phoenix

Lifetime
Incident | collector Flow Saved/Yr Thermal
Solar | useful Auxiliary PV PV Efficiency | Rate (Including Ssaved | Savings

Tank Size |Radiation| Energy | DHW | Energy |Collector| Solar |PV Efficiency| Efficiency % (GPM/ |PumpEnergy/yr|ElecRate| pump |Swvea/ft’/| /module per
(gallons) | (ki/m?) (kJ) Load (kJ)| (kJ) [Efficiency|Fraction| (collection) |(stagnation)|improvement| ft2) (kwh) $/kWh | losses) yr /yr module
100 8.62E+06 | 1.59E+07 | 1.85E+07 [ 5.45E+06| 7.76% 70.48% 15.34% 15.00% 2.23% 0.06 314.41 0.11 $440.49 $1.77 $17.62 $270.85
120 8.62E+06 | 1.64E+07 | 1.85E+07(5.08E+06| 8.00% 72.47% 15.35% 15.00% 2.31% 0.06 305.65 0.11 $455.92 $1.84 $18.24 $280.34
140 8.62E+06 | 1.66E+07 | 1.85E+07|4.85E+06| 8.12% 73.75% 15.36% 15.00% 2.36% 0.06 300.68 0.11 $463.82 $1.87 $18.55 $285.20
160 8.62E+06 | 1.69E+07 | 1.85E+07|4.76E+06| 8.23% 74.24% 15.37% 15.00% 2.40% 0.06 297.38 0.11 $470.70 $1.90 $18.83 $289.43
180 8.62E+06 | 1.70E+07 | 1.85E+07(4.71E+06| 8.29% 74.47% 15.37% 15.00% 2.42% 0.06 293.49 0.11 $474.51 $1.91 $18.98 $291.77
200 8.62E+06 | 1.73E+07 | 1.85E+07|4.75E+06| 8.43% 74.28% 15.38% 15.00% 2.47% 0.06 291.35 0.11 $483.56 $1.95 $19.34 $297.34




[40)

Table 23. Parametric analysis of system size on performance.

System Size Parametric Analysis for Phoenix

Lifetime
Module| Incident Thermal
System Roof Solar Collector Auxiliary PV PV Efficiency Elec Ssaved Savings
Size No.of | Area |Radiation| yseful DHW Energy | Collector | Solar Efficiency |PV Efficiency % Flow Rate |PumpEnergy( Rate $saved/ftz /module per
(kW) |Modules| (ft2) (k)/m?) Energy (kJ) |Load (kJ)| (kJ) |Efficiency| Fraction |(collection) | (stagnation) |improvement |(GPM/ft2)| /yr (kWh) |$/kWh Seaved/ YT /yr Iyr module
1 5 49.67 | 8.62E+06 | 9.02E+06 [1.85E+07|1.10E+07| 22.00% | 40.40% 15.90% 15.00% 6.00% 0.06 83.20 0.11 $220.01 $4.43 $44.00 | $676.43
2 10 99.34 | 8.62E+06 | 1.22E+07 [1.85E+07|8.13E+06| 14.80% | 56.00% 15.60% 15.00% 4.00% 0.06 166.40 0.11 $298.56 $3.01 $29.86 | $458.96
3 15 149.02 | 8.62E+06 | 1.39E+07 |1.85E+07(6.50E+06| 11.30% | 64.80% 15.50% 15.00% 3.33% 0.06 249.60 0.11 $339.21 $2.28 $22.61 | $347.63
4 20 198.69 | 8.62E+06 | 1.53E+07 |1.85E+07|5.63E+06| 9.31% 69.50% 15.40% 15.00% 2.67% 0.06 332.80 0.11 $356.64 $1.79 $17.83 | $274.12
5 25 248.36 | 8.62E+06 | 1.63E+07 [1.85E+07|5.06E+06| 7.96% 72.60% 15.40% 15.00% 2.67% 0.06 416.00 0.11 $364.91 $1.47 $14.60 | $224.38
6 30 298.03 | 8.62E+06 | 1.70E+07 (1.85E+07|4.60E+06| 6.90% 75.10% 15.30% 15.00% 2.00% 0.06 499.20 0.11 $369.81 $1.24 $12.33 | $189.50




CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS

The purpose of this research was to design and build a patentable, modular BIPV/T prototype to assess

the following:

e Performance
e Economics
e Constructability

e QOperation and Maintenance

Three of the four topics were addressed in this research with favorable results. The Operation and
Maintenance of a full scale BIPVT array cannot be commented on at this time. However, with repairs to
the two existing prototypes, and an improved absorber design, long term observations of the material

integrity, the operation and maintenance of the system could be commented on by another researcher.

The performance of the BIPVT module was best assessed by the TRNSYS simulations. Cities in the
southwest desert performed quite well, with solar fractions reaching over 70% for an all PVC BIPV/T
module. Using the special CoolPoly thermally conductive polymer properties for the absorber in the
TRNSYS model, on average, increased the solar fraction by about 10%. Looking at the typical winter,
spring and summer daily system behavior for Phoenix, Az, showed that the collector was circulating
water from the same node that it was drawing water from. Thus T;, and T, increased in tandem and
essentially heated the tank from the bottom up, discouraging tank stratification. This discovery

encouraged the need for more simulations using a two-tank system.

The economics were assessed by assuming that the BIPVT modules would be plumbed into an electric
water tank with variable inlet positioning. Average statewide electric rates were used to get a ball park

figure for annual dollars saved. A more extensive analysis of summer demand and tier rates might
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reveal further savings and incentives. This research didn’t looking into the possibility of state rebates for

a BIPVT system, but there may be additional opportunities for savings there.

The constructability of a low-cost building-integrated photovoltaic module was completed. The
prototype design is by no means ready to go to mass production, but does provide a nice place to start.
Just like with any product development, prototypes go through design changes as the research realize
what does and doesn’t work. Spending money on an extrudable absorber would be well worth it to
guarantee a more robust prototype that can be subjected to higher water pressures and better flow

control.

RECOMMENDATIONS

All of the simulation results were verified by an extremely small and unreliable amount of data. The
author is keenly aware of the need for more testing and a better calibrated model, including a detailed
error analysis. Unfortunately, weather and timing prevented this study from achieving better results.
The experience has a left the author with a feeling of unfinished business and would like to make some

suggestions for future work.

FUTURE WORK

First and foremost, confidence must be restored in the integrity of the prototypes. Throughout the
entire experiment, a feeling of paranoia and fear of breaking the costly prototypes lingered in the air. It
is my recommendation that a PVC absorber be extruded and sent to Colorado Plastics to be installed in
the prototypes. If money is available for extrusion, consider using circular channels versus square
channels, and perform a cost-benefit analysis on tooling expense versus improved convective heat
transfer coefficient. There is still much room for improvement on the module to module connection.

This study chose to use a union because of the reliability and ease of use. The pending patent is most
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concerned that the PV module frame serve as the fluid conduit, but perhaps the module to module

integration concept is also patentable.

As mentioned above, this study is clearly unfinished. The first thing that needs to be address before
more testing is performed is to fix the leaks that currently exist in the plumbing system. There are a
couple joint leaks where water got caught and froze, and is causing a leak. With confidence restored in
the prototypes and the plumbing system back in action, more testing can begin. The best time of year
for testing is going to be in the summer where the temperature rise across the modules is well outside
the range of error of the thermocouples. With non-freezing temperatures, the system can simply run 24
hours a day, and will be able to track a wide range of entering and leaving fluid temperatures and
environmental conditions. More data will provide better insight in calibration techniques, and may

inspire the rewriting of the TRNSYS source code to better match the BIPVT absorber physical character.

PV efficiency during heat collection and stagnation needs to be compared to verify the TRNSYS model,
along with a parametric analysis of changing flow rates for optimized performance. This is easily doable

when the system is back up and running.

Finally, simulations should be run for all above cities using a two tank system. The diverter should send
the city water into the buffer tank, which is plumbed into the collectors, as well as to the tee piece for
load use. The circulator pump should pull from the bottom of the buffer tank and return to the top,
promoting tank stratification. The second tank (the hot water tank) will have an auxiliary heating
element to meet the thermostat set point, along with variable inlet positions from the buffer tank. This
setup will most likely improve the thermal and electrical efficiencies of the BIPVT due to the larger
temperature gradient and lower PV cell temperatures. However, a two-tank system certainly increases

the startup cost and takes up valuable living space.
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CU2225B - Low-cost, MoDuLak MoUNTING SYSTEM FOR BUILDING-INTEGRATED
PHOTOVOLTAIC-THERMAL COLLECTOR

ABSTRACT
ABSTRACT

The invention is a solar module frame that serves as a low-profile fagade mounting
system and conduit through which a heat conducting fluid can be passed. The novel
aspect of this invention is the use of the module frame as a pipe and integrated
maounting system. The frame allows standard photovoltaic laminates to be
converted into photovoltaie-thermal collectors. Photovoltaic-thermal collectors are
capable of producing both electricity and heated fluid using sunlight. The frame
consists of a thermal absorber bonded to a photovoltaic laminate and two
extrusions, which can be cut to accommodate any new or existing laminate. Two
inter-module fittings installed in the extrusions allow the modules to self-plumb
when installed on a building surface without the need for plumbing tools. The
interlocking design of the extrusions simplifies installation and results in a uniform
collector surface. No additional mounting system is required. Weather resistant
gaskets in the frame allow an array of collectors to serve as facade elements,
replacing traditional shingles or siding. Alternatively, the frame can be used with
clear glass instead of photovoltaic laminates, yielding a low-profile facade integrated
solar thermal collector,

DESCRIPTION OF THE DRAWINGS

Figure 1 shows a section cut through a single collector. The section cut is
perpendicular to fluid low through the supply and return headers.

Figure 2 shows a section cut through two adjacent collectors. The section cutis
perpendicular to fluid flow through the supply and return headers.

Figure 3 shows a section cut through two adjacent collectors. The section cut is
parallel to fluid flow through the supply and return headers. Both male and female
self-plumbing fittings are shown.

Figure 4 shows an isometric view of a single collector. The male version of the self-
plumbing fitting is shown.
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Figure 5 shows an isometric view of a single collector. The female version of the
self-plumbing fitting is shown.

Background

Building integrated photovoltaic-thermal systems (BIPV/T) currently require a high
level of skill to install. There is a need for medular mounting systems that can be
installed on roofs without specialized training. A challenge in designing such a
modular mounting system is to accommaodate separate channels for the hot fluid
used in the solar thermal component. The fluid channels must be separate from the
channels for electricity in the photovoltaic component. Another challenge is to
design a building integrated mounting system, meaning that the panels lie flat on the
roof, attached directly to the roof, and replace existing reofing or siding materials.
This invention overcomes these challenges with a design composed of structural
elements that also serve as fluid channels. Maodularity is another goal of the design.
These structural fluid channels on two adjacent mounting systems are designed to
join, which allow for straightforward installation of building integrated
photovoltaic-solar thermal systems,
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DESCRIPTION OF THE [NVENTION

The invention is a solar collector frame capable of carrying hot fluid, either water or
air, that serves as a structural element and as a fagade mounting system. The novel
aspect of this invention is the use of the module frame as a pipe and mounting
system through which the hot fluid is conveyed. The frame will allow low-cost solar
arrays to be manufactured and installed on buildings that are capable of producing
electricity, hot water, or hot air, Cost savings are realized through the use of
polymers, the elimination of separate mounting systems, the elimination of separate
framing and Auid conveying elements, and the elimination of roofing or siding
materials beneath the collector surface.

The invention consists of two frame extrusions, an absorber plate, and two
plumbing fittings. Extrusion profiles are shown in Figure 1, parts #1 and #2. Both
parts consist of upper flanges and lower tabs connected to a rectangular tube, The
upper flange of part #1 is offset to allow it to slide beneath the upper flange of part
#2. A gasket, part #5, creates a weather resistant barrier when two collectors are
installed adjacent to one another. Part #4 is a fluid-conducting absorber plate
bonded to parts #1 and #2. This absorber allows a fluid, either water or air, to pass
between parts #1 and #2 and be heated by sunlight striking and/or passing through
part #3. Note that an assembled collector has two each of #1 and #2 parts. Only one
each carries the heated fluid.

When installed, Muid would be forced into part #1 in a direction perpendicular to
the page, through part #4 into part #2 in a direction parallel to the page, and exit
part #2 to the next collector in the array installed in series. Part #3 is an off-the-
shelf photovoltaic laminate or clear low-iron glass, bonded to the assembled frame
and absorber. Part #6 is a roofing fastener used to attach the collector to the
building fagade.

Figure 2 illustrates how the flanges of parts #1 and #2 on two adjacent collectors
overlap when installed in parallel on a building fagade. Parallel installation means
that no fluid is transferred between the collectors. Note that the bottom tabs do not
overlap in the same way. Instead, the tabs are offset to prevent them from
interfering with the adjacent panel. When viewed from an isometric angle, as
illustrated in Figure 4 and Figure 5, the tabs geometry can be clearly seen. Tabs
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would be cut from the profiles following their extrusion, prior to being assembled
into a finished collector.

Figure 3 illustrates the self-pluming connection between two adjacent collectors
installed in series. The section plane is perpendicular to that of Figure 1 and Figure
2. Parts #7 and #8 are molded from a heat-tolerant semi-rigid rubber such as EPDM
and bonded to the ends of parts #1 and #2 during collector assembly. During
installation, part #7 of one collector is inserted into part #8 of another collector in
series, forming a watertight seal. Part #8 is slightly smaller, tapered, and more
flexible than part #7, allowing it to better conform to part #7. Note that an
assembled collector has two each of #7 and #8 parts.
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FIGURE 5
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APPENDIX B PROTOTYPE FABRICATION DRAWINGS

ModuleComponent Nomenclature: Assuming water isflowingfrom
Lefttoright andtop to bottom.

Supply Header

Downstream
Siderail
Upstream
Side rail

Return

PV panel Hasder

Module Components Nomenclature
Continued

Junction
Box

Gasket

bsorber

Joint
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Supply Header Dimensions: Profile

PV holding
lip

Integrating
flange

All PVCthicknessto be 1/8" unless specified otherwise. Thicknes of integrating flange neck
Is %", PV holding lipto berounded (bewveled?) from 1,/16" to 1/8".

Supply Header Dimensions: Elevation
view.

The mounting flanges areto becentered along the header, 4" apart. Each mounting flange
is %" thick. The return header hasthree mounting flang es that will consumethe space
Betweentheseflanges Thelength of each header is 30.5°, not surewhy it got dimensioned
Slighthy offl

126




Mounting Flange Detail

All mounting flanges on headers and siderailsarethesame. Thecenter screw holeis
Centered, and theflanking screw holesare " on center from center hole. Diameter
Is about 0.2, to accommodate a #10wood screw at a 72 degreeangle.

Return Header
i rir_
¥

PV holding lip is beveled from 1/16" to 1/8". Upper integrating flangeis 1/16" thick.
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Return Header: Elevation view

- e
4 INRr

Mounting flangesspaced soas not to interferewith supply header mounting flanges when
Placed next to each other.

Upstream Side Rail (left-hand side):
Profile view

P B e L
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Upstream Side Rail: Elevation view.

Downstream Side Rail (right-hand
side): Profile view

129




Downstream Side Rail: Elevation view

The Absorber

Channels aresquare; allsides
1/16". The distancefromthe
Edge of channel to edge of
Absorberis3/32"

Each of absorber isto be
Pushedagansttheinside
Corners of the headers and
Side rails
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The Spacers

Thesearethespacer dimensions. Thethicknessis 1/8". The function of the spacer isto
Provide athermal bridge between the back of the PV paneland the absorber.

Joints: Upstream/Return

header

Frpe

|
Leftimaze: Looking downstream. We are to use 2 union Rizht image: roteted abowt 180 degress of l=ft image.
to comnnect =ssch module to ssch Other Each half of o The squared out bevels are to be shpped and sohed into
unicn is to be counter-sunk and sobved into the joint. For the comesponding hesder and side i
this, znd zll upstrezmi joints, the union half with the fres=
nut is to be Soheed in. Dimensions of the counter sink to
Be able to accommedate 3 %7 union.

The oppositecornered joint arethesamewith the exception of thetop integrating detaik!

The next slidewill be of the Dow nstream, 5u pphy head er joint which isthe same orientation
Asthisone, justwill different integrating detailsonthetop.
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Joints: Downstream/Supply Header

The integrating notch atthetopof this
lointiflf16”. The threaded halfof the
Unionisto besolved into thisjoint.

Joints: Upstream/Supply header

Upstream jointto besolvedwitha
Counter-sunk union half withthefree
Mut.

g
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Joints: Downstream/Return Header

v

The threaded haF of the union to be counter-
sunk onthisjoint and all downstream joints.

Dimensions for the PV panel. Thethickness is about 1/4". Once all of the pieces have
Been fabricated, the modulewill needto be assembled around the PV
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Suggested Sequence of Assembly

——'

Step 1: Bond Spacer to absorber. Thermall conductive solvent?

Suggested Sequence of Assembly

Step 2: Attach the upstresm spaosr and absorber assembly |0 the P I-box cn shide into placs) to the supply headsr
Step 3: Attach the supply header and upstream sids @il by wsing the joint and soleent.

Step 4: Shide the PV into the holding mils, ensuring contact with the back of the P

Step 5: Attach the downstream spacer and absorber zzcembly to the supply hesder and snsure contact with P
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Suggested Sequence of Assembly

Step 6 Attach retum hesder and downstream side @il by combing with the joints and sohsent.

Meotes: Dbwicusly the water ways nesd to be water tizht. The hesders ane drawn with an open channel {where the
absorber sits) the entire kength of the header.  This will be ideal for extrusion, but not for the prototype. For the prototype
the absorber channel opening in the headers nbe owt owt!!

Thanks!

Overall Concept for a Rooftop
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APPENDIX C

SPEC SHEET

PV PANEL DIMENSION RANGES AND THE SUNPOWER

The following table is a compilation of the most popular PV manufacturers and all of their PV models.

The table was used to get an idea of typical dimensions for sizing the absorber so that it would fit in any

PV laminate.
Depth
(in.)(includes
Length | Length | Width | Width cover and/or Weight
Manufacturer Model (in.) (ft.) (in) (ft) frame) (Ib) Watt |VOC| Isc
FS Series 3 (Thin
First Solar (Thin Film, Film) 47.24 3.94 23.62 1.97 0.52 26.40
no residential specific) FS Series 2 (Thin
Film) 47.24 3.94 23.62 1.97 0.52
Suntech
(mongiﬁz)sr:f"me STP190S-24/Ad 62.20 5.18 31.80 | 2.65 1.40 34.10 | 190 |45.20| 5.62
STP185S-24/Adb+ 62.20 5.18 31.80 2.65 1.40 185 [45.00] 5.43
Sharp
(monocrystalline) NU-U235F4 64.60 5.38 39.10 | 3.26 1.80 4190 | 235 |37.00| 8.50
Q.PRO 210- |35.83-| 8.09-
(monocrystalline) 65.75 5.48 39.37 3.28 1.97 44.00 245 |37.48| 8.52
Q.SMART
(CIGS[Cu(In, Ga))) 47.09 3.92 25.04 2.09 1.42 31.90
Qcells Q.SMART UF
(CIGS[Cu(In, Ga)Se2])| 46.85 3.90 24.80 2.07 0.87 29.04
Q.SMART UF L
(CIGS[Cu(In, Ga)
Se2)) 46.85 3.90 31.10 2.59 0.87 36.30
Q.BASE
(Multicrystalline) 65.75 5.48 39.37 3.28 1.97 46.20
YGE 185 175- [29.0- 8.2-
(multicrystalline) 51.57 4.30 38.98 3.25 1.97 34.80 185 [29.5 | 8.45
YL 210 190- |32.8-| 8.03-
vingl (polycrystalline) 58.86 4.90 38.98 3.25 1.97 39.60 210 [ 336 | 8.45
YGE 235 225- | 36.5- | 8.28-
(mulitcrystalline) 64.96 5.41 38.98 3.25 1.97 43.70 235 | 37 | 854
YGE 280 270- |44.8-| 8.2-
(multicrystalline) 77.56 6.46 38.98 3.25 1.97 57.30 280 [ 45 | 8.35
155- [44.45-] 4.86-
JAMS5 72(Mono) 62.20 5.18 31.81 2.65 1.57 34.10 195 [45.81| 5.54
200- [36.12-| 7.83-
JAM6 60(Mono) 64.96 5.41 39.02 3.25 1.57 42.90 250 [ 37.8| 8.68
280- |45.02-| 8.52-
JAM6 72(Mono) 77.56 6.46 39.02 3.25 1.97 60.50 320 |46.76| 8.76
155- [43.68-] 4.94-
JA Solar
JAMSL (Mono) 62.20 5.18 31.81 2.65 1.57 34.10 195 [45.04| 5.62
JAMS5 (Mono) 62.20 5.18 31.81 2.65 1.57 34.10
JAM6 (Mono) 64.96 5.41 39.02 3.25 1.57 42.90
200- [36.15-| 7.8-
JAP6 (Multi) 64.96 5.41 39.02 3.25 1.57 42.90 260 [37.85| 8.65
270- [45.16-] 8.47-
JAP6 72 (Multi) 77.56 6.46 39.02 3.25 1.97 60.50 300 |45.67| 8.73

136




175- | 43.9-
TSM-DCO1 (Mono) 62.24 5.19 31.85 2.65 1.57 34.40 185 | 44.5 |5.3-5.4
180- |44.2- | 5.44-
TSM-DCO1A (Mono) 62.24 5.19 31.85 2.65 1.57 34.40 195 | 45.6 | 5.56
Trina Solar 195- | 45.4-| 5.56-
Mono 62.24 5.19 31.85 2.65 1.57 34.40 210 | 46.6 | 5.78
220- (36.8-| 8.15-
TSM-PCO05 (multi) 64.95 5.41 39.05 3.25 1.81 43.00 240 | 37.2 | 8.37
265- | 44.2-
TSM-PC14 (multi) 77.00 6.42 39.05 3.25 1.81 61.70 285 | 44.5 18.2-8.5
KD Modules (ranges) 65.40 5.45 39.00 3.25 1.80 46.30
59.10 4.93 26.30 2.19 39.70
Kyocera 52.70 4.39 35.30
27.60
27.50
E19 61.39 5.12 31.42 2.62 1.81 33.1 238 | 485 ] 6.25
E19 318 61.39 5.12 41.18 3.43 1.81 41 318 | 64.7 6.2
SunPower
E18 61.39 5.12 31.42 2.62 1.81 33.1 230 [48.2 | 6.05
E18 225 61.39 5.12 31.42 2.62 1.81 33.1
For all included panels
Depth (in.)(includes | Weight
Length (in.)| Length (ft.)| Width (in) [ Width (ft) | cover and/or frame) (Ib)
Max 77.56 6.46 41.18 3.43 1.97 61.70
Min 46.85 3.90 23.62 1.97 0.52 26.40
Average 61.67 5.14 34.26 2.85 1.60 39.47
StDev 8.47 0.71 5.42 0.45 0.40 9.32
Without CIGS and thin film
Depth (in.)(includes | Weight
Length (in.)|Length (ft.)| Width (in)| Width (ft) | cover and/or frame) (Ib) area
Max 77.56 6.46 41.18 3.43 1.97 61.70 22.18
Min 51.57 4.30 26.30 2.19 1.40 27.50 ]9.4187
Average 64.19 5.35 35.79 2.98 1.75 40.61 | 15.956
StDev 6.32 0.53 4.14 0.35 0.19 9.25
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SUNPQWER

SPR-215-BLK

RESIDENTIAL PV MODULE

The SunPower SPR-215-BLK is designed specifically for on-grid
residential systems where a combination of high module efficiency
and outstanding appearance is desirable. Uilizing 72 series-
connecled A-300 solar cells, the SPR-215-BLK delivers industry-
leading power density in a unique all-black module package with
exceptionally uniform appearance.

SunPower medules—innovative design, proven materials,
sutstanding perfermance.

FEATURES & BEMNEFITS

* All-black module package elimirates harsh reflections and
cther noficeable cosmefic module features to provide opfimum

array oppecrance

* Unique all-back-contact solar cells with conversion effidency up
o 21.5%

* Low voltoge-temperaiure coefficient, exceptional kow-light
performance, and high sensifivity to hight across the enfire solar
spedrum maximize yearly energy delivery

* Highest quality, high-transmission fempered glass provides
enhanced stiffness and impact resistance

* Aerospace sty cell inferconnects with in-plane strain relisf
provide extremely high reliability

SPR-215-BLK RESIDEMTIAL FY MODULE
* Advanced EVA encopsulafion system with multi-layer bocksheet An unequaled combinafion of power and groce.
meats the mast stringent safety requirements for high-volioge

operafion

* A sturdy, black ancdized aluminium frame allows modules fo
be easily roof-mounted with a wide variety of slandard @ sTEn UL 1703, Class C Fire Refing
mounting sysiems

P
{2 } IEC 81215, Sofety Class Il Ceriified
ey
& Faruory 208 SunFowar Corporafion. Al righis sassrsd. Spaciientiorn inchrad In S choieshot or suiject i chonga sithou oo Dcurantd O] -DSATE Rwe ™

SamPower Corporation®
1.877.786.0123  Email: sales@sunpowercorp.com  www.SUNPOWETCOMp.CoM
Engineered in California
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SUNPOWER

ELECTRICAL CHARACTERISTICS AT STANDARD IV CURVE

TEST CONDITIONS (5TC)

S1C Is defined os: Imodionce of 1000WY/m®, spacium AM. 1.5g and el S | ——

cell lempesature of 25°C

Paak Power' 2 Prax

Rafed Voltoge Ving

Rated Current b

Open Circuit Volioge Voo

Short Circuit Current b

Series Fusa Rafing

Maximum System Volioge

Temperature Co-sfficents Pawer
Voltage
Current

Module Efficiency

FTC Rating

1000 Watts/m?; 25°C; AM 1.5g

|
215w |
A40.0v I
5.44 5. .0 |
CEE |
477V fe |
i.
5.9A - |
" |
154 C |
.
S00V (UL E = b 40
1000V (IEC) ;
Paak Power Tokronce: +/- 5%
0.38%/°C “Perwar proronieed for 25 yeors. See Sunfower Limied Worranly For daloils.
-136.8mV/"C
MECHAMICAL SPECIFICATIONS
2.3mASC
Length {mm) = Width [mm| 1559 x 798
17.3% Thickness, including junction box (mm) )
197.6W Weight (kg 15
DIMENSIONS
| 734 | sor
[ L] "loe [T

[.J:I]-’ - W\ a3 _/ L {- T _/

8 Fabnucry 3100€: SunPoses Corporoion. Al dght reserve]. Speciicsions irchuded in ihis dotmhost ore wbjedt o chamga st soio Dot (0] 02638 R ™

SunPower Corporation®™

1.877.786.0123 Email: solos 3@ sunpowercorp.com  Www. SUNDOWETCOND. oM

Engineered in California
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APPENDIX D
The pump.

PLUMBING COMPONENTS

ARMSTRONG &

ARMYflo E Series Circulators - Models ES/ESB

FILE NO: 10.551
DATE June 14, 2011
SUPERSEDES: 10551
DATE: May 14, 2010

SUBMITTAL

' JORPROJECT:
REPRESENTATIVE:
ENGINEER:
CONTRACTOR:
ORDER N DATE:
SUBMITTED BY: DATE:
APFROVED BY: DATE:
me I:.::f Voltage | Phase Comments

| PERFORMANCE CURVE

AN

OF e

Totad o - Foad dul
B
E
e

\
\

TECHNICAL DATA | MOTOR DATA
Flow Range Oi 58,0 USgpm [0 f0.2.4 Lis) MNominal Powes 16 1 {125 W)
Head Rangs 0o 34.0 feet {0 o 10.4 m) Wolage 120V (208 W [240W
Max_Finid Temperature | 230°F (110°C) Ful Load AmoDraw | 20A [10a [10a
Max. Working Pressure 150 psi {1034 kPa) Frequency Bbz
Molor Type 2 pole, Single Phase

AATERIA CH O i O Speed 3400 rpm
Pump Body | Castiron jciosed systems) | Beonze jopen sysiems) | Leat Free Srommet |
Fate Plate Stainlass Shegl | MOUNTING ORIENTATION
Impelier 30% Glass-Slled Moryl
Shaft Stainless Siee FOR INDOOR
Beanngs Pemanenty lubricaled Stainiess Siesl USE OMLY
Volaie Gaskel EPDA
Seal Silicon Cartide EmaroSea’ chw viton elasiomer

120v 240 W
(B0I00-657 [180200-545
MB0Z00-655 [180200-545

[180200L F-658 [ B0200LF-646

\

- BEBD Al QR
- \ 3 Flange kit Timer
g (‘-!:.'I I:D:EI Izi(\i- |FJ:¢.' Tl..lc.: .ﬁl .41 !I§J '!ﬁﬁ:i I=|°_'¢; r Fkng!m Agasi
ke - UiSigpn L) 1%4" Flange kits | Spool Pieces
13" Flange kits
[N
A B [ D E F Connection Type & Size | Shipping Weight
ARMflo =35 Castion | G464 | 64164 | 48122y | aspn | sz | 4z 1.25" diameter 2ok Ranges 11.5(5.2)
Bronzs e - - 5 0T nex di - BT
ARMfloEse | Co & | BA(IB4) | A1) | 2B(12) | SEET) | S2(81) | 42(10T) 1.25" diameber 2-bolt fanges 125 [5.8]
Mote: All dimensions are in inches [mmj) and weights in s (kg)
*Contains less Man 0.25% lead, weighied average.
Page 1of 2
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The water filter housing.

ALTER HOUSINGS

w
[+
>
s
w
o
=
w
-
I
4
I

3/4" Standard
High Temperature #20

172" Slim Linc*
High Temperature #20

172" Slim Linc*
High Temperature #10

HIGH TEMPERATURE FILTER HOUSINGS
» Ideal for a wide range of industrial applications

+ Excellent altemative to stainless and carbon steel vessek

+ Durable glass-reinforced nylon construction

34" Saandard
High Temperature #10

Constructed of glass-reinforced A #241 Viton® o-ring provides
nylon. High Temperature filter dependable sealing. Both 10" and
housings are an economical 20" lengths are available to
alternative to stainless and carbon accommodate flow rates up to 20
steel housings. gpm (76 L/min.).

These 1/2" and 3/4" NPT housings
can withstand temperatures up to a
maximum of 160°F (71.1°C).
Excellent chemical compatibility
makes High Temperature housings
an ideal choice for a wide variety of
industrial applications including
those mvolving organic solvents, sea
water, alcohol, petroleum and
vegetable oils. They should not be
used with ketones.

@/ PENTEK

F LT R AT ] O N

Pure Quality~
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HIGH TEMPERATURE

Filter Housings

LT iz SLIM LINE*
y 3/4" STANDARD

Approzimate MNet Pressure Drop - i (har)
™

3 r'y [
[ & 'f’#

1 ]
& i

] a 1] 15 N %
(18 (30 43| G670 T (EE
Flow Rate — gpm [Limin}

Housing Specifications and Performance Data

Maximum
Maodel Dimensions
o1, e SIS
o0, g 550, S ESER
s | e s SRR,
s | am s R

Materials of Construction

+ Housing Glass-Reinforced Nylon # Maximum Temperature 160°F (71.1°C)
* Cap Glass-Reinforced Nylon {High Temperature)
#* O-Ring Viton® * Maximum Pressure 125 psi (8.62 bar)

CAUTION: Protect againsi freeving to prevent cracking, of the filier and water kakage.

EROELE 502 Indiana Avenue = PO Box 1047« Sheboygan, Wisconsin 53082-1047
[— Cusiomer Service: BI0C645-0267 » Fax- B35-200-7341 » supportspecalistEpentek Sliration.com
International: 9200457 0435 » Fax: 9200457 2417 » internaticnal@peniek filiration.com
€ 2004 Poaiaiz Waicr Troasmen: www.pentekfiliration.com

':b Pentair

Watar Tratmant

Frincd in US4, OLD4 310054
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The filter cartridge.

1{ ‘\\
>
W

« Withstands temperatures up to 165 F (73.9°C)
+ Economically priced

CW and WP Series cartridges are
manufactured from a durable
polypropylene cord that is wound
around a rigid polypropylene core.
They are an economical solution to
reduce fine sediment, including
sand, silt, rust and scale particles.

CW cartridges are very economical
and wound in a standard pattern
around the core. They are available
in 10, 30 and 50-micron ratings.

WP Series cartridges are wound in a
precise pattemn around the core
providing greater surface area. The
result is higher dirt-loading capacity
and greater efficiency than standard
wound cartridges like the CW.

<
S

CW/WP SERIES POLYPROPYLENE
WOUND CARTRIDGES

« String-wound design reduces fine sediment from a variety of fluids

CW/WP SERIES
CARTRIDGES

« Nominal 10, 30, 50-micron rating (CW) and nominal 5, 30-micron rating (WP)

Both of these string-wound cartridge
styles are capable of withstanding
temperatures up to 165° F (73.9°
C), and will accommodate flow
rates between 7 and 10 GPM with
minimal pressure drop.

CW and WP Scries cartridges are
suitable for a wide variety of
sediment filtration applications,
including municipal and well water
as well as many industrial fluids.

~» EENTEIK
Pure Quality-
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CW/WP SERIES
Polypropylene Wound Cartridges

00
—
= a—
B0 @ == owE
£ 7
) 7
F
¥ |
m—gf ;;\H‘* -
7 ”
d .
e -
o V -
g ; -
£ sl =
—
5 WL/ -
i o
# s
= y
s
£ =
=
w0 ]
0
M % 2 an a0 50

Particle Size {Microns)

Cartridge Specifications and Performance Data

Maxinmum Micron Rating Initial AP ipsil
Model Dimensions [Mominal] @ Flow Rate [gpm)
CW-F 2-1/4" x 9-718° 10 <1 psi @ 10 gpem
(60 mm x 251 mmi) (007 bar @ 27 Lfmin)
CW-MF 2-1/4" x 9-718° 30 <1 psi @ 10 gpem
(60 mm x 251 mmi) (007 bar @ 38 Lfmin)
CW-50 2-1/4" x 9-718° 50 <1 psi @ 10 gpem
(60 mm x 251 mmi) (007 bar @ 38 Lfmin)
WP-3 2-1/4" x 9-718° 5 25 psi @ 10 gpm
(60 mm x 251 mmi) (017 bar @ 38 L'min)
WP-10 2-1/4" x 9-718° Ell] 1.4 psi @ 10 gpm
(60 mm x 251 mmi) (010 bar @ 38 Limin)
Materials of Construction
# Filter Media Polypropylene Fiber Cord
s Core Polypropylene

* Temperature Fating

40°F to 165°F (4.4°C to 73.9°C)

WARMIMNG: Do sot use with water that is microbiologically ussafe or of unksown quality withoet adegeaie disinfection before or after the system.

i 2004 Feniair Waier Trestmeni

= EENTEK

502 Indiana Avenue « FOY. Box 1047 « Shehoygan, Wesconsin S3082-1047
Customer Service: 200-£45-0267 « Fax: E35-201-7161 » sepporspecialis@pestek fikration.com
Internattosak 520457 5435 * Fax: 920457-2417 » imzrma tional@pentek il ration.oos

www.pemekfilrason. com

'& Pentalr

Water Trestmant

Prmicd in 5.4, 0104 ZIDT
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APPENDIX E ABSORBER SIZING CALCULATIONS

File:C\Users\estepi DocumentsiMastar's ProjectWeeklyMeeating\BIPVTCalcs.EES 1211672011 3:32:21 PM Page 1
EES Ver. 8.908: #0317: For use only by students and faculty in Civil & Environmental Engineering Univ. of Colorado

BIPVIT absorber sizing calculalions
Constants
Vaseme = 0.1 [apmift2] ASHRAE Test flow rate metric

3

ch = ———F

32 [in]
Taw = 0.25
Absorber spedificaions with square channels
Wa. = 12 [in] widthof the absorber
h = Tas — 2+ Ty height of the channel
w =h
Ax = h - w channel cross-sectional area
Ve = Aw - Lav  channel valume
Typical PV dimansions
Ley = 61.5 [in] aweragelength of PV
Woy = 31.5 [in] average widih of PV
Ay = Lpy - Wy
Acilomee = Lpy - Wy - 2
Properitas of water

Pam = 147 [psi] atmospheric pressure

12 . )
P = 2+ —— fuid pressure in channs!
CFa

P = Pum + Pg absolute prossure
T = 95 [F] bulk walor temperature

Iemvin3
Iem/ft3

pw = p[Water' , T=T,P=P ] |0.000578704 - density of wafer

Mochanics of Materials
Baam daflaction formula - special case
Using typical values of HDPE for modulus of olasficily and tensile yeild sirength

Vg s Py - A
load = p""‘% distributed load: Ibin

A = W - Lw area over which the pressure is acling

m
n

130000  average HDPE modulus of elasficity
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File:C\Users\estepi DocumentsiMastar's ProjectiWeeklyMeeating\BIPVTCalkcs.EES 121872011 3:32:21 PM Page 2

EES Ver. 8.908: #0317: For use only by students and faculty in Civil & Environmental Engineering Univ. of Colorado

T a
| = w - — controidal moment of inertia
E
Gyald = Bma * T yaild strass of the matenial = approx. 4000 psi
w4
Gmmx = Load - T E T maximum deflaciion of material

Filuwid and pipe parameters of interest

Ak

Dv =4 T haw]

hydraulic diameter

GF; = ZI73 [in'WG'psi] psi toinches of water convarsion factor

in'min2
9, = 3217 - (43200 - = gravitational proportionality constant

fif

Enfrance effect neglected whean groater than zevo

L
Enfrance = ——— _ 0.05 - Rep
Dy

W -T
N = Trune M] Maximum number of channels
W o+ T
Was — N - w :
Tehaa = ——————— aciual channel wal thicknass

N
Mae = 2 number of absorbers per module

Acsid = A * N - Nae Tolal fluid cross-sectional area per module

5 5 ft2
V medds = Vapsumar  * Aodlose |ﬂﬂ'ﬂ'ﬁg44444 = — | Flow rate per module

in2
21 . ind/min . .

. gpm fluid velodity across module

Viuid = 1|I|IIrrccl.lo * A
. fuid
a Vi * Du * pw
o = |bmin® min Raynalds number
Vise ['Water ,T=T,P=P] - (0.001388889 - ——— ¥
lbm/'ft* hr
56.91 o . .

f = =P friction factor for laminar flow in a sguare channg!

D

ILmr -i:hn'\l'ﬂuidT
Dy 2 g

- CF; headloss across absorber
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File:CA\Users\estepiDocumentsiMastar's ProjectiWeesklyMeating\BIPVTCalcs.EES
EES Ver. 8.908: #0317: For use only by students and faculty in Civil & Environmental Enginearing Univ. of Colorado

MaxHeaderVelocity = Veredula

SOLUTION

Unit Settings: Eng F psia mass deg
A =3.844 [inf]

Achéd = 0.5938 [in’]

AP = 8619 [in " WC]

E = 130000 [psi]
ge = 1.390E:06

Load = 53.37 [Ibfin]
N=76

Pam =14.7 [psi]

pw = 003591 [Ibm/in?]
Tabs = 0.25 [in]

Vech = 0.2402 [in7

0.002228008 -

it¥s |10
gem | 12
144

A = 0.003906 [in?]
APV = 1937 [in?]

Gma = 0.000002801 [in]
Entrance = 965.5

h = 0.0625 [in]

Lev =61.5 [in]

Mabs = 2

Pan = 0.B655 [psi]
areid = 0.008035 [psi]
Teh = 0.08375 [in]
WaswraE = 0.1 [opmyt]]

120162011 3:32:21 PM Page 3

Acdlectr = 1476

CF2 = 27 73 [in"WG/psi]

Du = 0.0625 [in]

f = 0.1537

| = 0.000004292
MaxHeaderVelocity = 3.289

P = 15.57 [psi]
Reo=370.2
T =95 [F]

Tehact = 0.09539 [in]
Venacia = 1.025 [gom]

Wiuid = 3988 [in/min] w = 0.0625 [in] Wabs = 12 [in]
Wrv =31.5 [in]
10 potential unit problems were detected.
Parametric Table: Table 1

T Tew Teohact Dy N Rep Load Vituid AP

[n] fin] fimi] fin] [Ie/in] [irémin] [im* Wel

Run 1 03 009375 009803 01125 57 2742 5348 T64.1 1.035
Run 2 029 0.03375 00975 01025 &0 2859 5345 187.8 1.509
Run 3 028 003375 009798 00325 63 am.7 5343 219.6 2167
Run 4 027 008375 00955 0.0825 &7 3180 5341 259 8 322
Run & 026 003375 009651 00725 71 3é 53.39 372 5095
Run & 025 003375 009533 00825 76 3702 5337 358 8 8613
Run7 024 008375 009565 0.0525 81 4135 53.34 5303 16.24
Run 8 023 003375 009543 00425 87 4755 53.32 7534 L
Run 9 022 003375 009516 00325 84 5756 53.3 1192 9531
Run 10 021 008375 009515 00225 102 7BEZ2 5328 2293 w24
Run 11 02 009375 009464 0025 M2 1256 5326 B7E5 3655
Run 12 019 008375 0095068 00025 123 5718 53.23 18000 2080E+08
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APPENDIX F

105(

GENERAL INFORMATION

Beltaron 1050 is a normal impact high corrosion
rasistant Type | FVC sheat with an industrial smooth
finish on both sides. Boltaron 1050 conforms to
ASTM D-1784.

AVAILABILITY

Standard Colors: Dark Gray (2079) (stock)

White (1150) & Black (2803)

{min. order required)

Custom Colors: Upon Request (min. order required)
Gauges: .032 te 3.00"
Width: 48*
Length: 98"
Custom Sizes: Upon request
Standard Texture: Industrial Smooth (Both Sides)
Custom Textures: Upon Request
Poly Masking: (Upon Request)

SUGGESTED APPLICATIONS
Furme Hoods and Ducts
Machinad Parts

Fume Scrubbers

Acid Etching Machines

Acid Tanks and Linings

UMITATION OF WARRANTY

Tha spplcitizn rogarze, dn [ p——

inbalieed by 8PP iz barslable. Hosevs; BPF rke 2 sopren o il ind sty tht B0 LTAAORN Y0 sl parform
(] s ] da Thasafors, MLLENIZLS ON MPLED W MIRNTIES [N
COPNECTION WITH ECLTARDH 1050, INCLUDING THE WARNNT ES D MERCHANTABILITY AHD FITHESS POR K.
FARTICULAR PLIOISE, A EXPAESILY (SCLAMED: Tha prapactns msrabould deterrics tha attsbiiy of EOUTARDN
1020 arcltha spphestcs wommrzas brkew sousl spphotion.

MODULE PVC SPECIFICATION SHEET

1050
Type | PVC

Typical Physical Properties

FProperty

MMechanical
Specific gravity
Tensile sirength (PSI)
Elongation O

TUlrimate (%)

Tield ()
Lioduhis of Elasticity (PSI)
Flexural strength (PSI)
Flexural maodulus (P5SI)
Izod impact
(Ft. Ibs./in. of notch)
Hardnesz Fockwsll B
Hardness Shore I
Compression Smength (PSI)
Shear Strength (PSI)
Water Absorption 24 hrs. (%)

Thermal
Vicat Softening Point (FC)
Thermsl Expansion
(nmn°C)
Heat Deflection (°F)
264 P51 (ammesled)
Thermsl Condwctivity
(BTUHR/FT.F/m.)
Specific Heat
(CAL/GM™C)

Electrical

Dielectric Strength (Volts/Ddil)

Volume Besistivity
(Ohms/cm)x10™

Dielecric Constant (§0Hz)

Diszipation Factor (60Hz)

Loss IndexO o

Flammability
UL

Test Method

ASTM D-792
ASTM D-638

ASTM D-638
ASTM D-638
ASTM D-638
ASTM D-790
ASTM D-790

ASTM D-156
ASTM D-785
ASTM D-2240
ASTM D-695
ASTM D-732
ASTM D-570
ASTM D-1525
ASTM D-696
ASTM D-648
ASTM C-177

ASTM C-351

ASTM D-149

ASTM D-257
ASTM D-150
ASTM D-150
ASTM D-150

UL-94

Typical Values

1.37
7,400

132
3.5

4.0x10°
12,000
4.2:10°

1-2
16

B2
10,830
9,340
0.022
85
2.95x10°
165
0.72

020

552

1.48

2.910
0.8
0.051

W

1aluss bazed on minimum thickness of 032", UL File # E54488

Onea General Strest, Newcomearstown, OH 43832
P 800.342.7444 F 740.498.5448 E info@boltaron.com

www.boltaron.com
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APPENDIX G CONSTRUCTION MATERIAL SPECIFICATIONS

UNISTRUT ‘i

15" Framing System — Channel

P1000 H3

94" (14) Dia. Holes
174" (48) on Center

W00 FE 175 Lbe (250 kgH100m)

Hofgs:

* Lisad imited by =spof weld shear.

= HLE = 200

NR =Not Recommeanded.

1. Aboveloads incuds fie waight ofthe member. This weight mustbe deducted o
ame 3l hensalowable lead Se beam wil support

2. Long man beams should be supported in auch a manner 3= to preveni roiaion
and fwist

3. Allowatle uniformiy distiied loads are iged for wnous smole spans, fiatis a
[aam on a0 supporis. load is conenirated 2 fe enerof e span, muliol
load fom fe table by 0.5 and cormsponding defiaction by (L8

4. For Pierced Chamnel, Biaam Load Values in fhe tables are mulipled by
the following fackor:
"H3" Series a0

MATERIAL

FINISHES

Unistrut channels are accurately and carefully cold formed to
size from low-carbon strip steel. All spot-welded combination
members, except P1001T, are welded 3" (76 mm) maximum
on center.
STEEL: PLAIN
12 Ga. (2.7 mm), 14 Ga.(1.9 mm) and
16 Ga. (1.5 mm) ASTM A1011 55 GR 33.

STEEL: PRE-GALVANIZED
12 Ga. (2.7 mm), 14 Ga. (1.9 mm) and
16 Ga. (1.5mm) ASTM AB53 GR 33.
For other materials, see Special Metalks or Fiberglass sections.

All channels are available in:
* Perma Green Il (GR).
* Pre-galvanized (PG), conforming to ASTM AG53 GS0.

* Hot-dipped galvanized (HG), conforming to
ASTM AT123.

= Plain (PL).

Project: Sclar testing frame

Approval Stamp:

Architect / Engineer: Creg Estep

Date: 06/24/2011 Phone: 303.579.2403

Contractor: Greg Estep

Address: 1952 Oxford lane, Superior, CO

Notes 1:

Notes 2:

41208
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UNISTRUT

15" Framing Systam — General Fittings

P2101 thrRu P2104

WIr100 pes: 58 Lbs (26.3 kg)

Part e -
No. _ Degres (rag) _ In (mm)
N 0 3%

Faio 052 83
e 224 3

Pz102 . o
- - 3o

P2103 _ o
- " 3o

P2104 - o

Standard Dimensiona for 13" (41mm) width seriea channel fitfings (Unkess Otherwise Shown on Drawing)
Hals Diamater: %" (14mmj); Hole Spacing - From End: %" (Himm); Hole 3pacing - On Center: 1747 (46mm); Widih: 1%"(41mm); Thickneas: Y% {Gmm)

MATERIAL

FINISHES

Fittimgs, unless noted, are made from hot-rolled, pickled and
oiled steal plates, strip or coil, and conform to ASTM specifica-
tions ASTS, AST6, AB35, or A26. The fitting steel ako meets
the physical requirements of ASTM A1011 55 GR 32. The pick-
ling of the steel produces a smooth surface free from scale.

Many fittings are also available in stainless steel, aluminum
and fiberglass. Consult factory for ordering information.

Fittings are available in:
Perma-Green Il (GR),

Electro-gahlanized (EG), conforming to
ASTM BG33 Type [I1 5C1;

Hot-dipped galvanized (HG), conforming to
ASTM A123 or A153 and

Plain {PL).

Project:

Approval Stamp:

Architect / Engineer:

Date: Phone:

Contractor:

Address:

Notes 1:

Motes 2:

ari2m0a
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UNISTRUT % .

P1186, P2105 thru P2110

W00 pes: 58 Lbs (26.3 kg)

Part .= “g"
| Numbar_ Degres frac _ in mm) |

B2 3hie

P2105 o
+ o

<c= Tie

P2106 e e
1.31 &1

2107 T i
10 3

F2108 50 af

sz 3

PiD 092 78

15 3

1186 e -
T 3

PIND s =

Standard Dimansions for 156" (41mm| width ssries channsl Bttings (Unkess Ctherwise Shown an Drawing)
Haola Diamater: Y™ (14mm); Hole Spacing - From End: '%&" {Ximm|; Hole Spacing - On Cender: 114 (46mm); Width: 1%"{41mm); Thickneas: 14~ (Emmj)

MATERIAL FINISHES

Fittings, unless noted, are made from hot-rolled, pickled and Fittings are available in:
oiled steel plates, strip or coil, and conform to ASTM specifica- Perma-G Il (GR
tions A575, AST6, AG35, or A36. The fitting steel also meats i '::3 FT;" ! fd sE’G] i o
the physical reguirements of ASTM A1011 55 GR 23. The pick- eciro-gaanize . Comrorming
ling of the steel produces a smooth surface free from scale. ASTM BB33 Type Il 5C1;

Many fittings are alse available in stainless steel, aluminum Hot-dipped galvanized (HG), conforming to

and fiberglass. Consult factory for ordering information. ASTM A123 or A153 and
Plain (PL).

Project: Approval Stamp:
Architect / Engineer:
Date: Phone:
Coniractor:

Address:

Motes 1:

Notes 2:
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UNISTRUT ‘4

15" Framing System — General Fittings

P245%-36 thru P2459-06

Tueuar Back Braces

bracing height line.

mieximurm sfect.

. The vertical lines of the graph comespond to the cantar to
canter line dimension of the uprights.

3. The arc line that intersacts the point formed by the intersection
of the two lines, indicates the brace required.

4. 607 - 30" maximum, minimum brace angles are indicated for

Part =&  WE1D4 pea
| Numbar _in jmmj _ Lbs g}
2. Along this vertical line locate the (maximum wsable) horzontal P2450-36 3’5
P2450-52 ‘25
P2455-28 ,d:,s
P2450-54 5;
P2453-60 E;:l__
P2459-72 .752.:,
P2450-84 .B_I".,__
P2458-96 _ggs
m I ¥
T | a{‘ —
E '-"i!’r' \‘&k.
a L ls }{E .‘\'ﬁ.
=4 b XCRNCEE
2 kL é b"b}. 11
B oL ElaSy
N
24 R
T ~
-

CEMTER TO CENTER OF UPRIGHT

standard Dimensions for 1%~ (41mm) widih ssries channel fitings (Unless Ctnerwise Shown on Drawing)
Holis Diameter: %" (14mm); Hole Spacing - Fram End: "™ {Zimm]; Hole Spacing - On Centsr: 176" (48mm)]; Width: 1% {41mm): Thicknsas: 14" {Emm)
Nots - When used for mechanical supports. load capacities of brackets and fittings should be in compliance with the American Standard Cods for Pressure Piping.

MATERIAL

FINISHES

Fittings, unless noted, are made from hot-rolled, pickled and
oiled steel plates, strip or coil, and conform to ASTM specifica-
tions AS75, ASTE, AB35, or A36. The fitting steel also meets
the physical requirements of ASTM A1011 55 GR 23. The pick-
ling of the steel produces a smooth surface free from scale.

Many fittings are also available in stainless steel, aluminum
and fiberglass. Consult factory for ordering information.

Fittings are available in:
Perma-Green lIl (GR},

Electro-galvanized (EG), conforming to
ASTM B623 Type 1l 5C1;

Hot-dipped galvanized (HG), conforming to
ASTM A122 or A152 and

Plain {PL).

Project:

Approval Stamp:

Architect / Engineer:

Date: Phone:

Conftractor:

Address:

Notes 1:

Notes 2:
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UNISTRUT ‘i

15" Framing System — General Fittings

P1075

Matarial: 14" (8.4 thick deal.

W00 pos- 229 Lbs {103 8 lg)

Allowable
Veriical Channel e

Part No. _Gauge _ In-Lbs (N+M)
P1000 12 5,100 (576
PN00 4 4,400
F2000 16 3,200 362)
Safety Facior 2%

* Aliowaible moment forfiting anly.

Channe may defemine overall capacity.

Standard Dimensions for 15" (4imm) width sedes channel fitings (Lnk=s Otherwizs Shown on Drawing)
Haole Diameter: %" (14mm); Hole Spacing - From End: ®4¢" 21 mm); Hole Spacing- On Center: 174" [#8mm}; Width: 1% dimm}; Thickness: %" jBmm)
Mot : When used for mechanical supports. load capacities of brackets and fittings should be in compliance with the American Standard Cods for Pressure Piping.

MATERIAL FINISHES

Fittings, unless noted, are made from hot-rolled, pickled and Fittings are available in:

oiled steel plates, strip or coil, and conform to ASTM specifica-
tions AS75, ASTE, AB35, or A36. The fitting steel also meets
the physical requirements of ASTM A1011 55 GR 23. The pick-
ling of the steel produces a smooth surface free from scale.
Many fittings are also available in stainless steel, aluminum
and fiberglass. Consult factory for ordering information.

Perma-Green lIl (GR},

Electro-gahanized (EG), conforming to
ASTM B623 Type 1l 5C1;

Hot-dipped galvanized (HG), conforming to
ASTM A122 or A152 and

Plain {PL).

Project:

Approval Stamp:

Architect / Engineer:

Date: Phone:

Conftractor:

Address:

Notes 1:

Notes 2:
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U N ISTRUT I 15" Framing System — General Fittings

P2458-18 tiru P2458-36 TusuLsr Knee Braces
Part A" W00 pes
- _13;;1]6" Number _in (mmj _ Lba kg) |
« P2458-18 1:‘_ l:E\
Eam ob.<
s
L 1% P2458-30 ?f'i =
r :
1 T (39) F2458-38 :’i 2:?
(25)  (13.5) Dia Hole :
Design Loads
Compression = 1500 Lbs (8.67 kM)
/J\ Tension = 300 Lbs (1.33 kM)
A
45° % WO
/ T U V- - T
Fa /
I AV 4
[ (Y
1
r L
[ - ‘,
g W 74
4 pd
b

standard Dimensions for 1%~ (41mm) widih ssries channel fitings (Unless Ctnerwise Shown on Drawing)
Holis Diameter: %" (14mm); Hole Spacing - Fram End: "™ {Zimm]; Hole Spacing - On Centsr: 176" (48mm)]; Width: 1% {41mm): Thicknsas: 14" {Emm)
Nots - When used for mechanical supports. load capacities of brackets and fittings should be in compliance with the American Standard Cods for Pressure Piping.

MATERIAL FINISHES

Fittings, unless noted, are made from hot-rolled, pickled and Fittings are available in:

oiled steel plates, strip or coil, and conform to ASTM specifica- .

tions AST5, A576, AB35, or A36. The fitting steel also meats Perma-Green Il (GR), )

the physical requirements of ASTM A1011 S5 GR 32. The pick- Electro-galvanized (EG), conforming to

ASTM B&633 Type 1l 5C1;

Hot-dipped galvanized (HG), conforming to
ASTM A122 or A152 and

Plain {PL).

ling of the steel produces a smooth surface free from scale.

Many fittings are also available in stainless steel, aluminum
and fiberglass. Consult factory for ordering information.

Project: Approval Stamp:
Architect / Engineer:
Date: Phone:
Conftractor:

Address:

Notes 1:

Notes 2:
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MNuts & Hardware

UNISTRUT

Muts & Hardware Pictorial Index and Channel Nut Loads

Channel Nuts With Spring

T T

FAONES - Propds
[

Mtns I-'1I'II1'

Channel Nuts Without Spring

- W

-2

3006 - P00
PgET

» I %

MHH.S P-lD]lS I-'-Jm H.:-IG e B o
Fpta

e G‘@

FER FHMA - PR3 P2 - F3d P&l < FliER PHDOAT - P".'IHJT Fa0i0m PiEa
P E7 L &7 Paa7 Pﬁ? Fu?
Hardware
HH-IS MMS HEHE HESS HEON HHIN HAW
L] P Bt P Py 63 Py b
FHLE# HTHR HRGH Fedbg PRdE FRaBsE K02 - 90
PoE P'u'l’ﬂ‘ P 6% Ppea Fom Fgma Fgm Ppma
Mausomum AuLownaLe Puusout Axo Sue Loans
Channl Allpwable Channsl Mlowatile
Hiit PullOul  Reststance  Torqus Hut PullOui  Resistance  Torque
Sizs- Sdrength ta Slip Fi-Lbs Size- Erength ta Slip Ft-Lbs
Channel Thread  Gauge  Lbs (kN) Lbs (kh) (i) Channel Thread  Gawge  Lbs (kN) Lk (KN} (INeimi)
2,500 1,700 125 . 1,410 1,000 50
. . 4
Wee2 h 7,56 170 e .29 445 70
. 2500 1,700 “125 . 1,000 750 15
e 7.56 170 P e 445 244 G
2,500 1,500 100 PEIOD . 200 400 1
we-n " .1 557 135 o 3.5 1.78 15
2,000 1,500 50 . 00 00 Ll
FiOGe .. : : wean o o
P | C02 B B.80 RAT 70 1?-5? 1.43 El::-
P5000 : 1,400 1,000 a5 . fiuny 1.600
PES00 | - 14 12 £23 445 50 #-13 18 4.45 4.54 70
- 1,000 800 19 B 16 18 1'I:m 50 %
w-is 12 £45 356 2% Pe000 445 334 25
. 800 500 1 PL000 » 800 400 1
W16 12 255 22 15 e 5,56 1.78 IS
. 600 300 § . 800 300 §
p-m 12 267 1.3 g e e 267 1.93
o1y 1 1500 1,500 50 * May requira 3" or 4" Hick fting,
6.67 6.67 il 1t design Inads nclude & minimurm safety facter of 3,
W 1E 12 1,000 a0 1% Ncfe: Refer to the Channel Hul Selection Charl an the follraing two pages for
) 4.45 1.56 25 the part numbe.
Faan e B0 500 1
; 3.56 232 15
. £00 300 §
wew 267 1.33 8

Nuts & Hardware
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= RED HEAD

CONGHE TE ANGHORIAG 5 PEGQALISTS

Submittal Information

Trubolt Wedge

SPECIFIED FOR ANCHORAGE INTO COMCRETE

Trubolt Wedge anchors feature a stainless steel expansion
dip, threaded stud body, nut and washer. Anchor bodies are
made of plated carbon steel, hot-dipped galvanized carbon
steal, type 304 stainless steel or type 316 stainless stael as
identified in the drawings or other notations.

The exposed end of the anchor is stamped to identify andior
length. Stampings should be preserved during installation for
any subsequent embedment verification.

Use carbide tipped hammer drill bits made in accordance
with ANSI B212.15-1994 to install anchors.

Anchors are tested to ACI 355.2 and ICC-ES AC193. Anchors are listed by the
following agendies s required by the local building code: I0C-ES, UL, FM,
City of Los Angeles, California State Fire Marshal and Caltrans.

See pages 42-43 for performance values in accordance to 2006 IBC.

APPROVALS/LISTINGS
Trubolt®

Wedge Anchars

ICC Evaluation Service, Inc. & ESR-2251
— Category 1 performance rating
— H006 1BC compliant
— Meats ACI 318 ductility reguirements
— Tested in accordance with AC 355.2 and ICC-ES ACIS3
— For use in seismic zones A & B
= 1/4", 378" & 172" diameter anchors listed in ESR-2251
Underwriters Labaratories
Factory Mutual
City of Los Angeles - 8RR2748
(Califomnia State Fire Marshall
(altrans
Meets or exceeds U.5. Government G.5.A Specfication A-A-1923A Type 4
(formerlyG3A: FF-5-325 Group I, Type 4, Class 1)

INSTALLATION STEPS

1. Select a carbide drill bit with a diameter equal

to the anchor diameter. Drill hole to any depth
exceeding the desired embedment. See chart
for minimum recommended embedment.

2. Oean hele ar continue drilling additional depth to

accommodate drill fines.

» Assemble washer and nut, leaving nut flush with
end of anchor to protect threads. Drive anchor
through material to be fastenad until washer is
flush o surface of material.

. Expand anchor by tightening nut 3-5 furns past
the hand tight pasition, or to the spedified torque
requirement.

LENGTH INDICATION CODE *

CODE LENGTH OF ANCHOR (CODE LENGTH OF ANCHOR
A | -l (A1 < 508 i | 12«7 (1651 < 177.8)
B | 1<2-11 (508 < 615 L | T<7-12 (1778 < 1905
C | H1 (635 < 763 M| T12<i (1905 < N3.1)
0| 3«31 (761 < BRO N | B<B1 (M3.2 < 215.9)
E | 3124 (BB < W15 0| #1129 (1155 < 118.6)
Fl4=<411 (1016 <1143 P %<9 Q2E<M1LY)
G| #+12<5 (TH3 <1200 Q] %12<m 43 <2540
H | 5<511 (1270 <1300 B[ 0=l (5401794
I | ¥l2<6 (1397 < 1524 5 n«n2 (794 < J4.K)
) | E<E1T (1524 < 165.1) TR« OME<130.0)

*Located on top of anchal fof =zy inspesion.

s Red Head'

1-800-899-7890 “

M/
www.itwredhead.com
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- RED HEAD Submittal Information

Trubolt

ey el Ultimate Tension and Shear Values (Lbs/kN) in Concrete*

IMSTALLATION EMBEDMENT | ANCHOR Tc=2000PSI[13.8 MPa) T= 4000 P51 (276 WPa) Tc= 6000 PSI (414 MPa)

DB TORGUE DEPTH TYPE TERSIOR SHEAR TENSION SHEAR TENSION SHEAR
Injmm| | Ft.Lbs. [Nm) In. (] Lbs [iH] Lbs. ] Lbs. [iH) Ls. &N} Lbs. kN Lbs. i)
Ve (54 t G4 | s (me Ve 53| 1m0 G| 1 o8 | w0 63| 1s @S| 1ae sd)
s 8) 2100 @ s | 3w pan | s 08| sam Dan | e s
Ve (s 1260 0 s | 33w fan | s 08| 3w Dan | e gm
¥E o8 | »3 fmm | v 1680 10 (o3| 24 Do 0 g | ne (41
3w 3430 100 (7E | sew (e Guo 3 | ss0 (o0
4 (ms 4500 ao00 s | smo (4 Guo ) | ssmo (o
w2y | s me | o mD | 1,660 1m0 m2) | sime (=) o mal | o @A
Uz (Mg | W-lrboo 1,560 1M (21 | 9gm s mEm GRY | Bl (33
& s Wil 7240 s nae (a1 | g0 (3

— —— HotDpped . o TN
w5y | s nmy | o @y | oM 7120 i) 9me M3 | 9E6 (498
sUE (13 9,600 l66.4) wim e | s (mn
M (s .m,.;_‘ai 9,600 668 wim | use ma
Wy | o e | sve (ma - 7130 10120 14a2) a0 (53 | 1w ()
B8 O@EI | owwasss | 1090 0320 e Wi G0i) | 3 (e
W s 10,580 10320 {ras) msE (owsh | 20 (s
WE [m2) | m0 Gme) | s (w3 3520 13160 165.6) vam (s | e (B2
EU4 (128 14,560 1080 ) 2436 (oad) | 2mm00 (1)
8 Gm3) 14,560 10380 9a.1) 230 oad) | 25800 (1)
1 4 | om0 e | s (M 13340 16080 5 e 47 | 2es0 (0es)
rE () 14,500 1560 0s7) 3326 (Me0h | 3Em0 (@)
w1 9 18,700 0 man 3260 (4a0 | 35080 (1624)

*lkrwable value o= bosed upon 3413 1 safety fctod. Divide by 40! dllosabie lood valees.
* Fof Tie-Wike Wedge Anchel, TH-140, e tenson data fom 14" diametef with 11" enbedment.
*Fal continuses scfeme low temperatufe appications, ee staisies el

PERFORMANCE TABLE

117]:1:]i4 Ultimate Tension and Shear Values (Lbs/kN) in
ey el Lightweight Concrete*®

ANCHOR IMSTALLATION EMEEDMENT AKHOR usmm IW
&, TORQUE DEPTH TYPE fo=3000 5| {20.7 MPa) LIGHTWEIGHT COM(RETE FILL
In. i) Ft. Lbs. {Km) In. {mmj Fe=3000 PS5l [20.7 WPa)
TEMSION SHEAR TEMSION SHEAR
Lis. (ikH) Lbs. (i) Lis. (kN) Lbs. (k)
g sl 5 (39 iz 1 17 (53 1480 (G8) 1900 (85 360 (141
i w3 W5-Carbon or 185 (s 1440 (1as) 180 N8 4000 (178
V27l %5 (e FR U L] Wit PLI- T 28 2n a0 N5 5380 (239
1 ) :_'"'D'P“': 3470 (154 ) 180 [199) 520 (294)
+ (s “"";'_1"” 290 (101} 1E00 (9 §480 (86
/% (15.9) W 20} E ] WHLD455. 45 (sl 4720 (210 5500 [245)
5 (o) - 6350 a3l LR ] 6580 [293) EAL ]
40190 10 (493 R TR ] SWW-31655, 530 (2400 7050 (3LE) 5B [260) 8380 (395
51 13s) 73 sl W75 WE 700 (513 R

*Hlzwable vallues afe bsed upos a4 1o 1 safety factol. Divide by 4 fof aliowatie load wlues.

s Red Head 0
1-800-899-7890 4 www.itwredhead.com
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= RED HEAD

GONGRE TE ANGHORING 5 FEGIALISTS

Submittal Information

PERFORMANCE TABLE

Trubolt

Recommended Edge and Spacing Distance Requirements

eyt el for Shear Loads*
0 ABEoH NOAR | OCEOTTANE TR, TOGE IR COCE S TANCE e TR, RoReE |
D8, PTH TVPE REQUIRED TO) DISTAMCE AT WHICH AT WHIH THE REQUIRED TO SPACIRG BETWEEN
I [ In. mm] DBTAIN MAX. THE LOAD FACTOR LOAD FACTOR DBTAIN MAL RCHORS In. jmm)

WORKINE L0AD APPLIED = .60 HPPLED = 30 WORIING LOAD LOAD FA

In. (mm} In. [mm] In. [mm} . (mm] APPLIED = 40
wa (a4l | 1 (me) 1 [s08) 1518 [333) Nk 1186 (1000 1 (o)
1158 93) 1506 93 1 [25.4) Nk 378 [a4) 11506 ()
ETINCT IR T . FET [56.7) [ET T443) [ ETEEEL] 1508 ]
3 (763 e 3304 [95.3) 3 1 A [ (152.4) 3 ]
T IEEOEE “ EEC T FETT [ R 200 506 (ol
£1E (AR Wl 536 (13 318 1WE &6 (5 31 ir4
g8 (159 1.9) t““&‘”d 3E (123 FET] [ 358 # w36 (g
(1307) | Gehanied 76 163s) 38 156 92) Ve (193 3908 fvad)
FOGERT 28 " FIUE (1948 FET] [ 138 (28a5) 106 (148
s (1a3) | WWERAS 96 (1603 5 1 i@s) wIsE (2524 5 [ra]
W8 (03 | 3 (s3) v WG (1667) £506 (109 [ 1318 (m4 EIEE]
&1 [1mE) | TWA-nsSS 12 Inss) 104 (1581} 35 (A 1z s 6U4 (saE
1T (54 | #U& () T Goud 5UB  (ang [ 153/ ([0 ]
7iE  (13) e bsse 1Al hardl ER LR 1434 () 7al (e

*Spading and edge distances shall be divided by .75 when anchols afe pleced/in stferhulal lightweight conciziz. lineal imtefpolation may be used ol intefmediats spacing and =dge detances.

PERFORMANCE TABLE

]| 8 Recommended Edge and Spacing Distance Requirements
T for Tension Loads*
ANCHOR BWEEDMENT ARHOR [EDGE DISTANCE MIN,. ALLO*WABLE SPAORG REQUIRED (K. ALLOWRAELE
DA, DEPTH TYPE REQWIEED TO [EDGE DISTANCEAT TO OBTAIN AL SPACING AT WHICH
In. {mmj In. (mm) (VETAIN MAX. WHICH THE LOAD WORKING LOAD THE LOAD FACTOR
WORKING LOAD FACTOR APPLIED = 55 In. {mm]) APPLIED = .70
In. (mm} In. (mm}
I ] 1-1/8 [2E6) (50 315M6 000l 1 [50.8)
1-15115 [45.2) (L2 ] 378 [9a.4) 1-15/16 3
-1 (5400 #13) £ [8n.00 1-58 (413
E ] 112 BET pRAT] [56.7) 334 1-5% =]
3 7620 3 6.2} 524 3 71
4 0.8 3 [re.2) 524 3 71
2 ha? P 572 WS -Carbon or FINE (o) 1-0E (20000 156 (1000
18 {1048 Wi 378 a4 6316 sz 318 [73.4)
6 524 I-cl-[l-lp;ed 171 43 8 (3286 +1/2 431
58 159 -3 l65.9) Calvantzed 136 (123 9-5'8 244.5) #1316 [{F2N]
518 1303 3778 a4 T-1/16 n95.3) 378 [az.4)
T2 {19051 ) o . RE O (ME -4 (85,5 558 425
g o) 31/ (L] WW-30455. 51716 (145 -3/ W] 51116 (L]
658 {16831 o 5 [z 9-15M6 (25241 5 o
1] (=4 TWW-31655 71 [ L] 15 380 712 19051
e (1) 330 [95.3) e (166T) 131 (334 W16 (16T
610 {1588 6174 (528 124177 315 &1 (1538
] (m3.3) & (152.4) 12 (3048 & (524
1 iE4 12 K] 7778 (2000 1534 40011 -8 (200,00
T-38 {18731 T3 (E3 1434 37 T-38 &3l
12 1.3 7178 (e 1+ (36200 -1 nano
Sy and wige distances shall be divided by 175 whes anchols atz placed i stfuchtal Bgkbwsight concete: Lineaf intefpolation may be wsed fof intefmesdiaie- spacing and edge dstance.
Combined Tenslon and Shear Loading—Tfor Trubolt Anchors
Allowable loads for anchors subjected to combined shear and tension foroes are determined by the following equation:
[PsP) ™+ (ENE)™ =1
Ps= Applied tension load Vs = Applied shearload Pt = Allowable tension load Vi = Allowable shear load
sTRed Head 0111
,
1-800-899-7890 a www.itwredhead.com
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Trubolt Strength Design Performance values in accordance to 2006 IBC

ITW RED HEAD TRUBOLT WEDGE ANCHOR
DESIGN INFORMATION TESTED TO ICC-ES AC193 AND ACI 355.2, IN ACCORDANCE WITH 2006 IBC

Trubolt®

Al h (303 ANCHOR DESIGN INFORMATION= Wedge Anchars
) Hominal Anchor Dizmeter
DESIGH INFORMATION Symbol Inits a s Py pr 7

Andheor 0L dy n 0250 0375 050 0625 0750
Effactive embedment Biag n 1142 1 134 154 -1 1 Hin | ER I 414
Menimum member thicness Bigin n | i 4 5 5 b 5 ] ] ]
Critical edige distance L n 153 ] 153 514 3344 &34 5 ] T ]
Minimum edge distance Caniin n 114 1172 1174 I 3344 114 +174 314 3314 ERTH
Menimum znchie spacing Smiin n 114 1172 1174 I 3344 114 +174 314 3314 ERTH
Min. Specified Yizkd Strength fy Ihfir 55,000
Min_ Specified Wtimate Strength otz Ihfir 75,000
Effictive temsile stress are Hzp i [TIEY, 0a07E 0141 01% 0134
Stedl strength in temsion Hs Ib 13185 5815 10645 16,950 15,050
St strendgth in shear Vs Ib 1410 2975 im0 4450 6 1B5 6045 10,170 10,950 15,080
Pulloast strength, unracked comete Np,uncr Ib 13492 1,704 1% 1468 140 4168 4155 6,638 a0 10,541
Andhr Category (K] anchors are ductile) 1
Hfactivenass facior k., unacked mncee n
Aozl stiffness in service load range | B | Ibfin 14,851 0 185 17,515 pLEYL] 1143 16,135 41539 1,4 EERY 18 667
Coefficient for variation for asial stiffes i servie oad rnge k1) LH L] L1 7 n 55 n 1] ¥
Strength reduction factor  for tension, stesl failure modes 075
Strenqth reduction facioe & for shear, siesd failure modes 065
Strength reduction fector ¢ for tensian, nrete failue modes, Condition & 0.65
Strength reduction facior & for shear, conrete fibre modes, Condition B 0.n

"Trubslt-+ Anchor Design Strengthes must be detarmined in accoedance with AC 318-05 Appendix D and this table
e Trubalt+ Wedge Ancher is 2 ductile stedl element as defimed by ACI 318 0.1
108, 308", & 12" diameter data is fisted in ICC-E5 ESR-1251.

Trubolt®

LR 207 ancror (insTALLED) REUEIIRETTE A INSTALLATION INFORMATION Wedge Anchars
“ b T e svmbo | Units Nominal Anchor Diameter (in.)
i ™ 114 i n 578 i
“‘m&‘f dg | m 035 0375 as 0625 750
N"hﬂ'gﬂrm“ dg | n s 38 11 518 4
\ Emhmﬂﬁm bep | o | vz | oz | v | ass | ws | s |2z | o4 | 3| 4
4= o ; Mnholedegth | hy | W | 2 |22 | 202 [3we |23 [ e {3 [sam [ aan | &
E | i i Min slab thicness | by | W 4 E 5 5 [ 5 i [ ]
| i installation torque | Tygep | b ] 5 55 20 1
LIS Min fole diameter y - ; ; ;
1 il dy | m 516 6 w16 1716 13116

svRed Head 0111
1-800-899-7890 4 www.itwredhead.com
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Trubolt Strength Design Performance values in accordance to 2006 IBC

Trubolt®

: LEDIRETT [ PULLOUT STRENGTH (Np, unc) (POUNDS)' Wedge Anchors
Nominal Anchor Effiective Concrete Compressive Strength
Diameter {in.) Embedment Depth {in.) fie=2 500 psi fic =3,000 psi Fic =4 000 psi o= 6,500 psi
14 1-112 1,352 1,525 1,610 1 812
1 1,706 1,869 1,047 2151
g 1-3'4 2,158 1408 1621 3,153
1-58 3,469 31500 3,036 4175
E 1-7/8 2,400 1629 3172 4 520
v 348 4,168 4520 4520 4 520
i 112 4,155 4155 4376 5578
8 1 6,638 6,900 7068 10,157
- 312 8,031 §in 9,610 12,151
' 414 10,561 10,561 10,561 12,251

For Sk 1inch = 25.4 mm, 116 = 4.45 N, 1 psl = 0.006895 Mpa
1 Vabues are for single anchors with no edge distance or spacing redudion.

THUBIJ[T (33 ANCHOR ALLOWABLE STATIC TENSION (ASD), NORMAL-WEIGHT UNCRACKED CONCRETE *

Nominal Anchor Effective Concrete Compressive Strength
Diameter (in.) Embedment Dapth [in.) fo=2 500 psi fic=3,000 psi fio=4 000 psi e = 6,500 psi
" 1-1/2 611 670 7 il
1 745 a1 855 043
13 I-]-':i 265 1,058 1,151 1,385
2-5(8 1,524 1,669 1,729 1,878
1 I-?-':S 1,054 1,155 1,393 1,985
3-3'8 1,831 1,585 1,985 1,985
i 2112 1,825 1835 1922 2450
4 2015 3030 1499 4,461
W 3-]-':2 3527 3 655 411 5381
4-1/4 4 638 4 638 4638 5381
For Sk 1 inch = 25.4 mm, 11bf = £.45 N, 1 psl = QL00GE95 Mpa
Deesign Assumptions:

' Singhe anchor with static tension kead only.

? {oncrete determined to remain uncracked for the life of the ancherage.

* Load combinations from 2006 1BC, Sections 1605.2.1 and 1605.3.1 {no sessmic beading).

* Thirty percent dead load and 70 percent live load, controlling load combination 1.20+ 1.60
* (alculation of weighted average: 1.20+ 1.6L=1.2{0.3) + 1.6 (0.7) = 148

* Values do met include edge distance or spading reductions.

UL R T ANCHOR ALLOWABLE STATIC SHEAR (ASD), STEEL (POUNDS)'*

Nominal Anchor Diameter (in.) Effective Embedment Depth fin.) | Allowable Steel Capacity, Static Shear

" "; i 628
] 55

-7, 54
" 3 T

1 55
- =
s e o

For5k: 1 Inch = 25.4 mam, 1 1bf = 4.45 K, 1 psl = 0006895 Mpa

Design Assumptions:

1 Sagle anchorwith static shear baad only.

! Load comianations from 3006 1BC, Sections 1605.2.1 and 160531 {no seismic loading].

' Thirty pescent dead baad and 70 percent live load, controling bead combination 120 + 161
* Callculation of weighted average: 120+ 160 = 12003} + 1.6{0.7) = 1.48

& Walues do not mclude edge distance or spacing reductions.

svRed Head 0111
1-800-899-7890 4 www.itwredhead.com
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APPENDIX H DATA ACQUISTION INSTRUMENTION

Omega Type T thermocouples were used for the fluid temperature measurements.

Quick Disconnect Thermocouples s (ST C

with Miniature Connectors

Standard and Metric

Dimensions

1= Glass Filled Nglon Connector Body
Rated to 220°C (425°F)

= 304, 310, 316, 321 55, Inconel, OESAC LA
or Super OMEGACLAD® XL Sheath 5 pagg 147

== Standard 6 and 12" Lengths Availablet

= Sheath Diameters from 0.010 to 0.125"

= Grounded, Ungrounded, or Exposed Junction

= Mating Connector, Cable Clamp, and Locking Clip Included FREE!

1= Color-Coded SHP Miniature Connector Termlnatlon

1= Custom Lengths Available

Noie: Pobes winh a.mmmamh-gerw,qwedm miniature

connecior moided to dmﬂmm Shown smaller
connector. Al Type- mw@wm than actual size.

Comector with Cable Clamp
n:ﬂwgﬂaﬂdmm Clamp
it
i
1 MOST POPULAR
Standard Dimensions - Mini Quick Disconnect Probes MODELS HIGHLIGHTED!
To Order (Specify Model Nunber)
Alloy/ANS] Dia.| Model No. Price Modal Ho. Price PricalAdd’l
Color Code nchu &" Length GTE* U7 | 12" Length GIE Ll B
Iron-Constantan 0010 | JMOSS-010("18 | $46.00 | $68.00 | JMOSS-010) $49.25 | 56925 | 31.25
304 55 Sheath o020 | JMOSS-020(*}6 26.00 |  30.00 | JMOSS-020) 2865 | 3065 065
003z | JMO 6 26,00 | 30.00 | JIMO55-032| 2865 | 3065 065
0040 | JMOSS-040{*}-6 2600 | 30.00 | JMOSS-040) 2855 | 3065 065
J oos2 | JMOS5-062{"|6 2400 | 26.00 | JMOSS-062| 2480 | 2680 060
0125 | JMOSS-1250"}6 24.00 | 26.00 | JMOSS-125] 2485 | 2695 085
CHROMEGA®-ALOMEGA® o0 KMOS5-010(")-6 548,00 | $68.00 | KMOSS-010{"-12 | 54925 | S6025 §1.25
304 55 Sheath 0020 | KMOSSD020("16 | 2800 | 30.00 | KMOSS-020 2865 | 3065 065
0032 | KMOS5-032()-6 | 2e.00 | 30.00 | KMOSS-ma2("l4z | 28685 | 30685| 065
0040 | KMOSS-040('v6 | 2800 | 30.00 | KMOSS-naol® 2855 | 3065 065
K ooe2 | KMOSS0e2('}6 | 2400 | 3600 | KMOSS-062 2480 | 2680 060
0125 | KMQS5-125 24.00 |  26.00 | KMOSS-125 2485 | 2695 085
CHROMEGA®-ALOMEGA® 0010 KMOXL-010{*}-8 551.00 | §71.00 | KMOXL-010) §52.20 | 57235 S2.50
Super OMEGACLAD® XL 0,020 b6 | 31.00 | 33.00 | KMQXL-020 3165 | 33 250
Sheath 0,032 ke | 31.00 | 33.00 | KMOXL-032 3165 | 3365 250
0,040 b6 | 3100 | 33.00 | KMGXL-040) 3155 | 3365 065
K 0,062 b6 | 27.00 | 29.00 | KMOXL-062 2780 | 2880 105
0125 b6 | 27.00 | 329.00 | KMOXL-125) 2785 | 2880| 210
OMEGA-P-OMEGA-N® 0020 8 | 531.00 | 533.00 | NMOXLO0Z0) 53165 | 53385 | 5250
Supar OMEGACLAD® XL 0,032 ‘e | 31.00 | 33.00 | NMOXL-032 3165 | 3365 250
Sheath 0,040 ba | 31.00 | 33.00 | NMGXL-040 3165 | 3365 065
N 0.062 b6 | 2700 | 29.00 | NMOXL-062 2780 | 2880 105
0125 Fé | 2700 | 29.00 | NMOXL-25) 2785 | 2ma0| 240
CHROMEGA®-Constantan o010 & | 548.00 EMGS5-010) 32925 | 56880 | 51.25
304 55 Sheath 0,020 6 | 28.00 2865 | 3065 065
0,032 & | 2e.00 2885 | 3065 065
0,040 e | 26.00 2865 | 3065 065
E 0.062 b6 | 2400 2480 | 2680 0.60
0125 b6 | 2a.00 2485 | 2695 085
Copper-Constantan 0.020 % | 528.00 $28.55 | 530.65 | 5065
5 Sheath 0,032 26,00 3855 | 3065 065
0040 26.00 2865 | 3065 065
0.062 24,00 2480 | 2685 0.0
0125 | TMASS-12 24.00 2485 | 2695 085
OMEGALLOY® 0010 | NMQIN-010]* $46.00 $29.25 | 56025 | S51.25
Inconel 600 Sheath o020 | NMGIN-020(* 6,00 29.00 | 30,
0032 | NMOIN-032( 26.00 2000 | 3080 065
0040 | NMQIN-040(* 26.00 2000 | 3080 065
N 0062 | NMQIN-062(" 24,00 2480 | 2695 0.0
0125 | NMQIN-125(" 24.00 2485 | 2695 085
refon e E expisedl G [grounaed), or Uj%r.\_;lmmnem 7 Ofner Ergihe SValiee, consuf Saes Depertrient. 1o onder Wi icone! Seatn,
cmr.ge 5 inmogel no. fo N No s0dional charge. Type.) & not 2vaisne in inconel 0,070 demeter. xampie: KMOIN-I256-6, £24

For mefrt probe corurations m‘ngiass lied nyion mr.\emnmy refer io page A-54 and ;Emove the “H™ fiom fhe model number, and £3 from prce.
Taﬂ"d!llﬂﬂﬁﬂ.?’i or 221 55 Sheath, change “55™In mods no. o “HM0S 5, “31655", or 321 58", respeciivel. N0 addlchame. Eampie: THOE2 185-1.25G-F, 824
ngj:ﬂe mass-izse—ﬂ. subminiature quick-disconnect probe, Type K, 0.125" 0D siainiess sied shaath, 5° fenglh, gounded juncion, £24.
-ma 200, submhisiue quick-dscomect pmbe, Type K sﬁneﬁs&ssaaersnem 2mm 00, 300mm Englf, ungrounced junction, $26 85,
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PreCon/Kele thermistor.

TEMPERATURE

OUTDOOR AIR THERMISTOR AND RTD SENSORS

ST-0-SERIES
DESCRIPTION Preconr.
The Precon ST-0« Series Outdoor Air Sensors provide A Dition of K, b

remote temperature sensing for building automation sys-
tems and mechanical equipment room instrumentation.
The temperature-sensitive element is sheathed in a stain-
less steel tube and mounted inside a ventilated, to mini-
mize radiant energy and weather related effects.

FEATURES
« Lifetime warranty
« Vented wemhers_:hfe.'f:' for quick response ST-0
+ Moistureproof with 8' (2.4m) lead WADE INISA
MOUNTING/WIRING DIMENSIONS
Mounting
Toggle bolts or cther dirsct wall mount sorews can be used for
outsde mounting. For conduit connedions, 34" NPT threads
ore available in e badk and sids. In
Wiring {cm)
Terminate using the full ' (2.44m) lend length provided to
wvnid moisturs migration from the fisld oorn:dlm Scider e
L::d:umrmﬁsﬂ:;r use crimp-type butt splice. Wire nuts | 14]5}? |4—[1gg?—..3 |
e u:'r- l J—
Sdr;—dl‘l-r 2 a8 1‘5
i!'i.m (?-C-EG) (3 B1)
B
Fa: %_R
Stainless
|:520I:II]] Foam Gaskel Sheathed
Shaded e of cuddng — ) Sansor
Do not mlnwuor Protoera Mourmng L
,,,,,.mp““g“, for Cutrooe Alr Sorsce -
For besi resulis do not mount above doors, windows, sir E
intnkes, or exhausis.
Pl
SPECIFICATIONS g
=
Accuracy Temperature response =
Thermlst:r #0.36°F (0.2°C) Thermistor Negative temperature coefficient m
RT 335] +0.27°F (£0.15°C) RTD Pasitive temperature coefficient
rrn:{l +0.54°F (£0.30°C) Stability
Senm r pes available FTE mistor 2‘-]23; 0. 13"‘3 ?Vm% fr";nﬁgggamrs
gmlcior Biaiaum 1000, 10606 985 bue . | Comnections & [5.44m) of 24 AW pigtate
Platinum 10002, 375 curve rastip
Toemperature range Mounting wecth{'éowall with screws or
Thermistor -30° to 140*F -34° to 60°C Iﬂ?b
RTD -67° to 140°F [-55° to 60°C Weight [10.45 kg)
Warranty Lifetime
ORDERING INFORMATION
MODEL DESCRIPTION
ST-03 OSA temperature sensor, 10 kit thermistor Type Il
ST-021 OSA temperature sensor, 22500 thermistor Type Il
5T-022 OSA temperature sensor, 3 k0 thermistor Type Il
ST-024 OSA temperature sensor, 10 kO thermistor Typell
ST-027 OSA temperature sensor, 100 k0 thermistor Type Il
ST-042 OSA temperature sensor, 20 k(O thermistor Type IV
ST-081 OSA temperature sensor, 1000 RTD .385 curve
ST-085 OSA temperature sensor, 1 kid RTD .385 curve
ST-091 OSA temperature sensor, 1 kQ RTD (375 curve

FEID ot oot oo e i i eosesnieans ot o ele.com | B88397STS3USA | 00190M360-6084 Intemational

162




Kele thermistor resistance chart.

The PreCon sensor has a dissipation constant in still air at 25°C of 2.7 mW/°C. The heat dissipation constant is an
expression i milliwatts of the power required to raise the temperature of a thermistor 1°C above the ambient.

PreCon TYPE I PreCon TYPE lll ||PreCon TYPE IV
Model 21 Model 22 Model 24 Model 27 Model 3 Model 42
2,252 ohm at 77°F | 3,000 ohm at 77°F | 10,000 ohm at 77°F | 100,000 chm at 77°F 10,000 ohm at 77°F||20,000 ohm at 77°F
+0.36°F from 32°F | +0.36°F from 32°F | +0_36°F from 32°F +0 36°F at 77°F +{.36°F from 32°F || £0.36°F from 32°F
o 158°F io 158°F to 158°F +1.3°F from 32° to 158°F to 158°F io 158°F
TEME"E RESISTANCE RESISTANCE RESISTANCE RESISTANGE RESISTANGE RESISTANGE
-35 63.08K 34 DOK 280 1K 2801K 203.6K
-30 52 72K TO2TK 234 1K 231K 1T3.6K
25 44 20K 58.92K 196_3K 1963K 148.3K
-20 3T 19K 48 56K 165 1K 1651K 127 1K
-15 31.38K 41.83K 139 3K 1393K 108 2K
-10 26.5TK I541K 118.0K 1180K 94 07K 270.8K
-5 22 5TK 30.07TK 100_2K 1002K 81.23K 228 0K
o 19.22K 2561K 85.35K B535K T0.32K 192.6K
5 168.42K 21.88K T2.91K T29.1K 61.02K 1683.1K
10 14 07K 18 74K 62 4BK 624 8K 53.07TK 138.7K
15 12.08K 16.10K 53.684K 536.4K 45.27K 118.3K
20 10.41K 13.87K 46.23K 4B2 3K 40.42K 101.0K
25 8983 11.98K 39.91K 399 1K 35.39K 26.6DK
30 T7a2 10.37K 34 56K 345 68K 31.08K T4.40K
35 6755 8999 30.00K 300.0K 27.31K B4, 10K
40 5577 7830 26.10K 261.0K 24 06K S5.30K
45 5128 6830 22 78K 227 BK 21.24K 47 89K
50 4452 5971 19.90K 199.0K 18.79K 41.40K
55 3927 5231 17 44K 174 4K 16.65K 36 10K
&0 3443 4594 15.31K 153.1K 14 TBK 31 44K
[ 3035 043 TI 48K T34 EK T3 15K TTARK
70O 2676 3565 11.88K 118_8K 11.72K 24 02K
75 2365 3150 10.50K 105.0K 10 46K 21.06K
80 2094 2789 9298 92 98K 9354 18.50K
85 1858 2475 8250 82 50K 8378 16 29K
S0 1651 2200 T331 7T331K 7516 14 37K
95 1471 1959 B532 B5.32K B754 12.69K
100 1312 1748 5826 58 26K 6078 11.24K
105 1173 1562 5209 52.09K 2479 9.97K
110 1050 1399 4663 45 63K 4947 B8.86K
115 941.8 1254 4182 41.82K 4472 T.88K
120 B46.0 1127 KT ITSTK 4049 T.03K
125 TE1.3 1014 3381 3381K 3671 627K
130 B86.1 9139 3047 30.47K 3333 561K
135 519.4 825.0 2730 27 50K 3031 5.03K
140 5599 7459 2486 24 BEK 2759 451K
145 507.0 B75.4 2251 22 51K 2515 4 06K
150 4397 6124 2044 20 41K 2296 3 65K
155 417.5 556.2 1854 18.54K 2098 329K
160 3796 5058 1686 16 86K 1920 297K
165 3457 460.7 1535 15.35K 1759 2 69K
170 3152 4201 1400 14 DOK 1614 243K
175 2878 3837 1278 12 78K 1482 220K
180 263.1 3508 1168 11 68K 1362 2 00K
185 240.9 321.2 1070 10. 70K 1254 1.82K
190 2208 294 5 9305 9505 1156 165K
185 2026 270.3 8996 BA9G 1066 151K
200 186.2 2484 826.5 B268 984.0 1.38K
205 171.3 228.5 T60.7 TEeOT 909.5 1.26K
210 157.8 210.5 T00.7 Foo7 3419 1.15K
215 1455 194.1 B46.1 8481 779.8 1.05K
220 134.3 179.2 596.4 5964 723.0 967.5
225 124.2 165.6 551.5 5515 671.0 385.4
230 1149 153.2 5102 5102 623.3 816.6
235 106.4 141.9 4725 4725 579.5
240 937 1315 4383 4383 5394
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Example Solution of the thermistor Steinhart-Hart

equation

File:G:\Masters ProjectiCampball Scientific\thermistor EES

"PreCon Resistance char”

¥T_1=A+B"In{R_1} + C* (InfR_1))"3
1T_2=A+BIn(R_2) + G * (In(R_2))"3
1T_3=A+BIn(R_3) + C* (In(R_3))"3
"Checking the measuremenis”

E th=13.085
E ax= 494

R_r= 10000

R={R_r'E_thy(E_ex-E_th)
1T=A+B*In{R) + G~ (In{R)}*3

DissipationConstant = 0.0027 [W/C]

T _comected = T- ((E_ex"2/RyDissipationConstant)

Ea =4.94 [volis]
R = 16347 [(s]

Excitafon voltage
Calculated Thermistor resistance

12/22/2011 2:53:15 AM Page 1

EES Ver. 8.908: #0317: For use only by studenis and faculty in Civil & Environmental Engineering Univ. of Colorado

T 1= {-10+459.67) " (59) “Farenhsit to Kelvin®
R_1=118000 "Sensor Resistance”
T 2= (40+459.67) " (9) “Farenheit to Kelvin®
R_2=26100 "Sensor Resistance”
T 3= (90+459.67) * (9) "Farenhegit to Kelvin®
R 3=7331 "Sensor Resistance”

"Solving for the three cosfficients”

"Dff. voltage measured”
"Excitation valtage”

"Refarance Rasistanca”

"Resistance of thermistor”
"The Steinhart-Hart Equation”

"Dissipation Constant”

T_F=((T_correctad * {¥5)) - 459.67) “Faranhait”

T_C=T comecied- 273.15 "Celcius"

SOLUTION

Unit Settings: S1 C kPa kJ mass deg

A =0.001128 B = 0.0002343
C =8.701E-08 DissipationConstant = 0.0027 [W/C]
Eax =4.94 [volts] E# = 3.065 [volis]
R = 16347 [0s] R1 = 118000

Rz = 26100 Ra = 7331

Rr = 10000 [£s] T =287.3

T1 =2498 Tz = 2776

Tz = 305.4 Tc =136
Teomacied = 286.7 [kelvin] Tr = 5647

5 potential unit problems were detecied.

KEY VARIABLES

A =0.001128

B = 0.0002343

C =8.701E-08

Eth = 3.065 [wolts] Meaasurad Differential voltage
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File:G: \Master's ProjecfiCampbel Saentificithermistor EES 12222011 9:53:15 AM Page 2
EES Ver. B.908: #0317 For use only by studeants and facully in Givil & Emvironmental Engineening Univ. of Colorado

Rr = 10000 [gs] Baference resistance
Teomected = 286.7 [kelvin] Comected temperaiure after applying the dissipation constant
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The omega flow meter.

LONG-LIFE PULSE OUTPUT
WATER METERS

For Remote Rate Indication and Totalization

FTB4600 Series
Starts at FTB4605 pulse output

water meter, $180, shown
$1 80 smaller than actual size.
WARN‘M’V ( €

» For Water Flows
from 0.15 to 20 GPM

» Economical
» High Turndown Ratio
» Up to +1.5% Rdg Accuracy

Designed for long-term water

blllmg aI:)phcatlons the FTB4600
Series flowmeters are highly

accurate and feature a high-frequency

pulse output suitable for remote Comes wﬂwm built-in strainers,
flow-rate indication or flow totalization. bd“'&.) G, Honp e,

For economy, they have no local
indication of the flow rate or total.
The pulse output is compatible with
OMEGA's DPF400 and DPF700

Series ratemeter/totalizers. All meters e
come with built-in strainers, locking P N
nuts, gaskets, coupling pieces, and 7 5
1.5m (5') of 3-conductor copper wire. ™\
SPECIFICATIONS Technical
Accuracy: From 10% of continuous to - Books
max flow: £1.5% of rate; below 10% of s Available
continuous flow: 2% of rate Online! |
Fluid Temperature Range: -
0 to 88°C (32 to 190°F) .
Wetted Parts: Brass body, stainless booksi.com
steel, polyimide (fiberglass),
polypropylene, EPDM O-ring
Pressure Drop
(at Continuous Flow Rate): 2.9 psid
Max Pressure: 150 psig
Pulse Output: Requires 6 to 16 Vdc @
10 mA max power; output requires DPF700 Series ratemeter/totalizer/
pull-up to positive DC voitage; includes batch controller, $260. See page M-5.
1.5 m (5") of cable
Ky Cyole: 60-50 AVAILABLE FOR FAST DELIVERY!
 To Order (Specify Model Number)
Bronze Body
Flow Rate (GPM) Dimensions: mm (in) Pulses
Port W

FTB4605 0.15 6.6 0.5 (1.1)

Y 13.0 3
"FTB4607 200 1/.' 022 | 110 | 200 7 O ] T0CT5)] UG ] /o7
FW-0119 160 | Refarence Book: Flow Measurament ED
Comes complete with built-in strainers, locking nuts, gaskets, coupling pieces, 1.5m (5) cable and operator's manual.

OlderngExamplsa FT84605 bmnzebody wafermerer 15" port size, §180.
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The Pyranometer

LI-200SA PYRANOMETER SENSOR

L-COR, Ine. Toll Free: 1-800-447-3575 (UL.S. & Canada) - Phone: 402-457-3578 - FAX: 402-487-2810 - E-mail: envsales@env.licor.com - Internet: hitp-www. licor. com

ToTAL SoLAR RADIATION

The LI-2005A Pyranometer is designed
for field measurement of global solar
radiation in agricultural, meteorological,
and solar energy studies. In clear
unobstructed daylight conditions, the
LI-COR. pyranometer compares favorably
with first class thermopile type pyTancme-
ters (1, 2), but is priced at a fraction of
the cost.

Patterned after the work of Kerr, Thurtell
and Tanmer (3], the LI-2005A features a
silicon photovoltaic detector mounted n
a fully cosine-corrected mmiature head.
Current output. which is directly propor-
tional to solar radiation, is calibrated
against an Eppley Precision Spectral
Pyranometer (PSP) under natural daylight
conditions in units of watts per square
meter (w m®). Under most conditions

of natural dayhight, the error 15 = 5%.

The spectral response of the LI-2005A
does not melude the entire solar spectnm
{Figure 1), so it st be used in the same
lighting cenditions as those under which
it was calibrated. Therefore. the
LI-2005A should only be used to measure

unobstructed daylisht. It should NOT be
used under vegetation artificial lizhts ina

LI-2M5A Pyranometer Sensor

mdﬂﬂﬂe%umis:i%.

Sensitivity: Tipically 90 pA per 1000 W m2.

Limearity: Maonmm deviation of 1% up to
3000 W m2

Stability: < + 2% change over a 1 year period.
Responze Time: 10 ps.

Temperature Dependence: {.13% per °C
DA,

Cosine Correction: Cosine comected up to
E0® angle of meidence.

Arimuth: = + 1% evor over 3607 at 45°
elevation.

Tilt: Mo emror induced from orlentation
Operating Temperature: -40 to 63°C.

eresnhions olar radiation
l:)'ﬁ'|'|'|'|'|'|'|'|'|'|'|'|'|'|
Py
3
= 020 .
=
: SOLAR IRFADATION CURYE OUTSIDE ATROSHSEERD
2 el SOLAR BRRADUATION CUSNE AT GEA LEVEL
w H—c;w:mn BLACKEOOT £ SE007E
H
< By
g
= 00 LGS PYRANOMETER SENSOR -
®
2
E
®
[
5 005
]
i
)

WAVELENGTH (p)

PERCENT RELATIVE REEPONSE TO RRADIKNCE

Figore 1. The LI-2005A Pyranometer spectral response is illnstrated
along with the emergy distribution in the solar spectrum (3).

Relative Humidity: 0 to 1007
Deetector: High stabality sihcon photovoltaic

Sensor Housing: Weatherproof anodized

alumimm case with acrylic diffiser and
are.

Size: 238 Tha. = 254 em H (0947 = 1.07).

Weight: 28 2 (1 oz).

Cable Length: 3.0 m (10 f).

ORDERING INFORMATION

The LI-20054 Pyranometer Sensor cable
terminates with a BNC comector that connects
directly to the L1-250 Light Meter or LI-1400
Datalogger The 2220 Millvolt Adapter
should be ordered if the LI-2005A will be used
with a stip chart recorder or datalogger that
mezsures millrvolts. The 2220 uses a 147

ohm precision resistor to comert the
LI-2005A cutput from mecroamps to milli-
volts. The sensor can also be ordered with
bare leads (without the connector) desiznated
LI-2005Z. Both are available with 50 foot
cables, LI-20054-50 or LI-2005Z-50. The
20035 Mounting and I evelng Fixture is
recommendsd for each sensor unless other pro-
visiens for mounting are made. Other acces-
sories are descritbed on the Accessory Sheet.

LI-2058A Pyranometer

LI-2ZWSE Pyranometer

LI-20SA-50 Pyrancimeter
LI-2Z0SZ-20 Pyranometer

1220 MGlkivelt Adapter

20035 Mounting and Leveling Fixture
121215B-50 Extension Cable
12125B-100 Extenzion Cable
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Homse * Vortex Wind Sersor

IINEPEED VORTEX WIND SENSOR

Rugged wind sensor handles speeds from 5 to over 125 mph. Reed switch/magnet
provides one pulse per rotation. Comes with exterior grade wire (click add to cart
to see standard wire lengths), custom lenagths available on request. The VORTEX
wind sensor is great for do-it-yourself projects, replacement, or additional parts.
Mounting pole not included.

NEW (as of April 2008): Now with a Sapphire Beanng to minimize wear!
Select Add To Cart for wire length and other options.

Price: from £55.00

wlr
ADD TO CART %5

Chick for larger view of image

FULL PRODCUCT ADDITIONAL OWNERS WARRANTY /

R | SPECIFICATIONS PHOTOS MANUAL SUPPORT

SENSOR TYPE 3-Cup rotor
Reed switch/magnet provide 1 pulse per rotation,
QUTPUT for D2 Rotor

(Shown in phota) 1 pulse per rotation
2.5 mph per Hz

OQUTPUT for Maximum Rotor
(Sold on products prior to ~May 2005) | 1 pulse per rotation

3.4 mph per Hz
ROTOR DIAMETER approx, 5in (~125 mm)
SPEED RAMGE approx. 3 mph to 125+ mph (~35 kph to over 200 kph}
MOUNTING BRACKET Supplied with an aluminum mounting bracket with 2 heles for saews,

Designed te be mounted on tep of a pole or bracket,
Custom brackets available up request (offset, for example)

WIRE Standard length is 25 feetr (8m)
custom lengths available upon request - tested OK to over 1,500 feet
The wire is provided stripped and unterminated
2 small wire nuts provided to connect to the display once installed

DISPLAY

MNone provided with the sensor only

Formula for converting pulses to speed: 2.5 mph per Hz (2.5 mph per pulse/second)
POWER No power required

Related Keywords: anemometer, hand held wind meter, stormchaser, weather instruments, windwindmeter, wind sensor,
windsensor

Anemometers | Wind Energy | Wind Speed & Direction | About Us | How to Order | Contact Uis
10 Hudson Rioad Sudbury, MA D1776 Phone: (878) 387-68813 Emait see "Contact Us™

INSPEED.COM
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APPENDIX I STRUCTURAL CALCULATIONS

File:C\Users\estepiDocumentsiMastar's ProjectiUnistruf@nchor Cales.EES 1072772011 1:06:16 PM Page 1
EES Ver. 8.908: #0317: For use only by students and faculty in Civil & Environmental Engineering Univ. of Colorado

A simpilified approach for determining the pul-out strength of wind on the solar framing and the siafic loading on the stiuciure
and concrete anchors.

Dasign wind cakwlafions

Given Information
Pamswa = 94.3  atmospheric prassure at 5000'
cC

Twimarypicat = 40 - ‘5-55555555 : F‘ typical winter temperafure, for air properitas
RHwimorypicat = 0.2 typical relative humidity, for air propertias

m's
Vainddasign = 110 - ‘0-44704 . m| design wind speed
hnhl =7
Iy = 8

m2

Agtpwccd = Pigy gy - |0.09290304 - Tz | areaof pywood
B papwoced Frociz = 30 angle of pyywood from horizontal

par = p[AIMH2O" | T =Tyimarnpicat + P =PHyinerspical « P =Pamsose | air density

Cyq = 117 drag coefficient for square fiat plate at 90 deg, from reference table

2
P A . C
Frng = o " Vwinddasign > Biwood 2 force of the wind on the the plywood at 90 dag

It
Fundbi = Fuind ° |n_2243 N

ReacioNupmpilon = Fuind * €08 [ Bobmocdhor ]

’ } I
Reaction andes plout IP = Reachion gnhom pulles * |0.2248 - 'S

i . Ibf
Reactionndeesshear® = Fuwing * SiN [Hpkm-odmiz :| - |0.2248 - T

Trubolt wedge anchor by Redhead for nominal diamter of 1/2in. and sffective enbedment depth ofd-1/8in. have an ulimate
Tension and shear valuas of 4660 and 7,240 pounds, respectively, in 2000 psi concrete comprassive strength

ANChOT oy perfcrmancs = 4860 [pounds]
AnNchorsear pedarmancs = 7240 [pounds]
Static loading

The frame that | have drawn in Skefch-up is statically indsfarminate. Howsver, if | simplify the frama, and change all bolfed fixed
supporis fo a simple fiangle with a fricionless hinge at the top, Ficionless hinge connecting the wo members and a rough surface
as the bottom support, then the problem can be stafically determined
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The reactions to be determined are at the hinges, which will define the reguired sirength of the anchors to hold the plate of
the hinge. The problem that | drew and solved is simply two-dimensional problem where the distrubuted load is simplified into
a paint load on one triangular frame with only one bolt providing the reaction. This was chosen because if one bolt can be
proven fo hold the load then the additiona two frames with & bolts each will cartainly be sufficiont

The load will consist of the weight of the pywood, the waler filed solar modwles, and the angled channd of unistrut
[Lr— = 700 [kg/m3]

Volgueot = Agmes - 05 - |n_{+254 . %|

Wiiwood = Prawood  ° YO0lohwood  woight of the plywood
W, = 15 [kg] waight of the PV compasite

8G,. = 1.37 specific gravity of PVC

Pusee = p[ Water . T=20, P =Punswe ]

Poe = SBpe * Pume  donsity of prc

Volume of pve based on matenal order form and assuming that 609 of the matonal was cut and actually used (a conservative guess).

Valy, = |0.093 - [0.083333333 - L « 4+ B - |0.028318847 - m3 + = 0.083333333 - L -4 B
in ft3 16 in
|{I.02931EE4? . m3 + 1/ 4 - ‘0.083333333 : L v 4B ‘0.02931684?' . T'?g +1/8-2

in
ft m3

+ 10083333333 - — - 4 - 8« 0022216847 - a - 0.6
in

Wpe = ppo * Wolpe  weight of the pve

Weight of wator in modula

Voligaders = 2+ 1-1+-31 - |D.UUUUISC-IG?1 : m—:
in
z m3
Volgsoer = 2+ 78 - 0.06825° - 60 - |0.0000163871 - Py
Vﬂlw“m“h = Vﬂ'|m,= + Vﬂlmm
Wowater = Pwater  * VO lwator moduic waight of waler
Waight of the unistrut
Length,; = 7 [if]
175 kg
W.,; = — - Length,; - |0.4536 - — i ]
00 ng | b waight of unisirut

Total lead distributed across 3 frames
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g = 9.81
Load =2‘[Ww: + W oo +WW]+WM +Wu * g

For a conservative approach, | will assume the disfibuted load fo be a point load centered in the plywood area, and only consider
one frame instead of three.

tha sum of the moments af point A (Top hinge) is = 0, thus...

6.06
Load « ——

Reacfiong, = — 2 compressing the rough surface

tha sum of the forcas in the x-dir = 0, thus...
. . Ibf . . .
Tension..s, = Reactiong, - |ﬂ.224E "N ‘ tension on the anchor supporting the top hinge

the frame must now be broken up into its members, member AC is the hypotenuse, and will be lookad at first. Summing the moment
at paint C, I can solve for Ay.

Load - 208

Sheargy. = . | Iof

02248 - —
6.06 N

Now back fo the entire frame and sum the forcas in the y-dir fo find the By.

Ibf
B, = Load - |EI.224B . |- Shear g,

Anchor allowablo static tension
Tension yewabig, =i = 1831
Ehgaldm‘ﬂ“ﬂnk = 2804

Final Comments: Based on what | have calculated here, from a very conservative standpoint the anchors that | have chosen
should be well suifted to accomodate the static load, and a 110 mph wind Blast normal to the plywood.

Rasponse fo Wil Johnsan's Comments

1. Show that the combined tension and shear loading (from both weight and wind) will not exceed allowabie for the choasn Trubalt
anchors (see formula for this on the boftom of the Trubalf cuishest).

2 How are the Unistrut frames braced horizontally 7

3. Show that the plywood-to-frame conneclion doesn't excesd allowabls stress (from wind) for the chosen hardware.

4. Ensure (and show) thaf edge and spacing distance requirements far the Trubalt anchors for shear and tension loads ame met.

1.

5 3 L 3 |
CombinedTensionShearLoading = [%][ ] + I:z—'i|[ ]
t 1

P: = Tensionssc Appied tonsion load

<
I

Shearuy,. Appled shear load
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Py = Tensionowablesmic  Alfowable tension load
Vy = Shear oyt s Alowable shear load
Seo caleulafed value in the key varables seclion. value is passing, at a value less tham 1.

3. Spe attached * pdf ChannalNutPulouiload

As per Unisiruf general engineering catalog: for channel P1000 with 58 inches channe! nut size-thread
Allowable Pull-out Strength (LbFf) = 2500
Rasistance to slip {Lbf) = 1700

I caleulated the force of the wind on the plywood {acting normal to the plywood at 110 mph) to be, Finqne=1635 K. This is under
the channeal nut rating.

4. I'm not sure if [ understand what the edge and spacing requiremeanis mean. [s the Edge distance the distance fram the anchor
pasition fo the edge of the concrafe? If sa, | ensure that the frameo closest to the edge of the concrate is no doser than Ginchos,
as per the Trubok performance table for 1/2n diameter anchars.

Is the spacing distance the spacing from one anchor to another anchar, (radially)? If so, then | will ensure thaf no anchor is placed
doseor than 7 inches fom another anchar, as per the Trubolt perfarmance fable for 1/2in diameter anchors. Note edge and spacing
requiraments are larger for shear loads, thus if shear requirements are met, then fension requirements are also maf.

SOLUTION

Unit Settings: Sl C kPa kJ mass deg
Anchofpulout performancs = 4660 [pounds]
Anchorshes poformance = 7240 [pounds]
Aptpwod = 5203

By = 2593
CombinedTensionShearLoading = 0.002477 [dimensionless]
Cd =117

Fwind = 7271

Fuwindioi = 1635 [pounds]

g =981

hely =7

Langthuni = 7 [ft]

Load = 230.7 [N]

oy =8

Pam 5000 = B4.3

Ps =449

Pt = 1831

ReactioNanchospular = 6297
ReactioNanchos puleut, P = 1416 [pounds]
ReactioNanchors,shaar P = 817.3 [pounds]
Reactione: = 199.7

pni =0.988

priweed = 700 [kg/m”]

poe = 1368

preatar = 958.2

RHwintersypical = 0.2

SGpec = 1.37

Sheoarsiowsblesmtic = 2804 [pounds]
Shearsmic = 25.93 [pounds]
TensioNalowablesaic = 1831 [pounds]
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Tensionsmic = 44.9 [pounds]
Bpkwoodhoiz = 30

Twintor typical = 22.22
Volsbeohar = 0.0005292
Vokeaders = 0.001016
Valpiwood = 0.06607
Vol = 0.03536
Vohwatormodue = 0.001615
Vs =2593

Vi = 2804

Vwinddosign = 49,17
Wiohwood = 46.25

Wpe =15 [kag]

Wi = 48.36

Wi =5.557

Water = 1.612

22 potential unit problems ware detected.

KEY VARIABLES

Shoardiowsblesmi: = 2804 [pounds]
Shearsatc = 25.93 [pounds]
TensioNalowablesaic = 1831 [pounds]
Tensionstaic = 44£.9 [pounds)
Anchorpulon perfomance = 4660 [pounds]
ReactioNanchospular P = 1416 [pounds]
Anchorses poformance = 7240 [pounds]
ReactioNanchom,sheerlP = 817.3 [pounds]
Load = 230.7 [N]

Anchor allowable stafc shoar

calculated stafic shear an anchar. weall below rating

Anchar alowable stafc tension

calculated static tension on anchor. wall below rafing

Uitimaie tension on anchor, for wind load comparnson

Calculated wind force of tension on anchor. Weall balow the rating.
Utimaie shear an anchor, for wind load comparn son

Caleulated wind force of shear on anchor. Well below rating.
Load on frame

CombinedTensionShearLoading = 0.002477 [dimensionla@ainbined Tension and Shear Loading - for Trubolt Anchars. Value is

Fwindii = 1635 [pounds]

passing if itis less than or equal to 1.
Forca the wind places on the channel nut holding the plywood
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APPENDIX] TRNSYS PVT MATHEMATICAL MODEL

TYPE 560: COMBINED PHOTOVOLTAIC / THERMAL SOLAR COLLECTOR. (INTERACTS WITH ZONE AIE.
TEMPERATURE)

TYPE 560: COMBINED PHOTOVOLTAIC / THERMAL SOLAR COLLECTOR (INTERACTS
WITH ZONE AIR TEMPERATURE)

This component is intended to model an un-glazed solar collector which has the dual purpose of creating
power from embedded photovoltaic (PV) cells and providing heat to a fluid stream passing through
tubes bonded to an absorber plate located beneath the PV cells. The waste heat rejected to the fluid
stream is useful for two reasons; 1) it cools the PV cells allowing higher power conversion efficiencies
and 2) it provides a source of heat for many possible low-grade temperature applications.

This model relies on linear factors relating the efficiency of the PV cells to the cell temperature and also
the incident solar radiation. The cells are assumed to be operating at their maximum power point
condition.

The thermal model of this collector relies on algorithms presented in Chapter ¢ of the classic “Solar
Engineering of Thermal Processes™ textbook by Duffie and Beckman

Incident Solar Radiation
PV Cells — Adhesive,
€ Substrate etc.
Absorber /I
Plate £— Insulation, Collector
Back Material
Flow Tubes
Figure 1 -PV/T Schematic
Nomenclature
B - slope of the collector surface
m - efficiency
g - angle of incidence
P - ground reflectance
o - transmittance-absorptance product for the solar collector

(]

- emissivity of the top surface of the collector (PV surface)
- Stefan-Boltzmann constant
- thickness of the absorber plate

=0

560.1
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TYPE 560: COMBINED PHOTOVOLTAIC / THEFMAL SOLAR COLLECTOR. (INTERACTS WITH ZONE AIR.

TEMPERATURE)

Area - area (top) of the solar collector; this can be either gross area or net area but should be
consistent with the provided loss coefficients and PV power conversion coefficients.

by - incidence angle modifier multiplier

G - specific heat of the fluid flowing through the PV/T collector

Cg - the conductance between the absorber plate and the bonded tube

Diste - the diameter of the tubes

Fr - collector heat removal factor

G - total solar radiation (beam + diffiuse) incident upon the collector surface

hgyia - internal fluid heat transfer coefficient

Dirper - heat transfer coefficient from the back of the collector to the air

Douter - heat transfer coefficient from the top of the collector (PV surface) to the ambient air

hpg - radiative heat transfer coefficient from the top of the collector (PV surface) to the sky

IAM - incidence angle modifier

k - thermal conductivity of the plate material

L - the length of the collector along the flow direction

1 - flow rate of fluid through the solar collector

Migbes - number of identical tubes carrving fluid through the collector

Power - rate at which electrical energy is produced by the PV cells

Qoss sop.comv - rate at which energy is lost to the ambient through convection off the top of the
collector

Qiess top.rad - rate at which energy is lost to the sky through radiation off the top of the collector

Qs hack - rate at which energy is lost to the ambient through the back of the collector

Qfusa - rate at which energy is added to the flow stream by the collector, this term includes the
energy that is also lost from the fluid stream through the back of the collector

Qabsorbed - net rate at which energy is absorbed by the collector plate (does not include PV power
production)

Qu - rate at which energy is added to the flow stream by the collector

qQ sn - heat transfer to the fin base per unit length of collector

9 fuid - heat fransfer to the fluid stream per unit length of collector

q'n - heat transfer to the fluid stream per unit length of collector

Re - resistance to heat transfer from the PV cells to the absorber plate

Ry - resistance to heat transfer from the absorber through the back of the collector

R - resistance to heat transfer provided by the material between the PV cells and the
absorber

R - resistance to heat transfer provided by the material between the absorber plate and the
back surface of the collector

S - net absorbed solar radiation (total absorbed — PV power production)

Tans - absorber plate temperature

Tamn - ambient temperature for convective losses from the top surface

Thack - environment temperature for convective losses from the bottom surface

Tsuia - bulk temperature of the fluid flowing through the solar collector

Timidin - temperature of the fluid flowing into the solar collector

Tsmic.om - temperature of the fluid flowing out of the solar collector

Temia - local fluid temperature

Toy - PV cell temperature

560.2
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TYPE 560: COMBINED PHOTOVOLTAIC / THEFMAL SOLAR COLLECTOR. (INTERACTS WITH ZONE AIR.
TEMPEFATURE}

Ty - sky temperature for long-wave radiation calculations

T - mean temperature

W - the width (x-direction) between adjacent fluid fubes in the collector

Width - the width of the collector

Kol Terp - nmltiplier for the PV cell efficiency as a function of the cell temperature

Xns - multiplier to account for collectors connected in senes (thermally)

X Radistion - nmltiplier for the PV cell efficiency as a function of the incident radiation

v - a variable indicating the direction of flow through the collector (yv=L is the collector
outlet)

Subscriprs
- beam radiation

d - diffuse radiation

g - ground

G - radiation

h - fotal horizontal

n - normal incidence

nominal - refers to the reference conditions

PV - photovoltaic

s - sky diffuse

t - total (beam = diffuse)

Mathematical Description:

Convective Radiative
Losses Losses

T 1

I <— PV Cells

‘ ‘(— Adhesive, Subsirate eic.

& Absorber Plate
«— Flow Tube
‘ ‘ = Collector Back

Insulation etc.

Convective
Losses

Figure 1 - PV/T Definitions

560.3
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TYPE 560: COMBINED PHOTOVOLTAIC / THEFMAL SOLAR COLLECTOR. (INTERACTS WITH ZONE AIR.
TEMPEFATURE}

An energy balance on the collector surface (PV cells) at any point along the surface, (neglecting
conduction along the surface) shows the following relationship:

kY 1 ;f_ -_-rlrl.
0=5 ~ R \Tpyy = T )= s \Toyr = T, :I_M (Eq. 560.1)

[
R T

Absorbed Convective Radiative
Solar Losses Losses

1 1t 1

I <— P Cells

Conduction to
Plate

Figure 3: Surface Energy Balance

where:
R =R (Eq. 560.2)
P = 80Ty + T 10" + 707 (Eq. 560.3)

S 1is the net absorbed solar radiation and accounts for the absorbed solar radiation minus the PV power
production. To account for off-normal solar radiation effects, the transmittance-absorptance product at
normal incidence is multiplied by the following term in order to get the transmiftance-absorptance at
other incidence angles. This term 15 referred to as the incidence angle modifier (TAM).

{FLL G (1+cos 8) (), .G (1-cos g) (ra),
L — (re) 7 (m), 4 2 (rat), ke 2 (re), (Eq.5604)
= l:r'a:}“ - Gi"
where:
[rﬂr),l_. _1_ i 1 _ 3
[mf]"_l bn‘.\cosﬁ 1,.| (Eq. 560.5)

The incidence angle modifiers for both sky and diffise radiation are determined by defining equivalent
incidence angles for beam radiation that give the same transmittance as for diffuse radiation (Duffie and
Beckman). The effective angles for sky diffuse and ground reflected radiation are:

B, =5968 — 013884 + 0001497 §° (Eq. 560.6)

5604
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TYPE 560: COMBINED PHOTOVOLTAIC / THEFMAL SOLAR COLLECTOR. (INTERACTS WITH ZONE AIR.
TEMPEFATURE}

f_...=900 — 057883 + 0.002693 3° (Eq. 560.7)

gre

With these definitions S. the net absorbed solar radiation. from equation 560.1 can be determined as:
5= (m:]lﬂ IAM G, (1- oy ) (Eq. 560.8)

The efficiency of the PV cells is a function of the cell temperature and the incident solar radiation

Moy = Mnomimat X cettTemp = Ractation (Eq. 560.9)
where:

X cormy = 1+ Effy (o - T, (Eq. 560.10)
X i =1+ Ef; (G, -G, ) (Eq. 560.11)

An energy balance taken for a differential sized section along the absorber plate, at any point along the
plate away from the tube section, shows the following relationship (assuming the plate is thin and made
from a conductive material):

Conduction from
PV Surface

l Conduction Along

_’ the Plate
I <—— Absorber Plate

l

Conduction to
Collector Eack

Figure 4: Absorber Fin Heat Flows

i..f{d:rn‘-s {TG\.E_TML]_(IPJ'_TGFM}

— = C560.12
dx- R, R, (Eq )
where:
1
R, =Ri_;; (Eq. 560.13)
560.5
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TYPE 560: COMBINED PHOTOVOLTAIC / THEFMAL SOLAR COLLECTOR. (INTERACTS WITH ZONE AIR.
TEMPEFATURE}

This is a classical fin problem where the absorber plate section between the midpoint of two adjacent
tubes and the tube acts as the fin Solving equation 560.1 for Tey and substifuting into equation 560.12,
we derive the following differential equation for the femperature distribution (x-direction) along the
absorber plate:

T, F. (1 1 1) T, )
—ab - | T t———— || S+h T +h T 4+ —tak L 560.14
at k),.[ aﬁ:[Ran RnFr R,— ) [ rad™ sky ouier™ amb RJTF'__J {-E‘q }
where:
‘= ! 560.15
BogRe + 0 R +1 (Eq- 360.13)
We can recast equation 560.14 as:
a’":P’ W0 (Eq. 560.16)
dx?
where:
Ay +IJM.TIh, +h, T .+ R. =
_ _ i)
W=T,, T, 11 (Eq. 560.17)
R.F' RJF R,
| ( 1 11
m=| R.F R,F' Ry (Eq. 560.18
| ki
Solving equation 560.16 we find:
¥ = C, sinhimx) + C, cosh{mx) (Eqg. 560.19)

Equation 560.19 defines the temperature distribution along the plate in the x-direction. where x=0 1s the
mid-point between two adjacent tubes and x=(W-Dire)/2 is the base of the fin. To find the constants C;
and C,, we need to apply our boundary conditions. For this problem we have the boundary condifions
from symmetry at the nudpoint between adjacent tubes (x=0) and from the known base temperature (Ty)
at X={W-Diype)/2:

%=0 at x=0 (Eq. 560.20)

560.6
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TYPE 560: COMBINED PHOTOVOLTAIC / THEFMAL SOLAR COLLECTOR. (INTERACTS WITH ZONE AIR.
TEMPEFATURE}

T
S+h T +he Loy
+ R +RF

YT, - 0 N N 5 at x=(W - Dygpe)2 (Eq. 560.21)

—+——_
RF RF R

Applying our boundary conditions and solving for C; and C; we find:

C; =0 (Eq. 560.22)
( Tht )
S+h T, +h T .+ -
T R.F
’ 1 + 1 1 560.23
e \ RF RF R ) (Eq. 560.23)
fosh wl

Substituting C1 and C2 info equation 360.19, and then applying equation 360.17. we derive the
expression for the temperature distribution along the plate as a function of the base temperature:

cosh{m x)
WD, )'] (Eq. 560.24)
2

La)=2+ [r——l k
S cosh|

where:

| Sah Ty +hy T+ ;“’; |
= i i i 2 (Eq. 560.25)

R F  R,F R,

With the temperature distribution known along the fin (equation 560.24). we can calculate the energy
conducted to the base from the fin:

(W-D
g, =—k1 AT, (x) _ (__;r r;mhim[T“ (Eq. 560.26)

fim
o \

An energy balance on the base (non-fin) area of the absorber plate shows:

560.7
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TYPE 560: COMBINED PHOTOVOLTAIC / THEFMAL SOLAR COLLECTOR. (INTERACTS WITH ZONE AIR.
TEMPEFATURE}

Conduction from
PV Burface

Conduction
=l I <— Absorb
from Fins Hm‘“

! l

Conduction to Heat Transfer
Collactor Back to Fluid

Figure 5: Heat Flows for Fin Base

(T, -T. ) (T, -T.., )
ro_p |fmTie g 28~ L bak
qm‘sd nuhe ‘. R,- J nube i Rﬂ |

+2q) (Eq. 560.27)

£

The useful energy gain to the fluid may also be expressed as a function of the base temperature:

{ 3
' Tp—T g
Ypa = — 17 1 | (Eq. 560.28)
| ———+—|
\ g TDose  C )

An expression for the collector useful energy gain as a funchion of the fluid temperature may be denived
by substituting terms from equations 560.1, 56026 and 560 28 into equation 560.27 and re-arranging:

K £

Ko £ 56020
g i g (Eq )|
where:
( 1) [ (T =Dy ||
k==D_, F'| h_,+h, ——FJ—NL').mtanh‘ m| —"‘“‘H (Eq. 560.30)
| R, F Ll 2
[ 1 1y 1)
6=1+D F|——  + Wb, +h, +—|
+ e \ h.‘:‘x_‘.} ';IrDunl(' + C.‘J .'| Y - + - RJT Fr J

(Eq. 560.31)

P iy \
+2k2mtaﬂ1‘ m| il D’”“‘\l_'|| 1 21
VL 2 Ny D, Cy)

560.8
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TYPE 560: COMBINED PHOTOVOLTAIC / THEFMAL SOLAR COLLECTOR. (INTERACTS WITH ZONE AIR.
TE\{PERATU'R_E}

e=D_ F' [

lr At
puer b RFJ

s

I
. Sa+h T, +h, T+t

e Dm - R,F
+2k;1m|:mh[( : ] 1 —

F+ r
.\  RF RF R

(Eq. 560.32)

An energy balance taken around a differential section of fluid moving through the collector (in the ¥-
direction) can be written as:

AT gy .
m Cp 7 - Jvm.&'.'r q,r'.'uld' =0 {-E"q- 56{]33)

Subbing equation 560.29 into equation 560.33 we find:

ar N pies K N €
S Y stubes tubes
—_— —_— + pa—
dg mC,6 ™ mC, & (Eq. 560.34)

Integrating this equation from zero to y we find:

£ (N LK | £
,M(x}—[ ;Wm+;]exp{ﬁgl]——_ (Eq. 560.35)

K

If we let v=L, we can solve for the fluid outlet temperature:

Toiw = | Tous ‘ mber Xy | _E 56036
A E A J“Pmca]x (Eq. 56036)

The collector useful energy gain can now be calculated:
0, = 1 C (T gt e — T i) (Eq. 560.37)

And the collector useful energy gain per unit length can be caleulated as:

mCP{I it st _I_ﬂmd.lw}
G =G g = IN..
“ 7 mibex

(Eq. 560.38)

The mean fluid temperature can be found by integrating the fluid temperature with respect to v and
dividing by the flow length:

T =%J' T pa () (Eq. 560.39)

560.9
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TYPE 560: COMBINED PHOTOVOLTAIC / THEFMAL SOLAR COLLECTOR. (INTERACTS WITH ZONE AIR.
TEMPEFATURE}

Using equation 560.35 and 560.39 and solving the differential equation we find:

£ £
_ I}Iu.'u’.:r + - ( N bes K Tﬂuld’.lw + : £
Tou = Exp| MRty S RS < .4 56040
flud ‘;Vruk.‘ £ L \ m CP 3 ‘Nrm&.'r i .E, K {‘-E}q )
mC, 6 We, 6

With mean fluid temperature found from equation 560.40, and the collector useful energy gain per unit
length found from equation 560.38. the mean base temperature can be solved from eguation 56028,
With the mean base temperature solved. the temperature distribution across the absorber (fin sectiom)
can be found from applying equation 560.24.

The mean fin temperature can then be found by integrating the fin temperature function over the width
of the fin and dividing by the fin width:

[ FP'—.".'“ |
Th=  [T(oax (Eq. 560.41)
o
‘T'xr\t
9 + IJ:?lv\..l.:""-!‘-ctv + Ikr.\m_'r Im.‘.- +— ]
I_- _ X REF +
fu 1 1 1
] + v —
R.F' R,F R,
ra T “
S+ oy Ty + P Ty + = . (Eq. 560.42)

- R.F' C (W=D,
T - B tanl:nl M
B 1 1 1 m\ > ]
+ R 4
R,F' R,F" R, _
’H"—Dm"J
L2

m

The mean absorber temperature can then be found by area weighting the mean base temperature and the
mean fin temperature:

= {Dmh(' Tn + “T - Dmbc ,'-?_ﬁ,. :I
Te.’).s = ]T"

(Eq. 560.43)

The mean PV surface temperature (T, ) can then be found from equation 560.1. The solution of this set
of equations requires an iterative approach as S is a function of the mean PV surface temperature:

Guess a value for the PV surface temperature.

Calculate the radiation heat transfer coefficient using equation 560.3.
Calculate the PV efficiency using equations 560.9 and 560.10.
Calculate the net absorbed solar radiation using equation 560.8.

R

560.10
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TYPE 560: COMBINED PHOTOVOLTAIC / THEFMAL SOLAR COLLECTOR. (INTERACTS WITH ZONE AIR.
TEMPEFATURE}

5. Calculate the fluid outlet temperature using equation 560.36 and the mean fluid temperature
using equation 560.40.

6. Calculate the collector useful energy gain per unit length using equation 560.38.

7. Calculate the mean base temperature from Equation 560.28.

8. Calculate the mean fin temperature from Equation 560.42.

9. Calculate the mean absorber temperature from Equation 560.43.

10. Calculate the mean PV surface temperature using Equation 560.1 and repeat steps 2 to @ until
convergence is reached

With convergence attained. eguation §.9.3 from Duffie and Beckman can be used to find the overall loss
coefficient from the collector (Up):

0, = Areals -U, (T, - T... )] (Eq. 560.44)

Finally, with the collector overall loss coefficient calculated, the collector heat removal factor can be
calculated from equation 6.7.6 of Duffie and Beckman:

-T

Q,=dreaF, |5-U, (T s )] (Eq. 56045)

uid
With the PV cell temperature converged the PV power can be calculated:

Power =(ta), IAM G, Area n,, (Eq. 560.46)

The remaining relevant heat transfers for the collector are then calculated as:

Qm&:.mp.miw = h.:u.:r Area I[fr-'l’ —ng} {-E}q 5604?)
Orvspas =Mous Area (T, T, ) (Eq. 560.48)
{‘Tmﬁr - T.’:u:i' :I
Qi = Amﬂ'T (Eq. 560.49)
B
= =
I, -T

Oy pie = Area u] (Eq. 560.50)

. RT
O itrtes = A (1), IAM G, (1-77, ) (Eq. 560.51)
An energy balance on the collector surface is then:
Qﬂ&w}.\:d’ = Ql’nu'.uop.ran +Q.h«.n-p.md +Q.F‘['—P,p|’m.' {_-Elq 56{]52)
An energy balance on the entire collector can also be written:
Qotrted = Qivsssopearm T Prncsseprot T Lo + Qe st (Eq. 560.53)

560.11
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CoolPoly Thermally Conductive Plastic Spec Sheet

=

Cool FTolymerr

CoolPoly® E2 Thermally Conductive Liquid Crystalline Polymer (LCP)

Product Data
Rev.  E8/2007
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Mominal Strain @ Break 0.25 % 0.25 % IS0 5271
Flexural Modulus 32300 MPa 4640 ksi 180178
Flexural Strength 139 MPa 20155 psi 130178
Impact Strength

Charpy Unnotched 474 kJim? 226 fi-lbfin* IS0 1791

Charpy Notched 1.96 kJim® 0.933 ft-Ibfin* IS0 179-1
Electrical SiMetric Testing Standard
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APPENDIX K DETAILED SIMULATION COMPONENT DESCRIPTION
DETAILED COMPONENT DESCRIPTIONS
The following sections describe each of the simulations components and the logic behind the parameter

and input values.

THE WEATHER FILE

This component serves the main purpose of reading weather data at regular time intervals from a data
file, converting it to desired system of units and processing the solar radiation data to obtain tilted
surface radiation and angle of incidence for an arbitrary number of surfaces. In this mode, this
component reads a weather data file in the standard TMY2 format. See Table 15 for a list of all

simulated cities.

EQUATION BLOCK - PASCAL TOATM

This block converts Pa to Atmosphere for the Dew Point calculator

e |nputs
o Pressure (Pa) via weather file
e Qutputs
o Pressure (atm) to Dew Point Calculator

DEW POINT CALCULATOR

This block calculates the Dew Point at each time step for Sky Temperature Calculator.

e Inputs
o Pressure (atm) via equation block
o Ambient temperature (C) via weather file
o Relative humidity via weather file
e Qutputs
o Dew point temperature to Sky Temp calculator
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SKY TEMP CALCULATOR

In order to predict the performance of solar collectors it is necessary to evaluate the radiation exchange
between the collector surface and the sky. The sky is considered a blackbody at some equivalent sky
temperature. The sky temperature is required by the BIPVT component for radiation computations. The

sky temperature is calculated using the relation (Duffie & Beckman, 2006):

Tsky = Tambient[0-711 + 0.0056T,, + 0.000073T2 4, + 0.013 cos(15t)]/* (4.10)

Where t = hour from midnight

Tqp=the dew point temperature

e Inputs
o Dew Point Temperature via Dew point calculator
o Ambient temperature via weather file
o Beam radiation on the horizontal via weather file
o Diffuse radiation on the horizontal via weather file
e Qutputs

o The effective sky temperature to BIPV/T

***For the next two equation blocks, air and water properties were calculated using EES, plotting the
properties as a function of temperature, and fitting a curve to the plots. The equations for the curves
were copied into TRNSYS. ***

TOP LOSS HTC, USING Lc

This equation block is used to calculate the convective heat loss coefficient from the top of the collector
to the ambient. TRNSYS did not have a component for calculating this value, thus, the following

narrative describes the reasoning for the user-defined calculation.
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Convective heat losses on the collector surface are dependent on the wind and natural convection.
There have been many experimental wind tunnel studies on rectangular plates in an attempt to derive
the Nusselt number. Flow over a collector mounted on a house is not necessarily well represented by
wind tunnel tests of isolated plates. Mitchell (1976) (Duffie & Beckman, 2006)found that many shapes
were well represented by a sphere when the equivalent sphere diameter (L.) is the cube root of the
volume. Mitchell suggests that the wind tunnel results of the various animal shapes be increased by
approximately 15% for outdoor conditions. Thus, assuming a house to be a sphere, the Nusselt number

can be expressed as:

Nu = 0.42Re%® (4.11)
Or,
0.6
o= BV (4.12)
L0.4

However, at low wind speeds, natural convection conditions tend to dominate. Natural convection is
driven by the buoyancy force. When the collector surface is hotter than the surrounding air the fluid in
the vicinity of the collector surface will be heated and the density decreases, relative to the surrounding
fluid, and will cause the heated fluid to rise. This is the buoyancy force. There are three forces acting on

air in motion:

4. The force due to the pressure gradient
5. The body force

6. The frictional shearing forces due to the velocity gradient

Applying principles of conservation of momentum, using the simplification that the fluid far from the
plate is in hydrostatic equilibrium, and finally the Boussinesq approximation (which assumes that the

density depends only on the temperature (not pressure), the equation of motion for natural convection
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can be obtained. Furthermore, deriving the conservation of energy equation for the flow near the plate

yields the temperature field for the natural-convection problem

Utilizing the Buckingham pi theorem, the dimensionless parameters can be determined. The three
dimensionless groups are: Nu = Nu(Re,Pr,Gr). Since the flow velocity is determined by the temperature
field, the Reynolds number is not an independent parameter. Experimental results for natural-

convection heat transfer can therefore be correlated by an equation of the type:

Nu = @(Gr)p(Pr) = @(Ra) (4.13)

Where, Ra = the Rayleigh number, the product of the Grashof and Prandtl numbers

Gr = the Grashof number, the ratio of buoyant forces to viscous forces

Thus, the Nu number for natural convection is a function of the product of the ratio of buoyant forces to
viscous forces (Grashof #) and the ratio of molecular momentum diffusivity to thermal diffusivity

(Prandtl No.).

Using an equation of the type, Nu = @(Ra), experimental data for natural convection can be plotted
and the coefficients found. Lloyd and Moran (1974) and McAdams (1954) give relationships for the Nu
number as a function of the Ra number for hot horizontal flat plates and vertical plates, respectively.
For large Rayleigh numbers, as is typical for solar collectors (due to the large Grashof number), the heat
transfer coefficient from the two relationships are nearly identical, because the Rayleigh coefficients
differ slightly. Applying some temperature differences to the Nu number relationships for natural
convection, it is determined that the minimum heat transfer coefficient for horizontal or vertical
collectors is about 5W/m?K for a 25°C temperature difference and 4W/m>K for a 10°C temperature

difference.
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A solar collector is most likely to be experiencing natural convection and forced convection
simultaneously. McAdams recommends calculating both heat transfer coefficients and using the larger
of the two for design and modeling calculations. Thus the top loss convective heat transfer coefficient

(W/m? K) for flush mounted collectors can be expressed as:

0.6
8.6v ] (4.14)

hyina = max [S'W

Where, V = wind speed in meter per second

L = the cube root of the house volume, in meters

e Inputs
o Wind velocity from the weather file
e Qutputs

o Top loss convective heat transfer coefficient.

FLUID HTC (HEAT TRANSFER COEFFICIENT)
This equation block is used to calculate the heat transfer coefficient between the wall of the fluid
channels and the fluid flowing inside it. TRNSYS did not have a component for calculating this value,

thus, the following narrative describes the reasoning for the user-defined calculation.

Flow ranges for the BIPV/T result in a Reynolds number well below the transitional and turbulent flow
regime and will always be laminar. Knowing that the flow in the absorbers channels is fully developed
laminar flow, a table developed by Shah and London (1978) (Kreith & Bohn, 2001), provide Nusselt
numbers and friction factors for fully developed laminar flow of a Newtonian fluid through specific
ducts. For a square channel, as is the case with the design BIPV/T, Shah and London provide an average
Nusselt number for uniform heat flux in the flow direction and uniform wall temperature at any cross
section, as well as a value for the average Nusselt number for uniform wall temperature. The Nusselt
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numbers for a square duct are 3.608 and 2.979, respectively. The theoretical performance for a solar
collector will lie between the results for constant heat flux and constant wall temperature, thus it is
recommended for design calculation to use the lesser of the two values, constant wall temperature, for
a conservative design. This equation block also has the capability to calculate the fluid heat transfer
coefficient in the turbulent regime; however, this will probably never be used. For this calculation, the

Nu number is entered as 2.976, and the HTC is calculated as follows:

_ Nuwater,laminar * kwater

hfluid,laminar - Dh (4.15)

Where, Nuyaterlaminar = 2.976

Kwater = conductivity of the water as a function of temperature

Dy, = hydraulic diameter

e |nputs

o Mass flow rate from the pump

o Bulk temperature, or average fluid temperature for the conductivity calculation
e Qutputs

O hfluid,laminar to BIPV/T

BIPV/T
For a complete description of the component please see THE BIPV/T COMPONENT in THE CALIBRATION
MODEL section. All listed parameters, inputs and outputs are listed because they are different from the

calibration.

e Parameters — the simulation is to model a 5kW array (25 modules)

o Collector Length — Length of the absorber = 1.5144 m
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Inputs

Collector width — width of absorber = 0.6096m *25 = 15.24 m

=  This width assumes an array of 25 modules plumbed in parallel

Inlet fluid temperature, from the pump via the tank

Inlet flow rate, from the pump. 0.6 GPM

Ambient temperature, from the weather file.

Back-surface temperature — the temperature of the air located behind the back surface
of the collector. The BIPV/T is flush mounted (Building Integrated), thus | would say this
back surface temperature is the same as the ambient, from the weather file.

Incident solar radiation — the rate at which incident solar radiation (beam + diffuse)
strikes the sloped collector surface, from the weather file.

Total horizontal radiation — the rate at which total solar radiation (beam + diffuse)
strikes a horizontal surface, from the weather file.

Horizontal diffuse radiation — the rate at which diffuse radiation strikes a horizontal
surface, from the weather file.

Ground reflectance — the reflectance of the surface above which the solar collector is
positioned. Typical value is 0.2.

Incidence angle — the angle of incidence between the beam solar radiation and the
normal vector to the sloped collector surface, from the weather file.

Collector slope — the slope of the collector surface. The test setup was at 30 degrees,
and will set at this slope for simulations.

Top loss convection coefficient — the convective heat loss coefficient from the top of the

collector to the ambient, from the Top Loss convective HTC equation block
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o Back heat loss coefficient — the combined convective and radiative heat transfer
coefficient from the back of the collector to the environment, tuning parameter that has
little effect. Default value is 15 ki/hr.m2.K

o Fluid heat transfer coefficient — the heat transfer coefficient from the fluid in the flow
channels to the walls of the fluid channel enclosure, from the Fluid HTC equation block.

e Qutputs

o Temperature at outlet —the temperature of the fluid exiting the collector. Sent to
plotter 1.

o Flow rate at outlet — the flow rate of fluid exiting the collector. Sent to plotter 1.

o Useful energy gain — the net rate at which energy is transferred to the fluid flowing
through the solar collector. Currently not using this parameter.

o PV power —the rate at which the photovoltaic cells are producing electrical power. Sent
Simulation Integration.

o PV efficiency —the efficiency of the PV cells in converting incident solar radiation to
electrical energy; expressed as a fraction. Currently not using this parameter.

o Thermal efficiency — the efficiency of the solar collector in converting incident solar
radiation to delivered fluid energy. Currently not using this parameter.

o Collector FR —the calculated value of the collector heat removal factor (FR). The heat
removal factor is the quantity that relates the actual useful energy gain of the collector
to the useful gain if the whole collector surface were at the fluid inlet temperature. FR
is equivalent to the effectiveness of a conventional heat exchanger, which is defined as
the ratio of the actual heat transfer to the maximum possible heat transfer. The

maximum possible useful energy gain (heat transfer) in a solar collector occurs when the
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PLOTTER 1

whole collector is at the inlet fluid temperature; heat losses to the surroundings are
then at a minimum. Currently not using parameter on its own.

Mean PV temperature — the average temperature of the PV cells. Currently not using
this parameter.

Mean fluid temperature — the mean temperature of the fluid in the solar collector.
Currently not using this parameter.

Incidence angle modifier — the overall (beam plus diffuse) incidence angle modifier for
the collector. 1AM is defined for each solar radiation stream as the ratio of the
transmittance-absorptance product at some angle to the transmittance absorptance
product at normal incidence.

Collector top losses — convective. The rate at which energy is lost to the environment
through convection from the top surface of the collector

Collector top losses — radiative. The rate at which energy is lost to the environment
through radiation losses from the top surface of the collector.

Collector back losses. The rate at which energy is lost to the environment through the
back surface of the collector.

Absorbed solar radiation. The net rate at which solar radiation is absorbed by the
collector. This value does not include the radiation that was absorbed by the PV cells
and converted to electrical energy.

Overall heat loss coefficient. The calculated overall loss coefficient for this collector.
FRTAN (Fg(ta),). The intercept term for the collector efficiency equation.

FRUL (FRU.). The linear term for the collector efficiency equation.

Plotter 1 shows results immediately after the simulation.
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e Inputs
o Left axis variable 1 — TiColl. Temperature into the collector
o Left axis variable 2 — ToColl. Temperature exiting the collector
o Right axis variable 1 — GColl. Hourly irradiance (total radiation) striking the collector
o Right axis variable2 — mdColl. Mass flow rate through the collector

e Qutputis hourly plots

Plotter 2
Plotter 2 shows graphically shows results immediately after the simulation

e |nputs
o Left axis variable-1. TTop. Temperature at Top of the tank. Temperature to the load
o Left axis variable-2. T2. Temperature of node 1+-1
o Left axis variable-3. T3. Temperature of node 1+-2
o Left axis variable-4. T4. Temperature of node 1+-3
o Left axis variable-5. T5. Temperature of node 1+-4
o Left axis variable-6. TBottom. Temperature at bottom of tank.
o Left axis variable-7. TDHW. Outlet temperature of the tee piece to the load.
o Right axis variable — 1. QAux. Auxiliary heating rate
o Right axis variable — 2. mdDHW. Mass flow rate leaving the Tee piece
o Right axis variable — 3. mdTank. Mass flow rate of the city water entering the tank from
the diverter.
o Right axis variable — 4. mdByPass. Mass flow to the tee piece from the diverter.

e Qutputis hourly plots

Tee Piece
This parameter indicates to the general model that a simple tee piece is to be modeled.
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e Inputs
o Temperature at inlet 1. From the tank
o Flow rate at inlet 1. From the tank
o Temperature at inlet 2. From diverter.
o Flow rate at inlet 2. From diverter.
e Qutputs
o Outlet temperature. The temperature of the mixed fluid leaving the tee piece. If the tee
piece is under no flow conditions, the outlet temperature will be set to the minimum of
the two inlet temperatures. For this reason, control decisions should not be based on
this outlet temperature. Tout to load

o Outlet flow rate. The flow rate of mixed fluid leaving the tee piece. Flow rate to load.

Diverter
This parameter indicates to the general model that a tempering valve is to be modeled. If the

parameter is set to 4, the entire flow stream will be sent through the first outlet if the inlet temperature
is less than the heat source temperature. If set to 5, the entire flow stream will instead be sent through
the second outlet if the inlet temperature is less than the heat source. Currently set to 4, where the
entire flow stream will be sent to the tank if the city water temperature is less than the heat source

temperature.

e Inputs
o mdDHW - mass flow rate of Domestic hot water use, from Daily Load equation block,
via Load profile block
= value changes every hour
o TCold —inlet temperature, from Daily Load equation block.

=  Temperature set at 12.8C
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o Heat source temperature. Temperature of water exiting the top of the tank to the tee
piece, via tank setting

o Set point temperature. The temperature below which the heat source flow stream is to
be kept at all times. The heat source flow stream temperature will be kept at or below
the set point temperature (if possible) by the diversion of the cooler fluid from the inlet
of the heat source to a mixing component at the exit of the heat source. Set by user in
the Diverter input tab.

e Qutputs

o Temperature at outlet 1. The temperature of the fluid exiting through the first outlet of
the tempering valve. The first outlet temperature is set to the inlet temperature for all
cases. This output is typically hooked up to the temperature of the inlet flow stream to
the heat source. This output goes to the heat source.

o Flowrate at outlet 1. The flow rate of fluid leaving the first outlet of the tempering
valve. This flow rate is typically hooked up to the inlet flow rate of the heat source. The
first outlet flow rate is: mdot,1 = mdot,in*Y

e Where: mdot,1 = this output
e Mdot,in = inlet flow rate
e Y =calculated control signal

o Temperature at outlet 2. The temperature of the fluid exiting through the second outlet
of the flow diverter. The temperature at the second outlet is set to the inlet
temperature for all cases. In most cases, this temperature is hooked up to a mixing valve
component mixing the flow from the 2" outlet of this component and the heat source

exiting flow stream.
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o Flowrate at outlet 2. The flow rate of fluid exiting the tempering valve through the
second outlet. This flow rate is typically hooked up to an inlet flow rate of a mixing valve
component mixing this flow stream the flow stream of exiting heat source fluid. The
flow rate from the second outlet is calculated by: Mdot,2 = (1-Y) * mdot,in

e Where: mdot,2 = flow rate from the second outlet (this output)
e Mdot,in = inlet flow rate
e Y = calculated control signal
o Control function. The calculated fraction of fluid exiting through the first outlet of the
tempering valve. The fraction is defined as:
e Y =mdot,1/ mdot,in
e  Where:
e Mdot,1 = flow rate through outlet 1
e Mdot,in = inlet flow rate

e Y =calculated control signal (this output)

Storage tank
This storage tank model has variable inlets and uniform losses. The thermal performance of a fluid-filled

sensible energy storage tank, subject to thermal stratification, can be modeled by assuming that the
tank consists of N (N<= 100) fully-mixed equal volume segments. The degree of stratification is
determined by the value of N. If N is equal to 1, the storage tank is fully mixed. This instance of Type 4
models a stratified tank having variable inlet positions such that entering fluid may be added to the tank
at a temperature as nearly equal to its own temperature as possible. The node sizes in this instance
need not be equal. Temperature deadband on heater thermostats are available. This instance further
assumes that losses from each tank node are equal and does not compute losses to the gas flue of the

auxiliary heater.
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e Parameters
o Variable inlet positions — the auxiliary storage tank may operate in one of three modes
in determining the inlet positions of the flow streams. Mode 2 (this mode) indicates that
the heat source flow and the cold-side flow enter the tank in the nodes closest in
temperature to the temperature of the respective flows. With a sufficient number of
nodes, this permits a maximum degree of stratification.
o Tank volume —the actual volume of the storage tank (not the nominal value) = 450 liters
~ 120 gallons
o Fluid specific heat — the specific heat of the fluid contained in the storage tank. Using
pure water, where the fluid in the tank is circulated to the solar collector = 4.190 kJ/kg.K
o Fluid density — the density of the fluid contained in the storage tank. Using pure water,
the density = 1000 kg/m3
o Tank loss coefficient per unit area. The default value of 2.5 kJ/hr.m2.K is used
o Height of node-1-4 — the height of the storage tank node in question. The total tank
height will be determined by summing the heights of the nodes.
=  Depth of each node to be 335mm
= Thus, total height of tank to be 1677mm
o Auxiliary heater mode — the auxiliary heater may be operated in one of two modes:
= Master/Slave relation: the lower heating element is only enabled when the
upper heating element is satisfied. In this mode, only one heater may be on at
any instant of time. This is a common design in residential electric hot water
tanks, which is exactly what I’'m trying to mode. Using mode 1 for all

simulations.
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Node containing heating element 1. The node containing the specified auxiliary heating
element. Make sure that the specified node for the heater is between 1 and the total
number of nodes specified. Node 1 is the topmost node in the tank. The auxiliary
heating element is located in node 2.
Node containing the thermostat — 1. The node containing the thermostat for the
specified auxiliary heater. The thermostat is typically either located in the same node as
the heating element or in a node located above the element. Node 1 is the topmost
node in the tank. The thermostat is to be located at node 1.
Set point temperature for element 1. The set point temperature for the specified
heating element. The thermostat will enable the heating element when the
temperature of the fluid in the node containing the thermostat falls below: Tset —Tdb,
and continue to heat the fluid until it reaches the set point temperature. Tset = this
parameter; Tdb = the deadband temperature (next parameter)
= Setpoint temperature is set to 60C. At this temperature Legionella die within 32
minutes.
Deadband for heating element 1. The dead band temperature difference for the
specified heating element.
= Deadband delta Cis 5 °C. The thermostat will enable heating when the
temperature of the water in the thermostat node falls below 55 Deg. C. At this
temperature Legionella die within 5-6 hours.
Maximum heating rate of element 1.
= Setto 16200 kJ/hr (4500W)
Node containing heating element 2 — node 4

Node containing thermostat 2 — node 3
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Inputs

Deadband for heating element 2 - 5°C

Maximum heating rate of element 2 — 16200 kJ/hr (4500W)

Hot-side temperature. This is the temperature of the fluid flowing into the tank from
the heat source. The inlet location for this hot-side fluid is the node closest in
temperature to the temperature of the hot-side flow (variable inlet setting).

= This temperature is from the leaving temperature of the BIPVT.
Hot-side flowrate. This is the flowrate of the fluid into the storage tank from the heat
source. An equal flowrate of fluid leaves the bottom of the storage tank for return to the
heat source.

=  Flowrate from the BIPVT
Cold-side temperature. This is the temperature of the replacement fluid flowing into
the storage tank. This temperature also enters the tank at the node closest in
temperature to the cold-side flow.

= This temperature is from the leaving fluid temperature of the diverter which is

set to the entering temperature of the diverter, which is set to typical city water
temperature of 12.8 °C.

Cold-side flowrate. This is the flowrate of city water entering the tank. An equal
amount of fluid is assumed to flow from the top of the tank to meet the load.

= This flowrate is set at the diverter and is 100 kg/hr (.44 gpm)
Environment temperature. The temperature of the environment in which the storage
tank is located. This temperature is set at 21C (69.8F)
The control signal for heating elements 1 and 2. The available power for the heating

element will be this input multiplied by the maximum power for the element. The
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Where,

control signal for the heating element will be set at 1, because this is a simple on/off

control.
Outputs
o Temperature to heat source. The temperature of the fluid flowing from the bottom of
the storage tank, and returning to the heat source (the bottom node temperature).
=  This temperature is connected to the pump, then to the BIPVT
o Flow rate to heat source. The flow rate of fluid entering the storage tank in the node
closest in temperature and exiting at the bottom of the storage tank to return to the
heat source.
= This flowrate is connected to the pump, then to the BIPVT
o Temperature to load. The temperature of the fluid flowing from the top of the storage
tank to the load (the top node temperature).
= This temperature is connected to the tee piece.
o Flowrate to load. Flowrate of fluid entering the tank at the node closet in temperature
and leaving the tank at the top to meet the load.
= This flow rate is connected to the tee piece.
o Thermallosses. The rate of thermal energy loss to the environment. Includes the vented
energy if a boiling condition is reached.
= Currently not being used
o Energy rate to load. The rate at which energy is removed from the tank to supply the

load. The energy rate to the load is calculated by:

Qload = mload * Cp * (Ttop - Treplace) (4-16)
Q10qa = this output

Mypqq = the DHW load profile
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Ttop = the temperature of the fluid flowing from the top of the storage tank to the load
Trepiace = temperature of the city water, set at 15 Deg C

= This output is sent to the Daily Integrator and is integrated over 24hrs, and to
the simulation integrator, which integrates over the entire length of the
simulation.
Internal energy change. The internal energy change of the tank relative to its initial
condition. This output should not be integrated as it is an energy quantity and not an
energy rate.
= Currently no being used.

Auxiliary heating rate. The average rate at which power was added to the tank by both
auxiliary heaters. This value will be constant because the control signal is 1 at all times.
=  Connected to Plotter 2, the daily integrator, and the simulation integrator.
Element 1 power. The average power supplied to the storage tank over the timestep by

the first heating element specified in the parameter list.
= Currently not being used
Element 2 power.
= Currently not being used
Energy rate from heat source. The rate of energy transfer from the heat source to the

storage tank. The rate is calculated from:

Qin = Msource * Cp * (Thot — Tto source) (4.17)
Mgource = to the pump flowrate
Thot = temperature of the fluid leaving the BIPVT and entering the tank
Tto source = the bottom tank node temperature

= Connected to the daily integrator and the simulation integrator.
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o Average tank temperature. The average temperature of the fluid in the storage tank
over the timestep.
= Currently not being used.
o Temperature of nodes 2-4.
= Connected to Plotter 2
e Derivative Tab. The initial temperatures of all nodes are set here. The tank is assumed to be
stratified at the beginning of the simulation
o Initial temperature of node-1 = 60C
o Node-2 =50C
o Node-3=40C
o Node-4=30C

o Node-5=20C

ON/OFF Differential Controller

This controller is for control of the pump. The on/off differential controller generates a control function
which can have a value of 1 or 0. The value of the control signal is chosen as a function of the difference
between upper and lower temperatures Th and Tl, compared with two deadband temperature
differences DTh and DTI. The new value of the control function depends on the value of the input
control function at the previous timestep. The controller is normally used with an input control signal
connected to the output control signal, providing a hysteresis effect. However, control signals from
different components may be used as the input control signal for this component if a more detailed

form of hysteresis is desired.

For safety considerations, a high limit cut-out is included with this controller. Regardless of the

deadband conditions, the control function will be set to zero if the high limit condition is exceeded. This
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controller is not restricted to sensing temperature, even though temperature notation is used. This

controller instance uses unit descriptions of °C so that it is readily usable as a thermostatic differential

controller.

e Inputs

O

Upper input temperature Th. The temperature difference that will be compared to the
dead bands is Th minus TI.
= This temperature is the BIPVT outlet temperature
Lower input temperature TI.
= This temperature is the tank bottom node temperature
Monitoring temperature Tin. Temperature to monitor for hi-limit cut-out checking. The
controller signal will be set to OFF if this Input exceeds the high limit cut-out
temperature. The controller will remain OFF until this input falls below the high limit
cut-out
= This is tank top node temperature (the temperature of the fluid leaving the tank
to the load).
Input control function. The input control function is used to promote controller stability
by the use of hysteresis. The control decision will be based on the deadband conditions
and controller state at the previous time step (this input)
= This is connected to the controllers output control function
Upper dead band dT
= Setting this delta T to 5°C. At a 5 degree difference between Inputs 1 and 2 the
pump will start

Lower dead band dT
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= Setting this delta T to 0°C. The pump will stop running when the collectors no
longer produce any useful gain.
e Qutputs

o Output control function. The output control function may be ON (=1) or OFF (=0).

The Pump

This pump model computes a flow rate using a variable control function, which must have a value
between 1 and 0, and a fixed maximum flow capacity. For this simulation, the control signal is either 1
or 0, as determined by the ON/OFF differential controller. Pump power may be calculated, either as a
linear function of mass flow rate or by a user defined relationship between mass flow rate and power

consumption. A user-specified portion of the pump power is converted to fluid thermal energy.

e Parameters
o Maximum flow rate. The outlet flow rate is simply the maximum flow rate multiplied by
the inlet control signal.
= All modules will be plumbed in parallel. Thus maxflow rate will be the desired
flow per module, times the number of modules.
o Fluid specific heat = 4.19 ki/kg K
o Maximum power.
= Assuming a 1/6 Horsepower (447 ki/hr)
o Conversion coefficient. The fraction of pump power that is converted to fluid thermal
energy.
= leaving as default value of 0.05.

o Power coefficient.
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= This parameter is set to 1, such that the power consumed is always the
maximum power (constant speed pump).
e Inputs
o Inlet fluid temperature
= Fqual to the tank bottom node temperature.
o Inlet mass flow rate. Simply for visualization purposes
o Control signal.
= FEither a 1 or 0 from the Differential controller.
e Qutputs
o Outlet fluid temperature. This value is slightly greater than the inlet fluid temperature
due to the fraction of pump power that is converted to fluid thermal energy.
= This temperature is connected to the BIPVT fluid inlet temperature
o Outlet flow rate. This flow rate always the maximum flow rate specified in the
parameters. This is a constant speed pump with a control signal of either 0 or 1.
o Power consumption. This is the calculated value as specified in the parameter tab’s

power coefficient options.

The Load Profile

In a transient simulation, it is sometimes convenient to employ a time dependent forcing function which
has a behavior characterized by a repeating pattern. The pattern of the forcing function is established by
a set of discrete data points indicating the value of the function at various times throughout one cycle.
Linear interpolation is provided in order to generate a continuous forcing function from the discrete
data. The cycle will repeat every N hours where N is the last value of time specified. While the code of
Type 14 is entirely general, this version of the component uses units of kg/hr so as to be more useful for

creating water draw forcing functions.
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e Parameters. The following table is abstracted from ASHRAE 90.2, Table 8-4, Daily Domestic Hot

Water Load Profile.

Table 24. This table is abstracted from ASHRAE 90.2, and is the Daily Domestic Hot Water Load Profile.

TABLE 8-4
Daily Domestic Hot Water Load Profile
Time of Day
MID -1 am. 0.0085
1-2am. 0.0085
2-3am 0.0085
j-4am 0.0085
4-5am 0.0085
5-6am. 0.0100
6-7am. 0.0750
7-8am 0.0750
8-9am. 0.0650
9-10am 0.0650
10-11am. 0.0650
11 - NOON 0.0460
12-13pm 0.0460
13-14ph 0.0370
14-15pm 0.0370
15- 16 pm 0.0370
16- 17 p.m 0.0370
17- 18 pm 0.0630
18-19pm 0.0630
19-20p.m 0.0630
20-21pm 0.0630
21-2pm 0.0510
22-23pm 0.0510
23 - MID 0.0085
Note: These hourly values include a large diversity factor and
should not be used to caleulate peak loads for equipment sizing.

Table 25. This table is the parameter inputs for the TRNSYS forcing function load profile component.

Time (hr) Water Draw
(kg/hr)
0 0.0085
5 0.0085
6 0.01
6 .075
8 0.075
8 0.065
11 .065
11 .046
13 0.046
13 0.037
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17 0.037
17 .063

21 0.063
21 0.051
23 0.051
23 0.0085
24 0.0085

e Noinputs
e Qutputs
o Average water draw. The average values of the water draw function over the timestep.
= This flow rate is sent to the Daily Load equation.
o Instantaneous water draw. The instantaneous values of the water draw function
occurring at the end of the timestep.
=  Currently not being used

Daily Load equation block

This block is used to convert the DHW profile into a kg/hr rate.

e The DHW profile is multiplied by an average 4-person household daily hot water consumption of
375 kg/day.

e The temperature of the city water entering the tank is set at 12.8 Deg C (55F)

Daily Integration
This component integrates a series of quantities over a period of time. Each quantity integrator can have
up to, but no more than 500 inputs. Type 24 is able to reset periodically throughout the simulation

either after a specified number of hours or after each month of the year.

e Parameters
o Integration period. The time interval over which the inputs are to be investigated. The
outputs are reset to zero after each reset time interval.
=  For the daily integration, this value is set to 24 hrs

o Absolute start time.
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= Setting of O: integrate at time intervals relative to the simulation start time.
e |nputs/outputs
o Total radiation on tilted surface, out to Daily Results file and efficiency calculator.
o Energy rate from heat source, out to Daily Results file and efficiency calculator.
o Energy rate to load, out to Daily Results file and efficiency calculator.

o Auxiliary heating rate, out to daily Results file and efficiency calculator.

Simulation integration

Same as Daily integration, except that the integration period is for the entire simulation period (“STOP”).

Efficiencies calculation Block
This equation block does exactly what it says; it calculates various efficiencies.
e Inputs
o IColl_d - Total radiation on the tilted surface (daily)
o QuColl_d - Energy from the BIPVT (daily)
o QDHW_d - DHW energy used (daily)
o QAux_d - Auxiliary energy used (daily)
o IColl — Total radiation on the tilted surface (annually)
o QuColl - Energy from the BIPVT (annually)
o QDHW —DHW energy used (annually)
o QAux - auxiliary energy used (annually)
e Qutputs

o EtaColl_d. efficiency of the collector (daily)

Quseful,collector,daily

Ncollector,daily = 2 (4.18)

collector * Icollector,daily

o FSol_d. The fraction of useful solar energy used to meet the DHW load (daily)
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Qauxiliary,daily
Fsolar,daily = 1- < — (4.19)
QDHW,daily
o EtaColl. The efficiency of the collector (annually)
Quseful,collector,yearly
Ncollector,yearly = A (4.20)

collector * Icollector,yearly

o FSol_d. The fraction of useful solar energy used to meet the DHW load (annually)

(4.21)

_ Qauxiliary,yearly
Fsolar,yearly = 1- QDHW yearly
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