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ABSTRACT
Energy consumption and emission concerns have come to the forefront of political
and public attention. The adoption of building energy standards such as ASHRAE
Standard 90.1 have helped guide the building industry by setting increasingly stringent
building energy performance requirements. In order to meet these ever increasing energy
standards, research and development of energy efficient technologies have become a
priority. One of these is the unglazed transpired solar collector (UTSC) which is
particularly useful in sunny, cold climates such as Bozeman, Montana. This research
intends to bridge the gap between theoretical models and field studies by comparing an
accepted UTSC model within a commercially available energy modeling software –
EnergyPlus – to experimental data collected at Jabs Hall in Bozeman, Montana. An
energy model was created to represent a UTSC and its associated building in a
commercially available software. Weather and operating data for the UTSC was collected
on site. The collected weather data was used to create a custom input weather file for the
energy model. The collected operational data was used to characterize the UTSC
performance and compare to the energy model results. Limitations for both the energy
and data acquisition make it difficult for the results to be compared directly. However,
conclusions were drawn about UTSC integration into building systems.
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INTRODUCTION

The U.S. Energy Information Administration (EIA) provides independent energy
statistics and analysis to the public. Figure 1 is the EIA’s energy flow analysis for the
United States in 2014, illustrating the distribution of an energy source to the sectors in
which the energy was consumed. Buildings, consisting of both residential and
commercial sectors, contributed to 41% of the United States’ energy consumption in
2014. The EIA predicts that worldwide energy consumption will increase 56% between
2010 and 2040 [1].

41%

Figure 1: U.S. Energy Flow in 2014, U.S. Energy Information Administration. [2] Noted
that residentail and commerical building contribute to 41% of the U.S. energy
consumption.

2
Energy Standards

The American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) has developed an energy standard for commercial buildings called
ANSI/ASHRAE/IES Standard 90.1: Energy Standard for Buildings Except Low-Rise
Residential Buildings (ASHRAE Standard 90.1). ASHRAE Standard 90.1 is continuously
updated via addenda and new versions are released every three years. The International
Energy Conservation Code is another commonly adopted energy code that also has a
three year cycle. Each release of an energy code continues to push the envelope in terms
of energy efficiency and reduces the standard Energy Use Intensity (EUI) for a
commercial building. EUI is a way to compare energy consumption of a building to
others and is simply the total energy consumed by a building in a year divided by the
building’s total area. For instance, ASHRAE Standard 90.1-2007 created a 4.5%
reduction from 90.1-2004, 90.1-2010 created an 18.5% reduction from 90.1-2007, and
90.1-2013 created a 6-8% reduction from 90.1-2010 in EUI for commercial buildings [3].
There was a 29-31% reduction in energy consumption for new buildings in nine years
from ASHRAE Standard 90.1-2004 to 90.1-2013.
There has also been political response to concerns about rising greenhouse gas
(GHG) emissions. According to the White House Press Secretary in March of 2015, the
United States is targeting to reduce GHG emissions by 26-28% from 2005 levels by 2025
[4]. The U.S. president’s Climate Action Plan [5] lays out key points on helping the
country move towards sustainable energy and minimizing the effects of anthropogenic
climate change by detailing possible avenues that could be improved. One avenue is
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expanding the Better Building Challenge in which commercial and industrial buildings
are to be 20% more efficient by 2020 [6]. These national energy efficiency goals set the
tone, leading to increased use and adoption of energy codes at the state and municipal
level. Figure 2 outlines the status of state adoption of energy codes as of August 2015.

Figure 2: Status of State Energy Code Adoption. [7]

Unglazed Transpired Solar Collector Basics

In order to meet these ever increasing energy standards, research and development
of energy efficient technologies and measures have become a priority. One of these is the
unglazed transpired solar collector (UTSC). The basic principle of an UTSC is to use
solar radiation to passively preheat outside air for a building’s fresh air requirement.
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Dark-colored, perforated sheet metal – which will be referred to as the UTSC surface – is
installed offset of the south façade of a building, creating an air cavity between the sheet
metal and building. The UTSC surface absorbs the solar radiation and heats up. To
maximized solar absorptivity, the UTSC would be black but can be other dark colors to
accommodate the architectural aesthetics of the building. There is an intake duct
connecting the air cavity to the building’s ventilation system. As seen in Figure 3,
outdoor air is slowly drawn through the UTSC surface, absorbing thermal energy, and
travels through the cavity to the inlet duct to the building’s ventilation system. It should
be noted that the UTSC requires a fan to draw air out of the cavity. However, typically
the ventilation system fan is sufficient. Therefore, no extra energy is required to use a
UTSC, yielding it a passive system.

Figure 3: Schematic of a UTSC. [8]
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UTSCs provide many benefits to a building and its occupants in cold climates. A
UTSC can increase the overall energy efficiency of a building’s mechanical system by
passively preheating intake air on cold days, reduce emission pollution due to less
electrical or fuel consumption, and reduced maintenance expenses over the lifetime of the
system. Utilizing intake air preheating yields lower demand on the building’s mechanical
system and reduces operation costs. A less apparent benefit is the potential to bring
additional outdoor air into a building due to the reduced energy cost to heat intake air,
increasing the indoor air quality for building occupants. In cold climates conditioning
outdoor air is energy intensive; air handling units (AHU’s) typically recirculate indoor air
to reduce this energy impact. Recirculated air, or commonly referred to as return air, is
mixed with a smaller amount of fresh outdoor air. Even though this helps reduce energy
consumption, it can have a negative impact on occupant health via increased levels of
carbon dioxide and volatile organic compounds in the building. Increased levels of these
contaminates decreases occupant comfort and productivity and in extreme cases can lead
to what is known as sick building syndrome in which occupants of a building have acute
health and comfort effects related to time spent in the building. The Harvard T.H. Chan
School of Public Health released a study in October 2015 linking increased ventilation
rates and decreased indoor air pollutants with higher cognitive function. In this study
occupants working in buildings with enhanced ventilation rates saw 100-300% increase
in cognitive function in the domains of crisis response, strategy and information usage.
[9] By using air intake preheating the energy demand to heat outdoor air to a comfortable
level is lowered, potentially allowing for more outdoor air intake into a building.
Increasing the amount of fresh outdoor air results in improved indoor air quality for
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building occupants. With a UTSC preheating outdoor air, it becomes less intensive to
condition the air and potentially more could be brought into the building.

Energy Modeling

Computer aided building energy modeling is a powerful design resource. Building
energy models are used for evaluation of design decisions, code compliance
documentation and more recently for the LEED certification process to compare a design
to a code minimum. The United States Green Building Council (USGBC) developed the
Leadership in Energy & Environmental Design (LEED) program. LEED is a building
certification program that provides metrics to rate energy efficiency and sustainability
features of buildings compared to industry standards. One of the metrics in the Energy
and Atmosphere category requires an energy model to compare the building design to
code minimums outlined by ASHRAE Standard 90.1. The energy model requirement in
LEED has increased the use of energy models not only for performance verification of a
building but also to inform designers by evaluating options throughout the design
process.

History and Evolution of Energy Modeling Tools
The International Building Performance Simulation Association – USA Affiliate
(IBPSA – USA) has an overview of the history of building energy modeling in the
Building Energy Modeling Body of Knowledge (BEMBook) and some of the key points
are outlined below. In the 1970s, both the US Department of Defense (DOD) and the US
Department of Energy (DOE) began funding the development of energy modeling
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software. The DOD funded the development of Building Loads Analysis and System
Thermodynamics (BLAST) program and the DOE funded the development of the
simulation tool called DOE-2. [10] Due to the outdated FORTRAN structures, both
BLAST and DOE-2 are limited in today’s use. [11]
The 1990s brought advancements in computer capabilities and speed, which
allowed for improved simulation tools. James J. Hirsch & Associates in collaboration
with Lawrence Berkeley National Laboratory (LBNL) and funding from the DOE
developed a program that is still used today called the Quick Energy Simulation Tool
(eQuest). EQuest, a freeware, utilizes an enhanced version of the DOE-2 as the platform.
It integrates wizards and graphics to make building creation, the assessment of energy
efficiency measures and reporting of results easier and clearer than previous programs.
Around this same time the DOE was developing a new program called EnergyPlus.
Elements from both BLAST and DOE-2 were incorporated into EnergyPlus; however
there was a substantial change to the framework, making it more modular. This made it
easier to update the program and expand its functionality. EnergyPlus is a simulation
engine and does not include a graphical user interface (GUI). This has limited its use in
industry but is still a valuable tool used by researchers. [10]
In 2009, a new GUI for EnergyPlus was developed by National Renewable
Energy Laboratory (NREL) in collaboration with Argonne National Laboratory (ANL),
Oak Ridge National Laboratory (ORNL), Pacific Northwest National Laboratory (PNNL)
and LBNL. This new GUI known as OpenStudio® is written in the Ruby programming
language. There is an OpenStudio® plug-in for SketchUp, a 3D modeling software, which
allows the building geometry to be quickly drawn. Space types and construction sets can
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be applied to the drawn spaces in either the SketchUp plug-in or OpenStudio® itself. The
ability to use computer aided drafting as opposed to manually inputting surface
dimensions is ideal for rapid parametric analysis and testing the effect of building
geometry on the overall energy performance. OpenStudio® is still a relatively new
program and not all the functionality and building elements of EnergyPlus are
incorporated, including the UTSC. However, this continues to improve with every
release, incorporating new features and building objects.

Jabs Hall

In October of 2011, Montana State University alumnus Jake Jabs donated 25
million dollars to the College of Business. Part of this donation was used to build Jabs
Hall, the new home of the Jake Jabs College of Business & Entrepreneurship. The
building construction was completed in 2015 and the grand opening ceremony was May
7th, 2015. The entire building is 4722 m2 (50,830 ft2) and split across four floors it has
classrooms on the south side, offices on the north side, a large open lobby, a café on the
first floor, and tables and couches peppered throughout for studying. Jabs Hall received
LEED Gold certification and has many energy efficient and sustainable features. One of
the features is the UTSC on the south wall of the rooftop mechanical penthouse. Figure 4
is a photo of the south side of Jabs Hall. The UTSC is the black surface on the top floor
and is used for the research discussed in this document.
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UTSC

Figure 4: View of the south side of Jabs Hall. UTSC is highlighted in above image.

Bozeman, MT Weather Overview
Montana State University (MSU) and Jabs Hall – the location of this research –
are located in Bozeman, Montana. Bozeman’s climate usually consists of a short mild
summer and a long cold winter. There are many sunny days in Bozeman year long. This
primarily heating driven climate along with a large amount of solar energy exposure
makes Bozeman an ideal location for UTSC. There is a weather station on the top of
Cobleigh Hall which has a significant archive of weather data. A year of weather data
from September 25, 2014 to September 24, 2015 was used from the Cobleigh Hall
weather station archive to create weather bin sets for temperature, wind speed, wind
direction and solar radiation. [12] Due to the configuration of the HVAC system at Jabs
Hall, which will be discussed later, the temperature must be below 12.8°C (55°F) in order
to have the possibility of utilizing the UTSC. Figure 5 is the hourly temperature at
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Cobleigh Hall for an entire year. The temperatures are broken up into bins for every
20°F.

Figure 5: Hourly binned temperature data at Cobleigh Hall in Bozeman, MT.

Solar radiation typically ranges from 0 − 1000
is complete darkness and 1000

𝑊
𝑚2
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𝐵𝑡𝑢
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𝑊
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𝑊
𝑚2
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𝐵𝑡𝑢
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)

) is a sunny day with no solar obstructions

such as clouds. Figure 6 shows binned solar radiation data for a year at Cobleigh Hall, not
including night hours or 0

𝑊
𝑚2

(0

𝐵𝑡𝑢
ℎ∙𝑓𝑡 2
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Figure 6: Hourly binned solar radiation data, not including zero values, at Cobleigh Hall
in Bozeman, MT.
Figure 7 is a wind rose for Cobleigh Hall and includes both wind speed and direction on
one graphic. The wind rose shows the frequency, in percentage, that the wind speed falls
in a certain range for that particular direction. The wind speeds are grouped into bins of 1
m/s (2.2 mph) and wind direction is grouped into bins of 10 degrees where zero degrees
is northern winds. From all of these charts it is clear to see that the weather in Bozeman,
MT is ideal for a UTSC; there are many cold and sunny days in the year. There are also
occasional high wind speeds which is of interest for validation of the UTSC model.
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Figure 7: Wind Rose for Cobleigh Hall in Bozeman, MT.

Purpose

The US DOE released a Federal Technology Alert about UTSC in 1998. A
statement was made about implementation barriers in which UTSC and other solar
technologies have been stigmatized after many poorly designed and performing systems
were installed during the expansion of the solar market in the 1970s. [8] Since then, there
have been many field studies and models developed for UTSC. This research intends to
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bridge the gap between theoretical models and field studies by comparing an accepted
UTSC model within an energy modeling software – EnergyPlus – to experimental data
collected at Jabs Hall in Bozeman, Montana. This thesis will:
1) Overview fundamental information about UTSC found in literature, including
models and previous field studies, and how these are applied into current building
energy modeling software.
2) Highlight the UTSC studied at MSU and the data acquisition scheme.
3) Review the EnergyPlus model of the experimental UTSC and building.
4) Detail the experimental results – including raw data collected, effectiveness
calculations and thermography studies – and the simulated results from the
EnergyPlus model.
5) Compare the collected and modeled data and draw conclusions from this.
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BACKGROUND

Over the past quarter century, dozens of peer reviewed journal articles have been
published relating to UTSC. They include mathematical models coupled with small scale
experiments, field studies, computational fluid dynamics models and parametric studies.
All of these have a slightly different approach to the problem and draw conclusions on
the performance of UTSC. Shukla et al. [13] provides an overview of these journal
articles as of 2012, summarizing the approach taken and findings. For the purposes of this
paper, the background section will focus on two of these mathematical models that are
tied to small scale experiments – Kutscher [14] and Van Decker et al. [15] – and how
these mathematical models are incorporated into an energy modeling program called
EnergyPlus.

Kutscher [14]

Kutscher studied the convective heat transfer effectiveness, or heat exchange
effectiveness, of unglazed transpired solar collectors. The heat exchange effectiveness is
the heat transferred to the air over the maximum possible heat transfer, which is when the
air is the same temperature as the UTSC plate surface. This relationship is shown in
Equation (1) where ϵHX is the heat exchange effectiveness, To is the outlet air
temperature, Tamb is the ambient air temperature and Ts is the surface temperature of the
UTSC.
ϵ𝐻𝑋 =

𝑇𝑜 −𝑇𝑎𝑚𝑏
𝑇𝑠 −𝑇𝑎𝑚𝑏

(1)
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Kutscher experimentally derived a correlation for the Nusselt number for air flow through
an UTSC. This correlation can be used to predict heat exchange effectiveness of an
UTSC within ±9%.
In the Kutscher small scale experiment 0.3 m x 0.5 m x 0.0008 m (11.8 in x 19.7
in x 0.03125 in) perforated aluminum plates were tested. Due to the experimental set up,
suction flow rates, cross flow (wind) velocities and radiation could be controlled. Due to
how thin the test plates were, the surface temperature of the plates were constant or
isothermal throughout the experiment. Plate porosity was varied with values ranging from
0.1% to 5%. A dimensionless term σ was defined to express porosity in later
experimentally derived correlations. Equation (2) defines the dimensionless porosity term
σ where A is the plate surface excluding the holes and A’ is the total plate area including
the holes.
𝐴
=1−𝜎
𝐴′

(2)

All test plates had holes in a triangular layout. The suction flow rates varied from 0.02 −
0.07

𝑘𝑔
𝑚2 ∙𝑠

(3.7 − 13.3

𝑓𝑡
𝑚𝑖𝑛

at typical operating condition in Bozeman, MT) and

crosswind speeds ranged from 0 to 4 m/s (0 to 9 mph). For each test condition, the
ambient, surface, and outlet temperatures were directly measured and the effectiveness
were calculated using Equation (1).
The Nusselt number (Nu) is a dimensionless quantity describing the ratio of
convective to conductive heat transfer across a boundary and is calculated by the heat
transfer coefficient multiplied by an appropriate length term divided by the thermal
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conductivity, Equation (3). In this case the length term is D, the hole diameter, and k is
the thermal conductivity of the air.
𝑁𝑢𝐷 =

𝑈𝐷
𝑘

(3)

The experimentally derived correlation for the Nusselt number – Equation (4) – takes into
account the physical properties of the UTSC and conditions experienced. This includes
hole pitch (P), hole diameter (D), porosity (σ), wind speed (U∞) average suction velocity
across the front of the plate (V), and Reynolds number (Re) through the holes – Equation
(5) where Vh is the air velocity through the holes and ν is the kinematic viscosity of the
air. As previously stated this Nusselt number correlation can be used to predict the heat
exchange values within ±9% for porosities of 0.1-5% and Reynolds numbers of 1002000.
𝑃 −1.2
𝑈∞ 0.48
0.43
𝑁𝑢𝐷 = 2.75 [( )
− 𝑅𝑒𝐷 + 0.011𝜎𝑅𝑒𝐷 ( ) ]
𝐷
𝑉
𝑅𝑒𝐷 =

𝑉ℎ 𝐷
𝜈

(4)
(5)

Then the heat transfer coefficient U was determined in the Nusselt number definition
previously shown in Equation (3). Once U is solved for, the heat exchange effectiveness
can be determined from the relationship expressed in Equation (6) where Cp is the
specific heat capacity of the air and ṁ is the mass flow rate of the air.
ϵ𝐻𝑋 = 1 − 𝑒

𝑈𝐴
−
ṁ𝐶𝑝

(6)

Overall, the experiment revealed that the heat exchange effectiveness improved with
increasing wind speed and decreasing suction flow rates, hole pitch and hole diameter.
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Van Decker et al. [15]

Van Decker et al. introduced a new model to predict effectiveness that breaks it
down into three heat transfer contributions from the front of the plate, through the holes,
and the back of the plate. Similarly to Kutscher, the correlation created was fit to
experimental data. However, unlike Kutscher – who created a correlation for the Nusselt
number that then could be related to heat exchange effectiveness – Van Decker et al.
created a correlation for effectiveness directly.
The experiment tested various plates in a controlled environment. All test plates
were of the dimensions 0.6 m x 0.6 m (23.6 in x 23.6 in) with varying thickness and
materials. Aluminum, stainless steel, and PVC plates were tested with square hole
layouts. One aluminum plate had a triangular hole layout and was identical to one of the
plates tested in Kutscher so the results from both studies could be compared. The test
apparatus allowed for radiation, suction velocity and wind speed to be controlled. The
wind velocity was varied from 0 to 5.0 m/s (0 - 11.2 mph) and the suction velocity from
0.028 to 0.083 m/s (5.5 – 16.3 ft/min). 50 thermocouples were fixed to the test plates so
the average plate temperature could be determined.
Results from the tests indicate that effectiveness increased with decreasing suction
velocity, hole pitch, and hole diameter and effectiveness also improved with increasing
plate thickness. Hole pitch and suction speed had the largest effect on effectiveness while
thermal conductivity of the plate had the smallest effect on effectiveness. When
comparing the parameters that were also tested by Kutscher, the findings were consistent.
The isothermal behavior of the plates was also tested. The largest temperature variation
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occurred in the PVC plate of ± 2.5°C (4.5°F). In the metallic plates, the temperature
variation was negligible. Two plates had identical characteristics except for their hole
layout. It was determined that the triangular hole layout performed slightly better than the
square hole layout and that a pitch scaling factor of 1.6 could be applied to the Kutscher
correlation to accommodate a square hole layout. It was also concluded that the largest
variation between the Kutscher correlation and this experimental data was due to plate
thickness. From this it was determined that a new correlation for effectiveness was
required that accommodates more UTSC characteristics and accounts for the heat transfer
mechanisms in the front of the plate, through the holes, and on the back of the plate.
The effectiveness correlation developed assumed that all the plates were
isothermal but there was discussion on how to account for non-isothermal plates.
Radiation heat transfer coefficients are non-linearly related to surface and ambient
temperatures however, a common assumption over small delta temperature ranges – such
as 10°C to 30°C (18°F to 54°F) – is to treat the radiant heat transfer coefficient constant.
Once this is assumed it can be shown that the surface temperature is a function of the
point surface temperatures as shown in Equation (7) where Tp is the average plate surface
temperature, T’p is the temperature at a point of the plate of the Arep or the surface area
representative of the plate.
𝑇𝑝 = ∬ 𝑇′𝑝 (𝑥, 𝑦)𝑑𝐴

(7)

𝐴𝑟𝑒𝑝

In this effectiveness correlation the heat transfer contribution is broken down into three
parts: front of the plate, the holes, and back of the plate. An effectiveness value
correlation was developed for each separately and then combined into one.
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The heat transfer mechanism at the back of the plate is described as a jet that
breaks into eddies, or separated flow. For separated flow it can be shown that the
effectiveness is correlated to the Stanton number and then to the Reynolds number. This
was based on the assumptions that there is no external wind or that the wind would have
little impact on the heat transfer characteristics for two reasons. First, that the downward
momentum of the wind experienced by the jet through the hole would be small. Second,
that expected wind speeds would be smaller or similar to that experienced in the hole.
The heat transfer mechanism on the front of the plate was related to two Reynolds
numbers, based on the wind speed and suction velocity. This relationship, correlated well
with windy conditions, but yielded an effectiveness value of zero in conditions without
wind. So a correlation from Arulanandum et al. [16] – a previous CFD model of
transpired solar collectors at zero wind conditions – was used for the zero wind condition
and a maximum function is used to insure that one of the two relations is used in the
effectiveness calculation.
For the heat transfer mechanism through the hole, laminar flow is assumed
because the experimental Reynolds numbers at this location were found to be less than
2000. Developing flow in a cylinder yields an effectiveness relationship. However, this
relationship did not correlate as well as expected because the air temperature entering the
hole was non-uniform. A parameter relating the geometry of the hole was added to
improve the fit of the data.
Combining these three terms and performing a global fit of the effectiveness
correlation yielded in Equation (8) where P is the hole pitch, D is the hole diameter, t is
the thickness and the Reynolds numbers represented by Equation (9) through Equation

20
(12). In these Reynolds numbers relationships Vs is the suction velocity, Uw is the wind
speed, ν is the kinematic viscosity, P is the hole pitch, D is the hole diameter and σ is the
porosity.
−1/2

ϵ = [1 − (1 + 𝑅𝑒𝑠 𝑚𝑎𝑥[1.733𝑅𝑒𝑤

−1

, 0.02136]) ]
1/2 −1

× [1 − (1 + 0.2273𝑅𝑒𝑏 ) ]
× 𝑒𝑥𝑝 (−0.01895

(8)

𝑃 20.62 𝑡
−
)
𝐷
𝑅𝑒ℎ 𝐷

𝑅𝑒𝑠 =

𝑉𝑠 𝑃
𝜈

(9)

𝑅𝑒𝑤 =

𝑈𝑤 𝑃
𝜈

(10)

𝑅𝑒𝑏 =

𝑉𝑠 𝑃
𝜈𝜎

(11)

𝑅𝑒ℎ =

𝑉𝑠 𝐷
𝜈𝜎

(12)

The effectiveness formulation expressed in Equation (8) when compared directly
to that of Kutscher had excellent agreement. It was concluded that 62% of the air
temperature gain occurred at the front of the plate, 28% occurred in the holes and 10%
occurred at the back of the plate. Experimental data validates the model over the
following parameters: suction velocity from 0.028 to 0.083 m/s (0 – 5.5 fpm), wind speed
from 0 to 5 m/s (0 – 11.2 mph), hole pitch from 7 to 24 mm (0.28 – 0.95 in), hole
diameter 0.8 to 3.6 mm (0.032 – 0.14 in), plate thickness from 0.6 to 6.5 mm (0.024 –
0.26 in) and thermal conductivities ranging from 15 − 200

𝑊
𝑚∙𝐾

(0.087 − 120

𝐵𝑡𝑢
ℎ∙𝑓𝑡∙°𝐹

).

21
EnergyPlus Model of UTSC [17]

There is a UTSC model component in EnergyPlus that is not yet available in
OpenStudio. The UTSC model impacts both the envelope of the building and the HVAC
air loop in the energy model as it is attached on the outside of the specified heat transfer
surface (building wall) and is connected to the outdoor air path. Simply put, the UTSC
component determines how much to increase the outdoor air temp entering the building’s
air loop and modifies the heat transfer through the building at that location. There are two
conditions in which the UTSC operates, the first is when it is “off” or is “bypassed” and
the second is when it is “on” or is “active”. In bypass mode, there is no air forced through
the UTSC, acting as a radiation and convection baffle. In active mode, there is an
assumed uniform suction velocity across the UTSC. The heat exchange effectiveness of
the UTSC is used to determine the air temperature leaving the UTSC. There are two
correlations that EnergyPlus uses to determine the USTC heat exchanger effectiveness,
the Kutcher Correlation (1994) and the VanDecker et al. Correlation (2001). Both
correlations were detailed earlier in the chapter, however the EnergyPlus nomenclature
and how EnergyPlus uses the correlations are outlined below.

EnergyPlus Nomenclature
A

Area, UTSC (m2)

cp

Specific heat, air, constant pressure (J/kg K)

D

Hole diameter (m)

Isc

Incident solar radiation, total (W/m2)

k

Thermal conductivity, air (W/m K)
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ṁ

Suction mass flow rate, air (kg/s)

P

Pitch or distance between holes (m)

t

UTSC thickness (m)

Ta,HX

Temperature, air, leaving the UTSC, entering the plenum (°C)

Tamb

Temperature, air, ambient (°C)

Ta,plen

Temperature, air, leaving the plenum, entering the outdoor air system (°C)

Ts,coll

Temperature, UTSC (°C)

U

Overall heat transfer coefficient (W/m2 K)

U∞

Velocity, wind (m/s)

Vh

Velocity, air, through the holes (m/s)

Vs

Velocity, air, average suction across UTSC (m/s)

ϵHX

Heat exchange effectiveness (decimal format)

ν

Kinematic velocity, air (m2/s)

σ

Porosity, area fraction of the holes (dimensionless)

η

Efficiency (decimal format)

Reynolds Numbers
There are four Reynolds Number formulations that EnergyPlus uses when
determining the effectiveness of a UTSC: the Kutcher Correlation uses one and the Van
Decker et al. Correlation uses all four. The Reynolds number shown in Equation (13) is
used in both the Kutcher Correlation and Van Decker et al. Correlation. It is related to the
air flow through the holes.
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𝑅𝑒𝐷 =

𝑉ℎ 𝐷
𝜈

(13)

The Reynolds number based on the suction velocity shown in Equation (14) and the
Reynolds number based on wind velocity in Equation (15) are used when determining the
heat transfer for the front of the plate in the Van Decker et al. Correlation.
𝑅𝑒𝑠 =

𝑉𝑠 𝑃
𝜈

(14)

𝑅𝑒𝑤 =

𝑈∞ 𝑃
𝜈

(15)

A Reynolds number based on the hole velocity – Equation (16) – is used when
determining the heat transfer behind the plate in the Van Decker et al. Correlation.
𝑅𝑒𝑏 =

𝑉ℎ 𝑃
𝜈

(16)

Kutcher Correlation
The Kutcher Correlation takes into account the heat transfer due to the outside air
on the front of the UTSC, the air as it passes through the holes, and the air as it interacts
with the back of the UTSC. This is determined using only a single Reynolds number
which is based on the diameter of the holes and the velocity of the air passing through the
holes. It can be seen that this correlation, Equation (17), depends on the above discussed
Reynolds number, hole pitch, hole diameter, porosity, wind, and velocity through the
holes. Porosity is the dimensionless area fraction of the holes as previously defined in
Equation (2).
𝑃 −1.2 0.43
𝑈∞ 0.48
𝑁𝑢𝐷 = 2.75 [( )
𝑅𝑒𝐷 + 0.011𝜎𝑅𝑒𝐷 ( ) ]
𝐷
𝑉ℎ

(17)
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The Nusselt number is then related to the overall heat transfer coefficient as seen in
Equation (18). Once the overall heat transfer coefficient is known, the heat exchange
effectiveness can then be determined using Equation (19).
𝑁𝑢𝐷 =

𝑈𝐷
𝑘

ϵ𝐻𝑋 = 1 − 𝑒

(18)

𝑈𝐴
−
ṁ𝐶𝑝

(19)

The same limitations discussed in the Kutscher (1994) section of this chapter apply to this
model. One limitation has since been addressed. The Kutscher Correlation was developed
for triangular hole configuration, however based on the results from Van Decker et al.
(2001), P can be scaled in EnergyPlus to allowed for a square hole configuration. This
scaling factor is 1.6.

Van Decker et al. Correlation
As discussed in the Van Decker et al. (2001) the Van Decker et al. Correlation
extends the Kutscher Correlation to include a wider range of UTSC parameters. Square
hole configuration and UTSC thickness are two of these. Equation (20) is the heat
exchange effectiveness.
−1/2

ϵ𝐻𝑋 = [1 − (1 + 𝑅𝑒𝑠 𝑀𝑎𝑥(1.733𝑅𝑒𝑤
× [1 − (1 +

−1

, 0.02136) )]

1/2 −1
0.2273𝑅𝑒𝑏 ) ]

×

𝑃 20.62 𝑡
(−0.01895𝐷− 𝑅𝑒 𝐷)
𝐷
𝑒

(20)
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Heat Exchanger Leaving Temperature
Once either the Kutscher Correlation or the Van Decker et al. Correlation is used
to solve for the heat exchange effectiveness, the temperature of the air leaving the UTSC
plate and entering the plenum can be found. Equation (21) can be rearranged to solve for
this temperature.
ϵ𝐻𝑋 =

𝑇𝑎,𝐻𝑋 − 𝑇𝑎𝑚𝑏
𝑇𝑠,𝑐𝑜𝑙𝑙 − 𝑇𝑎𝑚𝑏

(21)

UTSC Heat Balance
One assumption made by the model is that the UTSC is thin and conductive
enough to model as a single temperature (Ts,coll) on both sides and over the entire area.
The control volume heat balance approach is applied to the UTSC surface. This heat
balance is shown in Figure 8 for both bypass and active modes.

Bypass

Figure 8: Control Volume Heat Balance of UTSC Surface [17]
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Each of the components expressed in Figure 8 are a parameter in the heat flux balance
equation. From this the UTSC surface temperature is determined for both the passive and
active cases.

UTSC Plenum Heat Balance
The plenum is the air cavity between the surface of the UTSC and the building
skin. The air in the plenum is assumed to be well mixed. The temperature of the air in the
plenum (Ta,plen) is found by creating a control volume heat balance on the plenum. This
heat balance is shown in Figure 9 for both bypass and active modes.

Bypass

Figure 9: Control Volume Heat Balance of UTSC Plenum [17]

System Efficiency
Efficiency, as related to a UTSC, is defined as the ratio of useful heat gain to the
total incident solar radiation on the surface area of the collector. There are two
efficiencies that can be determined: overall and collector. The overall efficiency is
defined in Equation (22) and the collector efficiency in Equation (23).
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𝜂=

ṁ𝑐𝑝 (𝑇𝑎,𝑝𝑙𝑒𝑛 − 𝑇𝑎𝑚𝑏 )
𝐼𝑠𝑐 𝐴

𝜂=

ṁ𝑐𝑝 (𝑇𝑎,𝐻𝑋 − 𝑇𝑎𝑚𝑏 )
𝐼𝑠𝑐 𝐴

(22)
(23)

28
EXPERIMENAL DATA

Jabs Hall UTSC

The UTSC installed on the south wall of the rooftop mechanical penthouse of
Jabs Hall is 20.14 m (66 ft 1 in) long and 3.96 m (13 ft) tall. There is a 0.20 m (8 in) deep
air cavity between collector plate and the penthouse wall. On the east side of the wall is
the inlet duct to the air handling unit (AHU). The inlet AHU duct measures 0.6 m by 0.9
m (24 in x 36 in) in cross section. A weather station is located above the UTSC on the left
or west edge of the wall. Figure 10 is a photo of the Jabs Hall UTSC and weather station.

Weather
Station
East

Figure 10: Jabs Hall UTSC and weather station.
As seen in Figure 10, the UTSC is not a flat collector plate but a corrugated plate. The
corrugation profile, seen in Figure 11, increases the area available for heat transfer
without increasing the overall area of the wall.
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Figure 11: Jabs Hall UTSC specification sheet illustrating the profile. [18]

Figure 12: Jabs Hall UTSC hole layout.
The holes in the Jabs Hall UTSC are not circular as assumed by models in
literature. The holes, shown in Figure 12, are slits punched into the plate. The pitch, or
distance between the center points of two holes, varies along the profile of the collector
as well. The pitch is shorter on the flat section of the plate and is longer along the bends.
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To account for this in the energy model, an averaged diameter of the hole will be used.
The area of a slit was measured and the diameter of a circle with equivalent area was
determined. The different pitches were measured and a weighted average of the pitches
will be used in the model.
One other factor to the performance of UTSC is the location of objects that cast
shadows on it. The Jabs Hall grounds has a tight cluster of three trees southeast of the
UTSC. These trees can be seen in Figure 13, giving a perspective as to when these trees
would cast shadows on the UTSC. This was of particular concern during the winter
months when the sun angle is low and the demand for preheating intake air is high.

Figure 13: Left - A view of the trees and Jabs Hall UTSC from the southeast. Right - A
view of the same trees from the west side of the roof.
A solar availability study was performed. Two points were analyzed, both of which were
in the center of the UTSC in the horizontal direction. The first at the bottom of the UTSC
in the vertical direction and the second was at the top of the UTSC in the vertical
direction. It was found that the cluster of trees created a significant solar disruption from
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September to March. In the months of November to February the shadow would be cast
over the entire vertical direction of the UTSC.

Data Acquisition

In order to characterize the performance of the Jabs Hall UTSC, sensors were
installed in various locations of interest. There was a weather station installed above and
on the west side of the UTSC as previously seen in Figure 10. The weather station
consisted of an anemometer that measures the wind and gust speeds, a wind vein that
measures the wind direction, a shielded temperature sensor that measures outdoor air
temperature, relative humidity and dew point, and silicon pyrometer that measures the
global solar irradiation. There are six thermocouples in a grid pattern on the surface of the
UTSC and six temperature sensors four inches directly behind the thermocouples in the
cavity. Figure 14 shows the location of the surface sensors (S), cavity sensors (C) and
inlet duct. There are sensors located in the inlet duct into the air handling unit (AHU).
There is a velocity sensor and temperature sensor that measures temperature, relative
humidity and dew point of the air leaving the UTSC and entering the AHU. All this
information depicts the weather conditions affecting the UTSC, the temperature profile of
the surface and in the cavity of the UTSC, and the amount of air and its temperature
leaving the UTSC and entering the AHU.
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Figure 14: Location of surface sensors (S), cavity sensors (C) and inlet duct on the Jabs
Hall UTSC
Onset’s HOBO® data loggers and weather station sensors were selected for the data
acquisition of the Jabs Hall UTSC. Two HOBO® U30 Ethernet data loggers were
required to accommodate all the sensors required. The Ethernet data loggers can be
accessed and controlled remotely via the internet; the collected data is automatically sent
to an email or FTP site based on user settings. These features were important for long
term data collection purposes. Onset has sensors and weather station components
specifically designed for these data loggers. The weather station sensors – wind speed,
wind direction, solar radiation, temperature and relative humidity – are all Onset sensors.
The cavity temperature sensors, velocity sensor located in the inlet duct and temperature
sensor located in the duct are also Onset sensors. The surface temperature sensors are Ttype thermocouple wires and must receive signal conditioning in order to be collected by
the HOBO® data loggers. Onset has a 4-20 mA input adapter sensor, so the T-type
thermocouple signal was converted to 4-20 mA signal using an Omega temperature
transmitter. Provided user input regarding thermocouple wire type and input temperature
ranges, the Omega temperature transmitter converts the thermocouple voltage to a 4-20
mA signal accepted by the Onset sensor. Table 1 and Table 2 list the sensors for each of
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the data loggers, their outputs, and the location of each sensor. The data loggers are
programmed to take data every 5 minutes. All the sensor specification sheets are located
in Appendix E.

Table 1: Sensor list for the "weather station" data logger (HOBO® U30 ETH S/N
10459859)
Sensor Name

Onset Product
Number

Serial Number

Channel Output

Sensor
Location

Wind Direction
Smart Sensor

S-WDA-M003

10542537

Wind Direction (°)
where North = 0°

Weather
Station

Wind Speed Smart
Sensor

S-WSA-M003

10542556

Wind Speed (mph)
Gust Speed (mph)

Weather
Station

Temperature/RH
Smart Sensor

S-TBH-M00x

10544610

Temperature (°F)
Relative Humidity (%)
Dew Point (°F)

Weather
Station

Silicon Pyranometer
Smart Sensor

S-LIB-M003

10704746

Global Solar Irradiation
(W/m2)

Weather
Station

12-Bit 4-20mA
Input Adapter

S-CIA-CM14

10737491

Calibrated Temperature (°F)
originating from T-type
thermocouple

Surface
Temp. 1

12-Bit 4-20mA
Input Adapter

S-CIA-CM14

10737492

Calibrated Temperature (°F)
originating from T-type
thermocouple

Surface
Temp. 2

12-Bit 4-20mA
Input Adapter

S-CIA-CM14

10737493

Calibrated Temperature (°F)
originating from T-type
thermocouple

Surface
Temp. 3

12-Bit 4-20mA
Input Adapter

S-CIA-CM14

10737494

Calibrated Temperature (°F)
originating from T-type
thermocouple

Surface
Temp. 4

12-Bit 4-20mA
Input Adapter

S-CIA-CM14

10737495

Calibrated Temperature (°F)
originating from T-type
thermocouple

Surface
Temp. 5

12-Bit 4-20mA
Input Adapter

S-CIA-CM14

10737496

Calibrated Temperature (°F)
originating from T-type
thermocouple

Surface
Temp. 6
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Table 2: Sensor list for the "solar wall" data logger (HOBO® U30 ETH S/N
10551531)
Sensor Name

Onset Product
Number

Serial Number

Channel Output

Sensor
Location

Air Velocity Sensor

T-DCI-F900-L-P

10534468

Air Velocity (fpm)

Inlet
Duct

12-Bit Temperature
Smart Sensor

S-TMB-M0xx

10536443

Temperature (°F)

Cavity
Temp. 1

12-Bit Temperature
Smart Sensor

S-TMB-M0xx

10536444

Temperature (°F)

Cavity
Temp. 1

12-Bit Temperature
Smart Sensor

S-TMB-M0xx

10536445

Temperature (°F)

Cavity
Temp. 1

12-Bit Temperature
Smart Sensor

S-TMB-M0xx

10536446

Temperature (°F)

Cavity
Temp. 1

12-Bit Temperature
Smart Sensor

S-TMB-M0xx

10543290

Temperature (°F)

Cavity
Temp. 1

12-Bit Temperature
Smart Sensor

S-TMB-M0xx

10543291

Temperature (°F)

Cavity
Temp. 1

Temperature/RH
Smart Sensor

S-TBH-M00x

10534468

Temperature (°F)
Relative Humidity (%)
Dew Point (°F)

Inlet
Duct

Thermography Studies

Thermography, commonly called thermal imaging, is the use of infrared cameras
to analyze heat distributions. Thermography studies were performed on the Jabs Hall
UTSC, in which thermal images were taken periodically throughout the day while the
UTSC was running. These images help visualize shadowing effects on and airflow
through the UTSC.
Infrared cameras, such as the FLIR T640 used in these thermography studies,
measures the infrared radiation emitted from an object. This is a function of object
surface temperature, emissivity, reflected radiation from the surroundings and the
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atmospheric conditions. In order to get an accurate temperature measurement the
following information must be entered into the infrared camera; atmospheric temperature,
relative humidity, emissivity of the measured object, distance between the object, and the
camera and reflected temperatures. Emissivity is the efficiency that an object emits
thermal energy compared to that of a black body or a perfect emitter. While the
emissivity of the UTSC is known, the reflected temperature must be determined before
taking each individual thermal image. This is accomplished by crumpling a piece of
aluminum foil, un-crumpling it and covering the measured object with it. With the
emissivity on the thermal camera set to one, the measured temperature of the aluminum is
the reflected temperature. This then is applied to the thermal camera’s settings before
taking the thermal image of the object. Figure 15 shows a thermal image used to
determine the reflected temperature. There is a regular image of the UTSC overlaid with
the thermal image.

Figure 15: Determining the reflected temperature for a thermal image. Left – the thermal
image overlaid with a regular photo. Right – the regular photo, showing the relative sized
of aluminum foil used to determine the reflected temperature.
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It can also be seen that the thermal images are taken off axis, meaning that the
infrared camera isn’t perpendicular to the UTSC. This isn’t ideal, however it was
required due to limited roof space. As previously stated, one of the inputs to the infrared
camera is object distance. As the thermal images were taken off axis the true object
distance will vary but only one value, the average, was entered. Error due to this will be
examined in the section titled “Distance Error of Infrared Camera.”
Four thermography studies were performed and are documented in the appendices
of this document. Table 3 outlines the thermography study dates and appendix location.
Plots of temperature, wind speed, wind direction and solar radiation over the test duration
are included in the beginning of each appendix to provide insight into the weather the
UTSC was experiencing during the test. Thermal images and traditional photos are
shown side-by-side giving further indication of the weather during the test.

Table 3: Thermography study dates and appendix location
Thermography Study Date
Documenting Appendix
October 5th, 2015
Appendix A
rd
October 23 , 2015
Appendix B
November 4th, 2015
Appendix C
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ENERGY MODEL DEVELOPMENT

The main component of the energy model under examination is the EnergyPlus
UTSC component, however, the rest of Jabs Hall must be included in the model in order
to accurately represent the buildings operation. The entire mechanical system of the
building must be modeled in a fashion that represents how Jabs Hall operates and include
the operation controls for utilization of the UTSC. The UTSC in the energy model must
operate as it would in a field study given the same weather and operation profile; when
the air exiting the UTSC is above the required temperature by the HVAC system, the
UTSC is bypassed and air is brought in from a different intake louver. A holistic
modeling approach will be taken to accomplish this and is outlined below.

Building Geometry

The OpenStudio plugin for SketchUp was used to develop the energy model
building geometry. The benefit of doing it in this manner is that the floor plan can be
drawn and then projected into spaces. Once these building spaces are developed subsurfaces – such as windows and doors – can be drawn directly on the model surfaces.
This method is preferable compared to the traditional method – seen in other energy
modeling software packages – of entering the coordinates and dimensions for every
surface and sub-surface of a building. Figure 16 shows the energy model from the
southeast. Figure 17 and Figure 18 show various views of Jabs Hall, comparing an actual
photograph to the created energy model.
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Figure 16: View of the Jabs Hall energy model from the southeast.

Figure 17: View of Jabs Hall from the southwest. Left - photograph. Right - energy
model.

Figure 18: View of Jabs Hall from the north. Left - photograph. Right - energy model.

Shading Object
The trees to the southeast of the UTSC were represented by a shading object. As
seen in Figure 19, this shading object was opaque and will cast shadows on the building
and UTSC.
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Figure 19: Shading object that represents the trees southeast of the UTSC

Space Types

As with any type of modeling, it is important to document assumptions and
simplifications made about the modeled object. In energy modeling for buildings, these
include both the physical and operational characteristics of the building. When creating
an energy model it is advantageous to break up the building into different space types, or
spaces that share similar programmatic functions and loading characteristics. One could
define a different space type specific to each room in a building, however, at some point
there is a diminishing return on the number of space types when compared to model
accuracy and computation time. Smart selection of space types should be based on
distinguishing, unique characteristics such as occupancy, lighting, plug loads, usage
schedules, thermostat set points, ventilation rates and infiltration definitions. Occupancy
is characterized by the schedule of occupation, occupant density and occupant activity
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levels. Standard occupancy density of various spaces are listed in ANSI/ASHRAE/IES
Standard 62.1: Ventilation for Acceptable Indoor Air Quality (ASHRAE Standard 62.1).
Lighting is defined by the lighting power density (LPD). Energy standards such as
ASHRAE Standard 90.1 define the maximum lighting power allowed in a space based on
the function of the space. Plug loads are directly related to function of the space.
ASHRAE has published values of standard equipment or plug loads in the ASHRAE
Handbook – Fundamentals. Ventilation requirements, defined in ASHRAE Standard
62.1, relate to occupancy density, function a space serves and the size. Infiltration
describes the air leakage in or out of a building. Building pressure, wind pressure and
construction quality are all factors in infiltration rates. Infiltration is expressed by air
change per hour (ACH) values. The published values in the various standards mentioned
above are used as a starting point to define the building loads in an energy model.
For modeling Jabs Hall, seven space types were selected. These space types
include classroom, office, corridor, mechanical/electrical room (MechElec), restroom,
lobby and café. These space types are shown in Figure 20 both as the entire building and
by the floorplan.
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Figure 20: Jabs Hall modeled space types, shown in the entire modeled building and by
the floorplan.

Schedule Sets

Each of these space types have maximum values defined for occupancy, lighting,
plug loads and ventilation rates. These values are typically pulled from the standards as
discussed above, unless supplemental testing is performed. These maximum loads are
not assumed to occur one-hundred percent of the time. This is where schedules are
applied. Schedules dictate what percentage of the full load – occupancy density, lighting
or plug load – are experienced as a function of time. Schedules can vary throughout the
day, different days of the week, or different weeks in the year. For instance, the occupant
density schedule for classrooms will vary based on if it is a weekday, weekend, or a
holiday. Once appropriate schedules are made for the entire building and space loads,
these schedules can be grouped together to create a schedule set. There is a schedule set
created for each space type.
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Construction Sets

The construction, or what the building is made of, is detailed in a similar fashion.
Individual materials are created and their parameters such as thickness, roughness,
conductivity, density, specific heat, thermal absorptance and solar absorptance are
defined. Then these materials are layered to create constructions. These constructions can
be that of a door, exterior wall, or roof for example. These construction are combined into
a construction set. There can be multiple construction sets for a building, however a
single construction set was used for Jabs Hall.

HVAC System and Thermal Zones

Jabs Hall HVAC System Overview
Heating, ventilation and air-conditioning (HVAC) systems condition spaces
within buildings. Air-conditioning is a comprehensive term including the processes of
heating, cooling, humidifying, dehumidifying, ventilating, cleaning and/or moving air for
a building. The HVAC system in Jabs Hall consists of two air handling units (AHU) that
serve different spaces within the building with slightly different strategies.
AHU-A serves the classrooms and the core of the building. AHU-A supplies
constant 12.8°C (55°F) air to terminal variable air volume (VAV) boxes with reheat
capabilities. When a room served by AHU-A requires cooling, the 12.8°C (55°F) air is
used directly. When heating is required, the 12.8°C (55°F) air is supplied to the VAV box
and reheated at the point of use to the required temperature to reach the thermostat set
point. The volume of air supplied to each VAV box varies based on what is required to
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reach the thermostat set point and to satisfy acceptable indoor air quality. This control
strategy is beneficial for buildings that have heating and cooling loads simultaneously, or
that have spaces with drastic spikes in thermal loads such as classrooms or rooms with
heavy amounts of glazing, or windows. Supplemental heat is supplied via fin tube heaters
along the perimeter.
AHU-B serves the offices within Jabs Hall. As the offices experience a fairly
steady occupant load and are on the north side of the building, the air demands are
expected to be similar. AHU-B supplies air to terminal VAV boxes without reheat in the
offices to satisfy ventilation requirements. Supplemental heat is supplied via fin tube
heaters along the perimeter.
A heat pump plant, located in the adjacent building Leon Johnson, supplies the
building hot and chilled water, at 60°C (140°F) and 7°C (45°F) respectively. These
hydronic loops supply the appropriate water to the heating and cooling coils in the AHUs,
to the reheat coils in the VAV boxes with reheat capability, and to the fin tube heaters.

Energy Model Thermal Zones
Understanding the operational characteristics of the HVAC system in Jabs Hall at
a high level is required to assign thermal zones in the energy model. At a minimum, there
needs to be a thermal zone assigned to the spaces served by each AHU. In a more
detailed energy model for design purposes many thermal zones would be assigned based
on the control strategy and loads expected. However for the purposes of this research a
coarser approach was taken – closer to what is done for general equipment sizing – in
which fewer thermal zones are selected to represent different HVAC control strategies or
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drastically different loading patterns experienced. For the Jabs Hall energy model, three
thermal zones were identified and shown in Figure 21. The north thermal zone is served
by AHU-B. The south and core thermal zones are served by AHU-A. It was decided to
create two thermal zones for AHU-A primarily due to the loading characteristics. The
spaces in the south thermal zone will experience fluctuations in thermal loading due to
the large percentage of glazing on the southern façade. These spaces are also classrooms
and will see spikes in thermal loading due to the occupancy characteristics. The spaces in
the core thermal zone should experience more consistent thermal loading.

Figure 21: Thermal zones for the Jabs Hall energy model.

HVAC Schedule
The HVAC system in Jabs Hall has two modes: occupied and unoccupied mode.
Jabs Hall is in occupied mode 06:30 to 22:00 Monday through Thursday and 06:30 to
19:00 on Fridays. The building is in unoccupied mode on the evenings, weekends and
holidays. The three weeks before and during finals week Jabs Hall will be in occupied
mode on the weekends from 09:30 to 17:30. Table 4 summarizes the temperature settings
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for occupied mode based on space type and season. When Jabs Hall is in unoccupied
mode in the winter, the temperature set point is 18°C (65°F). The building is not cooled
in the summer in unoccupied mode.

Table 4: Occupied mode temperature settings for Jabs Hall based on space type and
season
Offices
Classrooms & Public Spaces
Space Type
Summer
Winter
Summer
Winter
Season
Range

22-27°C
(72–80°F)

20–27°C
(68–80°F)

22–24°C
(72–76°F)

20–23°C
(68–74°F)

Set Point

23°C
(74°F)

20°C
(68°F)

24°C
(75°F)

20°C
(68°F)

Energy Model HVAC Schematics
Based on the information discussed about the HVAC system in Jabs Hall and how
it is expected to operate, simplified schematics were created to express the energy model
HVAC system. Figure 22 is a schematic of the air loops created in the Jabs Hall energy
model, including the air loops for both AHU-A and AHU-B. Figure 23 is a schematic of
the hydronic loops for the energy model: hot and chilled water. All but one component in
these schematics can be created in OpenStudio; the UTSC component must be added to
the EnergyPlus text code by hand and is discussed in the section titled Energy Plus and
the UTSC.
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Figure 22: Schematic of simplified air loops used for the Jabs Hall energy model.
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Figure 23: Schematic of simplified hydronic loops used for the Jabs Hall energy model.
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Using OpenStudio

When creating the Jabs Hall energy model, OpenStudio and the OpenStudio
plugin for SketchUp were primarily used for creating the EnergyPlus Input Data File
(IDF). Here is a general review of the steps taken in OpenStudio.
-

Draw spaces and building geometry in SketchUp with the OpenStudio plugin.

-

Save the file as an OpenStudio model (OSM). Work with the model in the
OpenStudio program for the remainder of the steps.

-

Apply the appropriate weather and design day files.

-

Create schedules and schedule sets.

-

Create constructions and construction sets.

-

Define building loads including occupancy, lighting, plug loads, ventilation
requirements and infiltration rates.

-

Create space types; assign construction sets, schedule sets and loads to the space
types.

-

Apply the space types to the physical spaces drawn previously in SketchUp.

-

Create the thermal zones and apply them to the appropriate spaces.

-

Create the HVAC system that ties into the thermal zones.

At this point the main component missing to represent the Jabs Hall in the energy model
is the UTSC. As previously stated, this component is not yet incorporated into
OpenStudio, so it has to be added to the EnergyPlus text code by hand. Export the OSM
to an EnergyPlus IDF.
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Energy Plus and the UTSC

There are three components that are significantly altered or added to the text code
or IDF for the addition of a UTSC. First the building surface or wall on which the UTSC
is located needs to reflect the altered boundary condition by changing it to
“OtherSideConditionsModel.” Give this boundary condition a reference name in the
boundary condition object field. Second, a surface property for this
“OtherSideConditionsModel” must be created. The same reference name was used and
the type of modeling was noted as “GapConvectionRadiation” to reflect the heat transfer
mechanisms experienced by the UTSC. Third, the UTSC object was created. The
boundary condition previously defined was entered along with the physical and
operational characteristics of UTSC as dictated by the UTSC object format. The UTSC
output variables of interest can be noted to the IDF to have EnergyPlus report them at
various frequencies such as over the time step, hourly or monthly. Some of these
variables include the UTSC effectiveness, air temperature leaving the collector, face
suction velocity, plenum air temperature, sensible heating rate, sensible heat energy,
incident solar radiation, system efficiency and surface efficiency. Once these three steps
are complete the IDF is complete and the IDF is ready to be executed by EnergyPlus.

Weather Files and Data

One of the largest issues with energy modeling is appropriately accounting for
weather. EnergyPlus uses a typical meteorological year (TMY) file. A TMY file has a
year’s worth of weather data. Every hour in this file has averages of temperature, wind
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speed, solar irradiation, et cetera for that hour on an annual basis, which effectively
eliminates the extremes in weather experience at that particular location.
In the case of evaluating the UTSC for this research, some of the operating
conditions of interest are the extreme cases of weather. A weather file was created using
data collected at the test site for two reasons. First, to evaluate the UTSC in extreme
weather conditions. Second, so the model can be directly compared to experimental data
collected.
Big Ladder Software LLC based out of Denver, Colorado has created an opensource program for creating and editing weather files called Elements. [19] Elements has
many inputs that a user can use to define a weather file; Some of the commonly used
inputs are latitude, longitude, time zone, elevation, dry bulb temperature, wet bulb
temperature, relative humidity, dew point temperature, atmospheric temperature, global
solar irradiance, normal solar irradiance, diffuse solar irradiance, wind speed and wind
direction. However, not every input needs to be entered by the user. For instance, if the
user defines the atmospheric temperature, dry bulb temperature and relative humidity the
program will auto-calculate the wet bulb and dew point temperature based off
psychrometric relationships. Similarly, two of the three solar irradiance components need
to be defined by the user and the program will auto-calculate the third component using
the relationship defined in Equation (24). [20]
𝐼𝑔𝑙𝑜𝑏𝑎𝑙 = 𝐼𝑛𝑜𝑟𝑚𝑎𝑙 ∙ cos(𝑍) + 𝐼𝑑𝑖𝑓𝑓𝑢𝑠𝑒

(24)

In this relationship Iglobal is the global or total solar irradiation on a horizontal surface,
Idiffuse is the diffuse or scattered irradiation on a horizontal surface, Z is the zenith angle,
and Inormal is the normal or direct irradiation. The normal component is from the direction
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of the sun and is dependent on the zenith angle. The zenith angle, as shown in Figure 24,
is the angle between the sun and the vertical and varies based on location and time of
year.

Figure 24: Zenith Angle [21]
The generated custom weather file used collected weather data from the Jabs Hall
weather station for October 17th, 2015 through November 6th, 2015 and the standard
Bozeman Gallatin Field weather file for all other days. The collected weather data
included dry bulb temperature, relative humidity, wind speed, wind direction and global
solar irradiance. To completely define the weather, atmospheric pressure was used from
the Cobleigh Hall weather station [12] and the diffuse solar irradiance was estimated.

Estimating Diffuse Solar Irradiation
On a clear, sunny day about 10% of global irradiance is diffuse. [22] To estimate
the diffuse irradiance a curve fit must be established for the global irradiation for a

52
typical sunny day for the time of year. Once an appropriate fit is applied to the global
irradiation, it is multiplied by 0.1 to create a diffuse trend. Figure 25 displays four global
solar irradiance trends. October 21st represents the global solar irradiance on a sunny day,
October 17th represents a mostly sunny day, October 19th a partly cloudy day and October
20th a mostly cloudy day. On October 17th, 19th, and 20th it can be observed that the
amount of cloud cover varies throughout the day.

Figure 25: Global solar irradiance trends.
At a first glance of global irradiance trends, Figure 26, a Gaussian fit appears to be
appropriate for this application. It can be seen that on partly cloudy days such as October
19th and 20th, the global irradiance lines approach and sometimes reach the diffuse fit,
representing a fully cloudy moment, but do not drop below this line. This a relatively
appropriate representation of the diffuse irradiance for this time of year. However, it
overestimates the diffuse irradiation at sunrise and sunset which results in cloudy

53
modeled sunrises and sunsets. This isn’t ideal when analyzing the USTC as mornings are
an important operation time. Due to this a second-order polynomial fit was analyzed next.

Figure 26: Gaussian fit for diffuse solar irradiation
The second-order polynomial fit for diffuse irradiation, Figure 27, is more appropriate.
This fit better represents the characteristics at sunrise and sunset and is an overall
improved fit. This fit was used to estimate the diffuse solar irradiation for October 17th,
2015 through November 6th, 2015 in the modified weather file.
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Figure 27: Second-order polynomial fit for diffuse irradiation
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RESULTS

Raw Data

Appendix D has plots of the raw data collected at Jabs Hall, excluding surface and
cavity temperatures, for September 9th, 2015 through November 17th, 2015. A few days
within this range were omitted from this appendix due to data acquisition issues. Figure
28 is an example of the plots found in Appendix E. Each day has 5 plots; the first is the
outdoor air and AHU-A inlet air temperatures, the second is wind and gust speeds, the
third is the wind direction in degrees where zero is north, the fourth is the global solar
irradiance, and the fifth is velocity in the AHU-A inlet duct. The wind anemometer
monitors the wind velocity over a five minute interval and records two values – wind and
gust speeds. The wind speed is the average velocity over the 5 minute interval and the
gust speed is the maximum velocity experienced during that same period of time. The
AHU-A velocity plot is used to quickly recognize when the UTSC is being utilized. The
maximum designed flow rate through the UTSC is approximately 8 m/s (1500 fpm). The
difference in temperatures between the outdoor air and AHU-A when the UTSC is being
utilized is directly related to free heat gained from the UTSC. It can be observed from
these plots that the weather and therefore the heat transfer mechanism affecting the
UTSC are highly transient in nature.
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Figure 28: Raw data collected on 2015/09/04
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Filtering Data

Both the surface and cavity temperatures had some irregularity and noise relative
to each other due to the transient nature of the weather conditions being experienced by
the UTSC. However, the noisy quality was amplified for the surface temperatures. The
surface temperatures were measured by thermocouples, which are a relatively noisy
compared to other temperature measurement devices such as thermistors and resistancetemperature detectors (RTDs), and were mechanically fastened to the UTSC surface. The
thermocouple signal was also required to be converted to a 4-20 mA signal before it
could be read by the data acquisition box. All of which contributes to why the surface
temperatures were noisier than all other collected data. Figure 29 is a plot of the raw
surface temperature data and Figure 30 is plot of the raw cavity temperature data both on
November 4th.

Figure 29: Raw surface temperature data for 2015/11/04
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Figure 30: Raw cavity temperature data for 2015/11/04
These plots are a small sample of the total data collection but are representative of
data quality for surface and cavity temperatures. A filter was applied to the surface and
cavity temperature data sets before performing calculations. Ultimately a first-order
Butterworth low-pass filter was selected. Often the Butterworth filter is described as
having a flat response. A Fourier transform of a sample data set was used to identify a
range of appropriate cutoff frequencies. These potential cutoff frequencies were utilized
in the filtering and applied to a surface temperature data set and then compared to surface
temperature data collected from a thermography study. The selected normalized cutoff
frequency was 0.33 cycles/sec, as it didn’t dramatically decrease the temperature values
when compared to the thermography study data. This filter was used to smooth the raw
data collected for surface and cavity temperature before performing calculations. Figure
31 and Figure 32 are plots of the filtered temperature data for the surface and cavity,
respectively, on November 4th. The surface temperature sensors are T-type thermocouple
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that are mechanically fastened to the surface of the UTSC. Filtering the surface
temperature data is important to eliminate the noise of the sensors relative to each other,
however the data set will still be very transient in nature due to the irregular nature of
solar irradiance through the day. The same filter was applied to both surface and cavity
temperature data for consistency.

Figure 31: Filtered surface temperature data for 2015/11/04
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Figure 32: Filtered cavity temperature data for 2015/11/04
It can be observed that the selected filter creates inaccuracies in the data for the first 30
minutes. This is acceptable because the UTSC will not be operated during these hours
and therefore will not be used in calculations. Figure 33 and Figure 34 are respectively
the raw and filtered surface temperature data for October 23rd.
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Figure 33: Raw surface temperature data for 2015/10/23

Figure 34: Filtered surface temperature data for 2015/10/23

Approximating Temperature Profiles

Equation (7) was discretized using two different rectangular meshes, coarse and
fine. The temperatures are linearly interpolated and extrapolated along the entire profile
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for each mesh. The fine mesh is a 2.54 cm by 2.54 cm (1” x 1”) grid. The coarse mesh is
a 2 m by 6.7 m (6’6” x 22’1/3”) grid. Figure 35 through Figure 38 show contour plots of
the resultant surface and cavity temperature profiles using the fine mesh at four times on
October 23rd, 2015. For comparison, Figure 38 also has a contour plot of the surface
temperature profile using the coarse mesh. Figure 39 has infrared images of the UTSC at
these same times on October 23rd, 2015 to be compared directly to the surface contour
plots. These infrared images not only have a color bar to give indication of surface
temperatures of the UTSC, but there are also discrete points shown along the surface
marked by crosshairs that correspond to specific temperature values in the upper left
corner of the image.

Figure 35: Collector surface and cavity temperature profiles October 23rd 08:35

63

Figure 36: Collector surface and cavity temperature profiles October 23rd 09:05

Figure 37: Collector surface and cavity temperature profiles October 23rd 09:30
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Figure 38: Collector surface (fine and coarse mesh) and cavity temperature profiles
October 23rd 08:35
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Figure 39: Thermal images for mesh study. Top left – 08:35. Top right – 09:05. Bottom
left – 09:30. Bottom right – 10:35.
When comparing the linearly interpolated temperature profiles to the infrared
images, it can be seen that the cavity profiles are a better representation of the
temperature profile. The cold and hot areas of the cavity are in the correct general area
and take on the same general shape as seen in the infrared images. More measurement
points throughout the cavity would help improve this the accuracy of this temperature
profile, but it can be said that the interpolated profile from the fine mesh and six
measured points can be used as an estimate. However, this is not the case for the surface
temperature profile. The high and low temperature points along the surface are not in the
right locations and do not result in a similar profile. A first glance, it looks as if the

66
measured temperatures were in the wrong locations. Because of this a sensor location
validation test was performed. As seen in Figure 40, an external heat source was applied
to the sensor location. The temperature increase could be seen almost immediately for the
surface sensors and after about a minute for the cavity sensors. This was done for all six
locations and validated that the surface and cavity sensor locations were accurate.
Knowing this reveals that the manner in which the surface temperatures are being
measured results in inaccurate temperature profiles. This error propagated to the average
surface temperature and through to the UTSC performance calculations.

Figure 40: Sensor location validation test

Distance Error of Infrared Camera
Due to the location of the UTSC in relation to the roof, all the infrared images for
the thermography studies were taken at an angle. This leads to a dramatic difference in
the perceived camera to object distance along the length of the UTSC. As the infrared
images have been used throughout this study as a data and calculation verification
method, it is important to evaluate the sensitivity of object distance on the temperature
measured. Figure 41 is a sample calibrated infrared image taken on October 23rd at 10:35.
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Four points of interest are marked on the surface of the UTSC and the temperature at
those points is displayed on the image.

Figure 41: Infrared image of Jabs Hall UTSC 2015/10/23 10:35
The camera distance used when calibrating this image was 18.5 m (61 ft) or the average
distance that the camera was from the UTSC surface. The temperatures are recorded at
the four points of interest with this setting. Then the distance in the camera settings were
adjusted to the maximum and minimum distance the camera was from the UTSC surface.
The temperatures at the same four points were recorded for these two settings. These
temperatures and associated errors from the calibrated, average camera distance are
shown in Table 5. As seen in the table the object distance does affect the measured
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temperature, however that affect is very small. Emissivity, atmospheric temperature and
reflected temperature have a more substantial effect on the measured temperature.

Table 5: Evaluation of effect of object distance on infrared camera measurement,
2015/10/23 10:35
Calibration
Camera Distance
18.5 m (61 ft)

Maximum
Camera Distance
25.5 m (84 ft)

Minimum
Camera Distance
11.5 m (38 ft)

Larger Error
From Average
Camera Distance

Point 1

35.4°C (93.9°F)

35.5°C (94.1°F)

35.3°C (93.7°F)

0.3%

Point 2

28.2°C (82.8°F)

28.3°C (82.9°F)

28.1°C (82.6°F)

0.4%

Point 3

5.8°C (42.4°F)

5.8°C (42.4°F)

5.8°C (42.4°F)

0%

Point 4

21.2°C (70.2°F)

21.2°C (70.0°F)

21.1°C (70.0°F)

0.5%

Velocity Sensor Validation Test

The location of the AHU-A inlet duct velocity sensor was cause of concern.
Figure 42 is a schematic of the mechanical penthouse at Jabs Hall. The outlined section
labeled A is the location of the inlet duct from the UTSC. The duct travels in the building
less than 0.3 m (1 ft) before turning 90 degrees and traveling into AHU-A. The sensor is
located 0.05 m (2 in) before this turn, in the center of the duct. This is a less than ideal
location to measure the air velocity in a duct, due to the turbulent nature of the flow.
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B

A

Figure 42: Schematic of mechanical penthouse at Jabs Hall. Highlighted section A is the
inlet into AHU-A through the UTSC and section B is the UTSC bypass louver.
A velocity profile test was performed to verify the flow measurements at this point. This
test was performed in the first week of October. The weather at this time did not require
the use of the USTC so the building controls systems was overridden to force airflow
through the USTC. In order to accomplish this, the UTSC intake damper was opened and
the UTSC bypass damper, labeled as B in Figure 42, was closed. The supply fan speed
was varied from 20% to 100% in 10% increments. Velocity measurements were taken at
24 points within the duct for each of these supply fan speeds, at 6 vertical positions and 4
horizontal positions. While these 24 velocity measurements were taken, the AHU-A
velocity probe measurements were recorded every 5 seconds. With these measurements a
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duct velocity profile was determined and could be directly compared to the point velocity
measured from the AHU-A velocity sensor at multiple operation conditions.

Figure 43: AHU-A inlet velocity profiles based on supply fan speed
One observation is that the center point of the duct, where the AHU-A velocity
sensor is located, is always at a relatively high velocity value in the flow field. A
calibration curve must be created to adjust the AHU-A velocity sensor measurement to
more closely align with the actual overall duct velocity.
When performing this test, air was being forced through the USTC even though
the VAV boxes served by AHU-A were not requiring air. This caused the pressure in the
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supply duct to increase during the testing period to levels not experienced in typical
operation. Table 6 outlines the static pressures both in the supply duct and in the building.
During normal operation the velocity through the AHU is varied to keep the pressure in
the supply duct and building the same. This was not the case during this test and could
cause the calibrated velocity to be underestimated, especially at the higher velocity
values.

Table 6: Pressure condition during AHU-A velocity profile test
Supply Fan Speed

Supply Duct Static Pressure

Building Static Pressure

40%

5.0 Pa (0.02 “H2O)

5.0 Pa (0.02 “H2O)

50%

22.4 Pa (0.09 “H2O)

5.0 Pa (0.02 “H2O)

60%

47.3 Pa (0.19 “H2O)

5.0 Pa (0.02 “H2O)

70%

67.3 Pa (0.27 “H2O)

5.0 Pa (0.02 “H2O)

80%

94.7 Pa (0.38 “H2O)

5.0 Pa (0.02 “H2O)

90%

137 Pa (0.55 “H2O)

7.5 Pa (0.03 “H2O)

100%

187 Pa (0.75 “H2O)

7.5 Pa (0.03 “H2O)

72

Figure 44: Velocity comparison from AHU-A velocity profile test
Figure 44 compares the results from the AHU-A velocity profile test. The green
line with error bars are the AHU-A velocity sensor readings during the test. This is the
installed sensor that needs to be calibrated. The pink star and blue cross are the resulting
average duct velocity from the test using a coarse and fine rectangular mesh respectively.
The blue line is the average duct velocity calibration curve applied to the calculations.
The yellow line is the upper error bar and the red line is the lower error bar for this
generated fit. The red circle and grey diamond are the point velocities for the location of
the AHU-A velocity sensor using the average duct velocity profile for a coarse and fine
mesh respectively. These should fall within the green AHU-A velocity sensor reading
error bars. For the most part it does, some fall just below the lower error bar. Figure 45
compares the measured AHU inlet velocity to the calibrated velocity. It can be seen that
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as the magnitude of the measured velocity increases, the difference between the measured
and calibrated AHU-A velocities also increase.

Figure 45: Comparison of measured and calibrated AHU inlet velocities

Sensor Uncertainty Analysis

Design-Stage Uncertainty Analysis of Sensor Data
The design-stage uncertainty for each sensor was determined using a root-sumsquares method which accounts for both the zero-order uncertainty due to resolution and
instrument uncertainty. [23] For the uncertainty analysis for all the following sensors the
uncertainty due to drift was not incorporated as the sensors had been deployed for less
than a year for the duration of this study and the drift values were included were on a
yearly basis. MATLAB functions were created for all deployed sensors to calculate the
design-stage uncertainty for each sensor based off of the appropriate factors. For instance,
the design-stage uncertainty for the solar irradiance sensor is dependent on both the
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outdoor air temperature and the measured irradiance. The specification sheets for all
sensors are included in Appendix F. The specification sheets list all the contributions to
the design-stage uncertainty for the given sensor.

Calculation Uncertainty Analysis
When performing calculations, the uncertainty of each individual measurement is
propagated through the calculation. The root sum squares method was used to evaluate
the design-stage uncertainty of the measured values’ contribution to the calculation
uncertainty. [23] This includes error due to resolution, accuracy and operating conditions
of the sensor but did not include an estimation of the error related to how and where the
data was collected. The resulting uncertainties from this analysis for both the efficiencies
and effectiveness calculations were smaller than the required uncertainty to make the
results valid (i.e. efficiency values less that one or 100% efficiency). This uncertainty
indicates that the dominant source of error is the data collection method. Characterization
of potential error and alternate collection strategies should be a focus of future work
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Field Study Results

Figure 46: Heat exchange effectiveness compared to wind conditions. Left – wind speed
vs. effectiveness. Right – wind direction vs. effectiveness.
Figure 46 shows, from field study data, how wind conditions affect heat exchange
effectiveness of the UTSC. The wind speed plot is difficult to draw decisive conclusions
from yet because at first glance it appears as if effectiveness increases with increasing
wind speeds. However, there are far fewer data points at the higher wind speeds. It can be
seen that at the lower wind speeds there is a great concentration of points at higher
effectiveness levels. More data points at higher wind speeds would help see the true
effect of elevated wind speeds on heat exchange effectiveness. Also from Figure 46, it
can be observed that effectiveness decreases at the shear directions for the UTSC, 90°
and 270° which is the prevailing east and west winds. Also noteworthy are the heat
exchange effectiveness values above one, which is theoretically impossible. Heat
exchange effectiveness is a function of temperature alone. As discussed previously, the
amount of sample points along the surface and in the cavity of UTSC does not
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completely capture the effect that shading has on the temperature profiles of the UTSC.
The effect of this can be observed as skewed heat exchange effectiveness values.

Figure 47: Temperature increase (from outdoor air to AHU-A inlet) compared to global
solar irradiance (left) and suction velocity (right).
Figure 47 shows one of the more compelling trends observed from the data set. It
is seen that temperature increase, from the outdoor air to the AHU inlet, is larger with
increasing solar irradiance. The effect that the suction velocity has on the temperature
increase is also shown. There is a concentration of low temperature increase at the higher
range of suction velocities. Looking at both parts of Figure 47 indicates that while suction
velocity is an important design parameter, the performance is more strongly related to
solar irradiance. For a designer in industry this shows the importance of placing an UTSC
in a location with little to no solar obstructions. If the sun isn’t shining on the UTSC,
there isn’t a potential to be collecting free energy. It is important to understand how these
other variables – such as wind – affect the performance in order to appropriately size the
UTSC and keep suction velocities low. A wind rose will be an important tool to help
understand wind characteristics.
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Figure 48: Sensible heat gain compared to solar irradiance and suction velocity
In Figure 48, the sensible heat gain comparison to global solar irradiation
continues to reinforce the previous discussion. The suction velocity comparison in Figure
48 doesn’t have as compelling relationship. It is apparent that the lower values of sensible
heat gain correspond to low solar irradiance and these low solar irradiance values
occurred with various suction velocities. The higher sensible heat gains correspond to
higher levels of solar irradiance occurring at varying suction velocities. Collecting more
data points at low suction velocities and higher levels of solar irradiance might result in a
more compelling trend for suction velocity.

Comparison to Energy Model

When first looking at the results of the energy model there was a major difference
in the suction flow rates across the UTSC. The energy model was over predicting the
demand on AHU-A and thus yielding in higher suction flow rates across the board when
compared to the field study data. This could be caused by any number of input loads and
schedules. The loads in the building were specified according to energy standards. The
building is probably not currently experiencing full loading conditions which would
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account for how the AHU is being over utilized in the model. After a full year of utility
data is collected on the building it would be beneficial to use that information to calibrate
the model. This model calibration process is an important step to have the energy model
tuned and have it behave more like the actual building.
Figure 49 shows the solar irradiance comparison between the collected data and
model results on November 5th. The blue line is the global solar irradiance data collected.
This data was collected every five minutes. The red line is the global solar irradiance
values entered into the energy model. The energy model takes values every hour, so that
is why these data sets look different. It is the same data with different time resolutions
applied. The yellow line is the solar irradiance experienced by the UTSC in the energy
model. These values are larger than the global solar irradiance entered into the energy
model but follow the same trend. In the winter months when the sun is at its lowest angle,
the global – vertical measured component of – solar irradiance would be smaller than the
horizontal component of the normal solar irradiance – which is what the UTSC is
experiencing. The trend in Figure 49 makes sense. This also illustrates the importance of
characterizing more than one solar irradiance component for the purposes of the field
study. The global irradiance term was used in the field study calculations, however in the
winter months the solar irradiance falling on the surface could be more that this global
irradiance value. This along with the error associated with the temperature profile explain
the large unrealistic efficiency values calculated from the field study data.
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Figure 49: Comparison of field study data to model result, solar irradiance
Figure 50 compares field study data to modeled AHU inlet temperatures on
November 5th. The blue lines are the collected AHU inlet temperatures on a five minutes
interval. The red line is also temperature data but with an hour time step applied. This
curve would be a more realistic output for a calibrated energy model to follow. The
yellow line is the model output for the AHU inlet temperature. Because the model has
suction flow rates higher than experienced in the field study, the AHU inlet temperature
will be lower when compared to the field study data. However, it is encouraging that the
model results follow a similar trend to the collected field study data. Another encouraging
result is that when the same energy model was run with and without the tree shading
object there was a difference in predicted total sensible heating energy over the simulated
year; the shading object created a 10% decrease in total sensible heating energy over a
year. Although the field study results do not perfectly align with the energy model results,
the results are indicating that a calibrated energy model could predict the performance of
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an UTSC especially when taking into consideration solar obstructions and shading
objects.

Figure 50: Comparison of field study data to model result, AHU inlet temperature
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CONCLUSION

Field study data was collected on the Jabs Hall UTSC and analyzed first
independently and then in comparison to an energy model. The energy model, created in
a commercially available software, incorporated both the building and the UTSC. The
modeled UTSC did not behave in the same manner as the field study data, and this was
more due to how the building was modeled and not the UTSC model component itself.
To validate this, future work will need to be performed that is explained in the following
section. Another outcome of this work was analyzing how the UTSC incorporates into
the building HVAC system. A critical look was taken on how to optimize energy
recovery from the UTSC. This is discussed in the following section titled “Importance of
System Integration”.

Recommendations for Future Work

Energy Model Calibration
At the time of this research, Jabs Hall was a new building; there wasn’t historical
utility data available. The building was still in its first few months of operation and
system controls were still being optimized. Building drawing sheets and energy standards
were used to approximate the characteristics of the building. However, these assumptions
do not accurately represent the building operation during this research. After a year or
more of building operation, there will be better understanding of how the building
actually is used and operated, not just how it was designed to operate. With this
information, the energy model should be revisited and calibrated to a year of utility data.
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[24] A calibrated model that behaves more like the actual building would result in more
comparable data.

Verification of AHU Velocity Profile
It is recommended to perform the AHU velocity profile test again during actual
winter operating conditions and when the UTSC is actually being used naturally by the
building. There are holes already drilled in the AHU inlet duct. One should take
measurements periodically throughout the day to get the flow profile at different flow
rates but under actual operating conditions. Doing this would create a better quality
calibration curve for the AHU inlet duct velocity measurement.

Improve Temperature Profiles
One of the largest sources of error in this work is related to more accurately
characterizing the surface temperature profiles. This value is important for UTSC
performance calculations. When solar obstructions for the UTSC exist, such as trees or
other buildings, characterizing the surface temperature profile becomes even more
critical. When considering future improvements for this, the answer isn’t simply more
sample points along the surface of the UTSC. Of course, more sample points will help
but there is a trade off with maintainability and feasibility of deploying the data
acquisition system in the field. A simple solar site analysis should be performed at
various lengths and heights along the UTSC to optimize the sensor grid locations to be
able track shadows during various times of the year. Then one could use a shadowing
software to better understand and track the shadow along the UTSC surface. This could
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be overlaid with the point temperature measurements to better estimate the UTSC surface
temperatures.

Understanding “Global Geometry”
One parameter not incorporated in the UTSC energy model component is the inlet
duct size and location in the wall. In all the thermography studies, located in Appendix A
through Appendix D, the west third of the UTSC surface consistently is warmer than the
rest of the wall. This indicates that the air is not being evenly drawn through the UTSC
surface and that this portion of the UTSC is being shorted. This indicates the inlet duct,
size and location, is a parameter that changes the airflow characteristics through the
UTSC. What is going to be referred to as “global geometries” such as inlet duct size and
location in relation to the overall orientation of the UTSC (horizontal or vertical),
corrugation orientation, size of the UTSC and shading characteristics affect the airflow
and heat transfer characteristics. Design engineers in industry implementing a UTSC
have to primarily define these “global geometries” and yet the design tools do not reflect
this. There is a design tool that can flow distribution through transpired solar collectors,
however the major limitation is that the inlet duct is modeled on the top edge of the
plenum only. [25] A design tool that integrated the effect of “global geometries” on flow
through the UTSC with the standard effectiveness correlations would be useful in
industry.
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Importance of System Integration

An important observation from the raw data shown in Appendix E is that the
UTSC is being underutilized in the shoulder seasons and even the heating season. The
VAV with reheat system that the UTSC is integrated into requires 13°C (55°F) air to be
conditioned in the AHU. If required, the VAV box at the point of use will reheat the air.
If the air leaving the UTSC is above this set point, the UTSC is bypassed and air is drawn
in through the north intake louver, regardless of the heating demands within the building.
This characteristic or system optimization choice limits the potential free energy that can
be harvested from the USTC. Looking through Appendix E, it can be seen that this is a
common theme. A more holistic look needs to be taken during the system selection and
control optimization processes to maximize the free energy that can be collected from the
UTSC. A recommendation to remedy this issue at Jabs Hall in a cost effective manner
would be to eliminate the on/off characteristic. When the air temperature leaving the
UTSC is above set point, modulate and mix air from the north intake louver to reach
temperature set point instead of completely bypassing the UTSC.
In future UTSC installations, it would be recommended to tie the UTSC into a
system that is more likely to accept that energy. A proposed system would be to integrate
the UTSC into a heat pump based dedicated outdoor air system. In the Bozeman,
Montana climate and most climates where the installation of a UTSC would be
beneficial, the building can use all possible free energy. If the air stream doesn’t need the
energy, the heat pump can be run in reverse to cool the air to the appropriate temperature.
The energy extracted from the air would be put into the building source water loop. This
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energy can used elsewhere in the building that requires it. If the source water loop was
integrated into a geothermal loop, that extra energy could be stored in the ground until it
was needed. The elegance of this implementation is that it maximizes the energy
harvested from the UTSC in the shoulder and heating seasons. If the UTSC is too
effective at collecting heat for the air stream, this system effectively turns the UTSC into
a cost-effective solar thermal collector. Preliminary calculations from the limited
collected dataset imply that if this particular solar collector was optimized appropriately
there is a potential to offset up to 20 metric tons of CO2 on an annual basis [26]. This
analysis should be revisited after a year of performance data has been collected. The
optimized installation and monitoring of unglazed transpired solar collectors in sunny,
heating dominated climates are a great thermal resource for the commercial building
industry.
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APPENDIX A

THERMOGRAPHY STUDY: OCTOBER 5TH, 2015
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The first thermography study was performed on October 5th, 2015. Eight infrared
images were taken starting at 07:26 and ending at 11:06. Figure 51 highlights the weather
and AHU-A inlet conditions on October 5th. Table 7 outlines the infrared camera settings
used for each photo taken of the thermography study.

Figure 51: Weather conditions during the first thermography study on 2015/10/05
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Table 7: Setting used in October 5th thermography study
Time
Atmospheric Temperature Relative Humidity
07:26
1.67°C (35°F)
90%
07:55
1.67°C (35°F)
88%
08:21
2.78°C (37°F)
85%
08:48
2.89°C (39°F)
80%
09:20
5.56°C (42°F)
76%
10:01
7.78°C (46°F)
72%
10:30
7.78°C (46°F)
69%
11:06
10.0°C (50°F)
66%

Figure 52: Jabs Hall UTSC 2015/10/05 07:26

Figure 53: Jabs Hall UTSC 2015/10/5 07:55

Reflected Temperature
-6.11°C (21°F)
-2.22°C (28°F)
0°C (32°F)
0°C (32°F)
0°C (32°F)
11.1°C (52°F)
12.8°C (55°F)
14.4°C (58°F)
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Figure 54: Jabs Hall UTSC 2015/10/5 08:21

Figure 55: Jabs Hall UTSC 2015/10/5 08:48
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Figure 56: Jabs Hall UTSC 2015/10/5 09:20

Figure 57: Jabs Hall UTSC 2015/10/05 10:01
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Figure 58: Jabs Hall UTSC 2015/10/05 10:30

Figure 59: Jabs Hall UTSC 2015/10/05 11:06
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APPENDIX B

THERMOGRAPHY STUDY: OCTOBER 23RD, 2015
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The second thermography study was performed on October 23rd, 2015. Eight
infrared images were taken starting at 08:08 and ending at 12:00. Figure 60 highlights the
weather and AHU-A inlet conditions on October 23rd. Table 8 outlines the infrared
camera settings used for each photo taken of the thermography study.

Figure 60: Weather conditions during the second thermography study on 2015/10/23
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Table 8: Settings used in October 23rd thermography study.
Time
Atmospheric Temperature Relative Humidity
08:08
°C (38°F)
39%
08:35
°C (39°F)
75%
09:04
°C (39°F)
77%
09:30
°C (40°F)
73%
10:00
°C (41°F)
73%
11:05
°C (46°F)
61%
11:35
°C (48°F)
57%
12:00
°C (47°F)
58%

Figure 61: Jabs Hall UTSC 2015/10/23 08:08

Figure 62: Jabs Hall UTSC 2015/10/23 08:35

Reflected Temperature
°C (18°F)
°C (33°F)
°C (35°F)
°C (51°F)
°C (55°F)
°C (62°F)
°C (80°F)
°C (68°F)
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Figure 63: Jabs Hall UTSC 2015/10/23 09:04

Figure 64: Jabs Hall UTSC 2015/10/23 09:30
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Figure 65: Jabs Hall UTSC 2015/10/23 10:00

Figure 66: Jabs Hall UTSC 2015/10/23 11:05
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Figure 67: Jabs Hall UTSC 2015/10/23 11:35

Figure 68: Jabs Hall UTSC 2015/10/23 12:00
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APPENDIX C

THERMOGRAPHY STUDY: NOVEMBER 4TH, 2015
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The third thermography study was performed on November 4th, 2015. Seven
infrared images were taken starting at 07:25 and ending at 16:45. Figure 69 highlights the
weather and AHU-A inlet conditions on November 4th. Table 9 outlines the infrared
camera settings used for each photo taken of the thermography study.

Figure 69: Weather conditions during the third thermography study on 2015/11/04
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Table 9: Settings used in November 4th thermography study.
Time
Atmospheric Temperature Relative Humidity Reflected Temperature
07:25
0°C (32°F)
98%
°C (33°F)
09:12
°C (34°F)
97%
°C (35°F)
11:00
°C (34°F)
96%
°C (35°F)
12:50
°C (34°F)
96%
°C (35°F)
14:50
°C (33°F)
96%
°C (23°F)
15:44
°C (32°F)
88%
°C (27°F)
16:45
°C (32°F)
96%
°C (33°F)

Figure 70: Jabs Hall UTSC 2015/11/04 07:25

Figure 71: Jabs Hall UTSC 2015/11/04 09:12

106

Figure 72: Jabs Hall UTSC 2015/11/04 11:00

Figure 73: Jabs Hall UTSC 2015/11/04 12:50
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Figure 74: Jabs Hall UTSC 2015/11/04 14:50

Figure 75: Jabs Hall UTSC 2015/11/04 15:44
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Figure 76: Jabs Hall UTSC 2015/11/04 16:45
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APPENDIX D

COLLECTED RAW DATA
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Figure 77: Jabs Hall Raw Data 2015/09/05

111

Figure 78: Jabs Hall Raw Data 2015/09/06
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Figure 79: Jabs Hall Raw Data 2015/09/07
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Figure 80: Jabs Hall Raw Data 2015/09/08

114

Figure 81: Jabs Hall Raw Data 2015/09/09
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Figure 82: Jabs Hall Raw Data 2015/09/10
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Figure 83: Jabs Hall Raw Data 2015/09/11
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Figure 84: Jabs Hall Raw Data 2015/09/12
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Figure 85: Jabs Hall Raw Data 2015/09/13
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Figure 86: Jabs Hall Raw Data 2015/09/14
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Figure 87: Jabs Hall Raw Data 2015/09/15
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Figure 88: Jabs Hall Raw Data 2015/09/16
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Figure 89: Jabs Hall Raw Data 2015/09/17
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Figure 90: Jabs Hall Raw Data 2015/09/18
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Figure 91: Jabs Hall Raw Data 2015/09/19
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Figure 92: Jabs Hall Raw Data 2015/09/20
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Figure 93: Jabs Hall Raw Data 2015/09/21
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Figure 94: Jabs Hall Raw Data 2015/09/22
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Figure 95: Jabs Hall Raw Data 2015/09/23
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Figure 96: Jabs Hall Raw Data 2015/09/24
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Figure 97: Jabs Hall Raw Data 2015/09/25
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Figure 98: Jabs Hall Raw Data 2015/09/26
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Figure 99: Jabs Hall Raw Data 2015/09/27
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Figure 100: Jabs Hall Raw Data 2015/09/28
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Figure 101: Jabs Hall Raw Data 2015/09/29
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Figure 102: Jabs Hall Raw Data 2015/09/30
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Figure 103: Jabs Hall Raw Data 2015/10/01
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Figure 104: Jabs Hall Raw Data 2015/10/02
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Figure 105: Jabs Hall Raw Data 2015/10/03
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Figure 106: Jabs Hall Raw Data 2015/10/04
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Figure 107: Jabs Hall Raw Data 2015/10/05
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Figure 108: Jabs Hall Raw Data 2015/10/17
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Figure 109: Jabs Hall Raw Data 2015/10/18

143

Figure 110: Jabs Hall Raw Data 2015/10/19
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Figure 111: Jabs Hall Raw Data 2015/10/20
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Figure 112: Jabs Hall Raw Data 2015/10/21
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Figure 113: Jabs Hall Raw Data 2015/10/22
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Figure 114: Jabs Hall Raw Data 2015/10/23

148

Figure 115: Jabs Hall Raw Data 2015/10/24
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Figure 116: Jabs Hall Raw Data 2015/10/25
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Figure 117: Jabs Hall Raw Data 2015/10/26
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Figure 118: Jabs Hall Raw Data 2015/10/27

152

Figure 119: Jabs Hall Raw Data 2015/10/28
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Figure 120: Jabs Hall Raw Data 2015/10/29
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Figure 121: Jabs Hall Raw Data 2015/10/30
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Figure 122: Jabs Hall Raw Data 2015/10/31
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Figure 123: Jabs Hall Raw Data 2015/11/01
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Figure 124: Jabs Hall Raw Data 2015/11/02
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Figure 125: Jabs Hall Raw Data 2015/11/03
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Figure 126: Jabs Hall Raw Data 2015/11/04
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Figure 127: Jabs Hall Raw Data 2015/11/05

161

Figure 128: Jabs Hall Raw Data 2015/11/06
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Figure 129: Jabs Hall Raw Data 2015/11/07
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Figure 130: Jabs Hall Raw Data 2015/11/08
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Figure 131: Jabs Hall Raw Data 2015/11/09
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Figure 132: Jabs Hall Raw Data 2015/11/10
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Figure 133: Jabs Hall Raw Data 2015/11/11
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Figure 134: Jabs Hall Raw Data 2015/11/12
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Figure 135: Jabs Hall Raw Data 2015/11/13
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Figure 136: Jabs Hall Raw Data 2015/11/14
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Figure 137: Jabs Hall Raw Data 2015/11/15
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Figure 138: Jabs Hall Raw Data 2015/11/16
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Figure 139: Jabs Hall Raw Data 2015/11/17
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APPENDIX E

DATA ACQUISITION SPECIFICATION SHEETS

174

Figure 140: HOBO® U30 Data Logger Manual, Page 1 of 2 [27]
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Figure 141: HOBO® U30 Data Logger Manual, Page 1 of 2 [27]
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Figure 142: Silicon Pyranometer Smart Senor (S-LIB-M003) Manual Page 1 of 3 [27]
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Figure 143: Silicon Pyranometer Smart Senor (S-LIB-M003) Manual Page 2 of 3 [27]

178

Figure 144: Silicon Pyranometer Smart Senor (S-LIB-M003) Manual Page 3 of 3 [27]
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Figure 145: Wind Speed Smart Senor (S-WSA-M003) Manual Page 1 of 3 [27]

180

Figure 146: Wind Speed Smart Senor (S-WSA-M003) Manual Page 2 of 3 [27]
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Figure 147: Wind Speed Smart Senor (S-WSA-M003) Manual Page 3 of 3 [27]
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Figure 148: Wind Direction Smart Senor (S-WDA-M003) Manual Page 1 of 4 [27]
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Figure 149: Wind Direction Smart Senor (S-WDA-M003) Manual Page 2 of 4 [27]
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Figure 150: Wind Direction Smart Senor (S-WDA-M003) Manual Page 3 of 4 [27]
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Figure 151: Wind Direction Smart Senor (S-WDA-M003) Manual Page 4 of 4 [27]
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Figure 152: Temperature and Relative Humidity Smart Sensor (S-THB-M00x) Manual
Page 1 of 2 [27]
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Figure 153: Temperature and Relative Humidity Smart Sensor (S-THB-M00x) Manual
Page 2 of 2 [27]

188

Figure 154: 12-Bit Temperature Smart Sensor (S-TMB-M0xx) Manual Page 1 of 2 [27]
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Figure 155: 12-Bit Temperature Smart Sensor (S-TMB-M0xx) Manual Page 2 of 2 [27]
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Figure 156: 12-Bit 4-20 mA Input Adapter (S-CIA-CM14) Manual Page 1 of 6 [27]

191

Figure 157: 12-Bit 4-20 mA Input Adapter (S-CIA-CM14) Manual Page 2 of 6 [27]

192

Figure 158: 12-Bit 4-20 mA Input Adapter (S-CIA-CM14) Manual Page 3 of 6 [27]
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Figure 159: 12-Bit 4-20 mA Input Adapter (S-CIA-CM14) Manual Page 4 of 6 [27]

194

Figure 160: 12-Bit 4-20 mA Input Adapter (S-CIA-CM14) Manual Page 5 of 6 [27]
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Figure 161: 12-Bit 4-20 mA Input Adapter (S-CIA-CM14) Manual Page 6 of 6 [27]
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Figure 162: Air Velocity Sensor (T-DCI-F900-L-P) Manual Page 1 of 2 [27]
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Figure 163: Air Velocity Sensor (T-DCI-F900-L-P) Manual Page 2 of 2 [27]

198

Figure 164: Temperature Transmitter (TXDIN70) Manual Page 1 of 1 [28]

