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Abstract

This thesis “Investigation into the Potential ofnfbreaks to Improve Solar Collector
Performance was written by Mike Watts as part bfester of Science degree in Mechanical
Engineering from Minnesota State University — Manka 2011.

The global demand for energy is ever increasingidver, the world has a limited
number of fossil fuels available. Therefore, altdive renewable energy sources must be
utilized. For this reason, solar thermal collestoave become an increasingly popular
method for providing hot water or space heatingweler, solar thermal collectors are most
commonly used in areas that experience warm clsrtateughout the year. In areas that
experience seasonal climates, the cold temperaamcesarsh climate conditions
significantly reduce the performance of solar thedroollectors during the winter months.
This thesis examined the potential that the impleateon of a windbreak could have on
improving the performance of a solar collectorrégucing the wind induced convection
losses, during winter climate conditions.

In order to determine the effect of the windbrdalq collectors were operated
simultaneously and side by side, one of which hatihabreak. The expected wind direction
was from the northwest, so the windbreak was postl on the westward side of the
eastward collector. In this position, a northwestd would pass over the first collector
unhindered and the windbreak would provide shétt¢he second collector. The
performance of two collectors was measured by taiog and comparing the instantaneous
efficiencies.

Data was collected during February 2010 and OctabdrmNovember 2010. The
results indicated that both wind speed and winddtiion will impact the effect that the
windbreak has. As one would expect, during nondyidays there was no significant
difference observed between the two collectors.Wimdy days in which the wind came
from the expected wind direction, the windbreakegypd improve the collector’s
performance. However, due to the uncertainty énntteasurements, and the limited number
of data points, a definitive declaration cannotrisle.
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Chapter 1

I ntroduction

As the world’s population grows, so does its demfaneénergy. The world
population grew from 3 billion in 1959, to 6 biliidn 1999, and this growth is expected to
continue into the Zicentury. The U.S. Census Bureau projects thgpdipalation growth
will continue and the world’s population will rea8tbillion by 2044 [1]. This growth in
population is accompanied by an increase in enesggumption. As a developed country,
demand for energy in the United States is relatigeble. However, even in the United
States the demand for energy is steadily incred&ingrurthermore, the rising demand
cannot keep up with the limited amount of natueslources. Of the 94.72 quadrillion Btu
that the United States consumed in 2009, only @ueRlirillion Btu were provided by
renewable resources. The U.S. Government hasmizeabthat it must be vigilant in its
promotion of renewable energy resources. As dtreéba federal government and many
state and local governments have begun offeringnitnees to promote solar, wind and other
renewable energy systems [3].

One source of renewable energy that is includedearincentive programs is solar
thermal energy. Flat plate solar collectors aeesiimplest type of solar collector, and consist
of only three main components: an absorber, adwpraglazing, and an insulated backing.
Solar radiation is absorbed by the absorber pliadesolar collector. The radiation causes a
temperature rise in the absorber plate, and the tthat flows through the tubes that are in
direct contact with the absorber plate. The flgithien pumped to another location where

thermal energy is transfer to another fluid. Comrapplications of solar systems include



domestic water, space, or pool heating. Despéertbdern applications, solar thermal
energy is not a new development. In fact, Horae&alussure was credited with the world’s
first solar collector in 1767 [4]. However, degpibots dating back over 200 years, the solar
thermal industry is still developing. Market res#ahas shown that many home owners
view saving money to be the deciding factor in vakethey will purchase a solar thermal
system, or use a conventional system [5]. A dblkammal system requires an initial
investment cost to purchase and install the sysidmm benefit is seen because the solar
energy which is free, replaces the owners deperdemnon-renewable resources, typically
natural gas. However, in a survey conducted byN#tional Renewable Energy Laboratory
(NREL), many respondents cited the initial instédia costs of the system to be too high.
Furthermore, NREL found that that for solar systéonise economically feasible to a
significant market, the installed cost should bthimrange of $1000-$1500 [6]. For this
reason, the National Renewable Energy Laboratosydleaoted research into developing
cheaper solar thermal systems. Additionally, tbeegnment incentives have helped reduce
the investment cost for the owner, and the sokamtlal industry has experienced growth in
recent years. However, the areas in which solégators are most popular experience warm
climates throughout the year [7]

Many of these financial concerns are compoundé¢kdamorthern latitudes because of
the cold conditions that they experience duringterin The reduction in solar radiation
results in a reduced heat gain through the coltextd the low ambient temperatures can
result in an increase in collector heat loss tostimeoundings. Combined, these factors will
case a reduction in the collector’s performanéelditionally, these areas experience fewer

sunlit hours; therefore, solar thermal systems pvitvide less energy during this periods
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resulting in reduced savings for the owner. Thiduction in savings makes solar thermal
systems less attractive financially in cold climateas than in warm climates. Therefore,
steps must be taken to enhance the performanagasfteermal systems in the northern
colder climates to make them more desirable inetlaeeas.

Improved collector design can improve the colléstefficiency during all climate
conditions and can help compensate the loss exyededuring the winter months, and this
area is the source of a significant amount of meteaA variety of methods have been
attempted to improve the performance of flat patiar collectors. Honeycomb collectors
have been shown to have higher efficiencies traittonal collectors [8].

Thin films have also proven to be very useful ieating selective absorbers and anti-
reflective coatings [9-10]. While these methodgehlbbeen proven to increase collector
performance, they would also increase the costetollector, and don'’t directly address the
issues solar collectors face in cold climates.

The previously mentioned research areas have dédgbesed on reducing the natural
convection heat transfer between the absorbertengl&azing, or on reducing the reflectance
or re-emitted losses. However, according to Tuegmat Onur, tvind induced heat losses
have an important effect on the efficiency of saaltectors. This is especially true in cold
climates where temperature differences betweendhector surface and the ambient are
relatively large” [11]. These conditions are semito the winter conditions that the
Midwestern United States experiences because iti@utb thecold temperatures the
highest wind potential also occurs during the wimenths. Therefore, this potential heat

loss was investigated further in this thesis.



Windbreaks and shelterbelts have a long histolyeaig used to direct wind and
provide sheltered areas. Windbreaks are most canyrseen around farms to protect the
crops and top soil, and they have also been usedtigtly to direct snow drifts and sand
dunes [12]. However, properly positioned windbehkve also been shown to reduce
heating costs in rural homes [13-14]. The succéssiage of windbreaks in these large scale
applications shows promise that scaled down wiraksreould be beneficial in providing
protection for small scale applications.

This thesis examined the potential of using a wiedk on a small scale to provide a
flat plate solar thermal collector protection freime wind in order to improve its
performance. Specifically, this thesis investigatdether the performance of a flat plate
solar collector could be improved by implementingiadbreak, and if a threshold of wind

speed and ambient temperature for which the wirakdbecame beneficial existed.
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Chapter 2

Literature Review

Solar collectors have a wide variety of applicasiarmnging from moderate to high
temperatures. Flat plate collectors provide magdaeamperature rises of the working fluid
and are commonly used for space and water heafidditionally, flat plate collectors are
mechanically simpler than and cheaper than eithecieated tube or concentrating collectors.
For this reason, they are commonly used in domagiitications. Additionally, due to their
relative simplicity and wide range of use, flattplaollectors and their performance is the
subject of much ongoing research.

Figure 1 depicts a typical flat plate solar colkeaesign. The collector consist of
four primary components: an absorber, a glazingeria, flow tubes and insulation. Solar
radiation hits the absorber and causes it to iser@atemperature. Fluid flows through the

flow tubes, which transfers heat from the absotbéhe fluid.

Flat Plate Collector
Flow Tube:

Absorber

Plate .
Fluid Outle

Fluid Inlet

Insulatior

Figure l: A Flat Plate Solar Collector
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The insulation is located on the back side of theoéber and reduces the heat loss from the
absorber through the back of the collector. Thep@se of the glazing is to reduce the heat
loss from the top of the collector.

Collector performance is determined by its efficignwhich is the ratio of the energy
transferred to the fluid to incident radiation [13)ue to the simplicity of the design, there
are only a few ways to improve collector performantf either the rate of heat loss to the
surroundings is reduced, or the amount of absobedreased, the collector efficiency will
be improved.

The primary modes of heat transfer from the absddthe surroundings are
convection and radiation, and both of these haea lseurces of research. Furthermore, the
focus on the convection losses has primarily beended on the natural convection losses
between absorber and the glazing. The primaryqaerpf the glazing cover is to reduce the
convective losses from the collector. Additionalysecond glazing can reduce the heat loss
even further. More advanced methods have also dtempted. One method that
researchers have investigated is to implement anbérier between the cover and the
absorber plate. The barrier obstructs natural ecton between the two surfaces and
reduces the overall heat loss.

A. A. Ghonheim investigated the effect differemasgements of honeycomb patterns
had on collector performance [16]. Early honeycatlgies completely filled the air gap
between the top cover and the absorber plate. kenwthe presence of a small air gap
between the absorber and the honeycomb materiddetmeeen the honeycomb and the
glazing will reduce the conduction and radiatiosskes. Ghonheim investigated the effect

that the length of the gap between these layerohamllector performance. In the study, a
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square cell honey comb pattern of polycarbonateusad, and the gap distance between the
layers was varied between 0 and 12 mm. The pedocmof the collectors with the
honeycomb suppressant was compared with the peafarenof the collector without the
honeycomb suppressant.

The results showed that the bottom gap thicknessme important than the top
gap thickness, and an optimal bottom gap thickn€8smm was found. This can be
explained by the method of heat transfer in a hooep collector. As the gap approaches
zero, conduction to the honeycomb from the absartmeeases, which results in an increase
in radiation from the honeycomb walls. Howevethi# gap thickness is increased beyond
the optimal value, convection from the absorberdases the heat transfer to the honeycomb
material, which results in increased radiationésssom the honeycomb. The collector with
a gap thickness of 3 mm showed a reduction of 48®é collector heat loss coefficient.
However, the honeycomb structure also reducedtiead efficiency of the collector by
14%. This is important to note because the etieoptical efficiency is dominant at low
temperatures, and the heat loss is dominant attbigperatures. Therefore, the efficiency of
the honeycomb collector will be better for mediumnd &igh temperature differences, but a
collector without honeycomb will have a higher effncy for low temperatures

In another similar study [17], the performanceiafte and double honeycombed
collectors was compared to a collector without lygnenb suppression. In each case, the
total gap between the absorber and the glazingg@asm. The honeycomb structures used
in each case were 16 mm thick, and for both cdmetop and bottom air gaps were adjusted

in order to determine the optimal values. In tbalde honeycombed case, the gap between
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the honeycombs was also adjusted to in order &rhate if an optimal value could be
found.

As the previous study indicated, a bottom gap wi83 was found for both the single
honeycomb and double honeycomb collectors. Simsevalue was found to be common for
both cases, it was kept constant for additiondirntg®f the double honeycombed collector,
and the top and middle air gaps were changed. e/t double honeycombed collector
showed an improvement in the reduction of the lo=at over the single honeycomb case, it
also suffered the penalty of a greater reductiathénoptical efficiency. Therefore, the single
case had a higher efficiency over the entire rarfgserating conditions than the other two
cases. Since the effect of the honeycomb suppreissa balance between the reduction of
the heat loss and the reduction of the opticatiefficy, if a material with better optical
properties is used, the double honeycomb collenty perform better.

Varol and Oztop also investigated a method of ceduthe convective losses
between the absorber and the glazing [18]. Theyemically simulated the natural
convection that occurs between the glazing andawsmrber shapes: the typical flat
absorber, and a wavy-sinusoidal absorber. Theirteeshowed that the shape of the
absorber had a significant effect on the amoumtaddiral convection heat transfer. In
addition, the wavy collector resulted in greateatiteansfer than the flat plate collector.
Therefore, the results of this study indicated thatwavy absorber had a negative impact on
the collector’s performance, but the researcheggessted that further studies should be
conducted.

The gap between the two surfaces is typicallgdiNvith air, which is the fluid that is

the means for convection between the two surfa¢ess is practical because it would
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increase manufacturing costs to create a vacuwwebetthe surfaces, or to use another
fluid. Furthermore, only a small number of produweith a gas filling other than air have
been marketed and they have had limited successiever, Vestlund, Rénnelid, and
Dalenback numerically modeled natural convectiomvben the two surfaces, and compared
an air filled collector with a collector filled witan inert gas [19]. The gases that they
modeled were: Argon, Krypton, Xenon and Carbon Riex Their simulation showed that
Carbon Dioxide did not improve collector performanddiowever in the cases of Argon,
Krypton, and Xenon, the performance of the colleatas improved, and in some cases by as
much as 20%. Additionally, the researchers sughesiconstruction of thinner collectors
could offset the cost of the gas.

Another method researchers have investigated toomepcollector performance is by
reducing the amount of radiation that is re-emitigdhe collector. This is typically done by
applying coatings to traditional absorber materid®wever, if the coating is to improve the
collector efficiency it must reduce the emissivofithe absorber, without reducing its
absorbtance. Finding materials with low emissiaityl high absorbtance has proven
difficult, but researchers have had luck with mebatles.

Garba, Sambo and Mosugu investigated the effechernical coatings on solar
collector plates and in turn on thermal performaoicie collector [20]. In their study, two
types of coatings, Copper Oxide, and carbon blaeke used on three substrate materials,
aluminum, copper and iron. The copper oxide cgatras applied to the plates using spray
pyrolysis and the carbon black coating was appl&dg a painting technique. The
performance of the coatings was tested by firstsmeag the absorbance and reflectance of

the uncoated plates at various angles of incidefite plates were then tested again with the
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coatings applied. The results showed that bogiiregs increased the plate’s absorbance and
decreased the plate’s reflectance. Additionalig, plates coated with copper oxide had a
higher absorbance than the plates coated with naslack for all angles of incidence.

More recently, Katumba, Olumekor, Forbes, Makiwayakikunga, Lu and
Wackelgaurd compared the absorptivity and emigsoficarbon nano-particles embedded in
ZnO and NiO [21]. The study measured the reflemasf each material and used the
reflectance to determine the absorbtance and entyssf each material. The performance
of the coatings was determined by finding the rafithe normal absorbtance to the normal
emissivity. The coating with the higher ratio llas better optical properties for an absorber

The results showed that while the paint had tgbdst normal absorption at 93%, it
also had the highest normal emissivity at 33%. Zin@ had an absorptivity of 71% and an
emissivity of 6%, and the NiO had an absorptivity4% and an emissivity of 4%. The NiO
coating clearly has the highest absorption-emigsiatio at 20.91, and the ZnO coating has
a ratio of 12.70 which is still much higher thae thaint which has a ratio of only 2.85. This
data clearly indicates that the NiO absorber hasrdesirable characteristics than the other
two materials.

Research in coatings has not been limited to mgsiior absorbers. Most flat plate
solar collectors utilize a cover material to redtleamount of heat loss to the surroundings,
and low iron, tempered glass is typically usedit®ride temperature range and high
transmittance. However, even high transmittanassgls typically have transmittances of
around 90%. This results in a significant lossrevefore the solar radiation strikes the
absorber plate. For this reason, anti-reflectn@&iogs have become another popular area of

research.
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A single glass cover reflects approximately 8-1@®Rhe incident radiation, and a
double glazed collector may reflect up to 17%. r&jucing the reflectance of the glazing
material, more solar radiation will hit absorbingterial and collector performance will
improve. For this reason, the glazing materiagdsadten coated with an anti-reflection layer.
According to, Khoukhi, Maruyama, and Komiya, theatlrefractive index for the coating
should be equal to the square root of the refradtidex for the glass [22]. However, it is
difficult to find coating materials that meet thesjuirement. A few commonly used coating
materials are magnesium fluoride, lithium fluoreled aluminum fluoride.

Khoukhi et al discovered a new material that has a lower reffr@atdex than that of
the materials that have been used previously. dsidip-coating process a thin layer of
SiO,is deposited on the glass surface. The resulisegdhthat this coating had a
significantly higher solar transmittance than otb@atings and uncoated glass.

Kesmez, Camurlu, Burunkaya and Arpac coated glasstimtes with thin layers of
Si0, and then Ti@[23], the purpose of which was to create a surfhaewas self cleaning
and anti-reflective. The Silicon layer increadee transmittance of the glass by 6%, which
offset the loss in transmittance caused by thecdedining titanium layer. The end result was
a self-cleaning, anti-reflective surface.

While utilizing one of these methods could impraedector performance, applying
several would have a greater effect. Hellstrouhstan, Nostell, Karlsson and Wackelgard
simulated the effect that improving absorbtanceemdtance characteristics of the absorber
as well as the improving the optical charactesstitthe glazing and the reduction of natural
convection between the two surfaces would haveneestigated the effect that the optical

and thermal properties of the collector have opédormance [24]. These properties were
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investigated individually and collectively at anepating temperature of 50 °C in order to
determine which improvement would be the most éffec

The results showed that an increase in absorbfemte.95 to .97 only had a
moderate effect on the collector’s performance, rasdlted in an increase in the collector’s
annual energy output of less than 5%. In additieducing the emittance of the absorber
from .1 to .05 showed a similarly moderate improgeaim However, when both
improvements were applied to the model, the contbeféect was nearly equal to the sum of
the individual effects, and amounted to an increasle energy output of approximately
7%. Additionally, the effect of lowering the enaitice increases as the operating temperature
of the collector increases. Reducing the reflexasf the glazing by 4% showed an increase
in the annual energy output of 6.5%. Furthermibiis,feasible that this could be further
improved upon, but not with the currently indudtyiproduced coatings. Lastly, two
methods for reducing natural convection losses wetestigated a Teflon film and a Teflon
honeycomb. An increase in the energy output ola®% 12% was found for the Teflon film
and honeycomb, respectively. Lastly, for a cobeetquipped with each of these
improvements, a total increase of 25% was seen.

Furthermore, Hellstroret al, speculate that improving the absorbers charaties;j
and using current anti-reflection coatings on tlezigg can be cost effective. However, the
Teflon honeycomb had a relatively high materialt@®l was about 12.5 times higher than
just a single film and is less cost effective. ,Yetluding a single Teflon film could be
beneficial and cost efficient.

The improvements suggested so far have all bedredpp traditional flat plate solar

collectors and haven't directly addressed the s¢siech as reduced incident solar radiation,
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fewer sunlit hours and increased heat loss dueltbambient temperatures) that solar
thermal collectors endure in cold climates.

Groenhout, Behnia and Morrison attempted to devalopdvanced solar collector
that would be more effective during winter mont®S][ Their design incorporated a double-
sided flat plate absorber mounted on stationargeotnators. Groenhost al assessed the
performance of the collector by conducting indaad autdoor tests in order to determine the
heat loss characteristics and the optical and thlgpnoperties. Furthermore, the
characteristics of the new design were comparel tratlitional flat plate designs.

The collector was modeled by simulating an absaoptse by placing three electric
heaters between two aluminum sheets. The abseds®elocated above the concentrators,
and the underside of the absorber was partialiyatsd. The uninsulated part of the
absorber was exposed to the concentrators, arehthie area of the absorber and
concentrators was covered with low iron glass ih&taditionally used in flat plate
collectors. The ambient temperature as well astinace temperature of the absorber,
glazing and the collectors was measured and redavih type-T thermocouples. The effect
of wind over the top cover was simulated by instgla ducted air flow above glazing.

The heat loss characteristics of the collector vdetermined through numerous
experiments at various operating temperaturesdegral hours of steady state operation.
The total heat loss through the glass cover andated walls was estimated as equal to the
power input during steady state operation. A rédadn the conduction losses through the
insulated area of the absorber were reduced betarisdsorber area that was in contact
with the insulation was significantly reduced. Aduhally, the incorporation of a low

emittance coating on the double sided absorbepledwvith the concentrators reduced the
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radiation losses through the back of the colleciidis resulted in an increase in the ratio of
convective losses to conduction and radiation Bsser traditional flat plated collectors.
However, the total heat loss appeared to be bet@@at®% lower than in traditional
systems.

While these methods have potential in improvirgycbllector’s efficiency, they
focus primarily on limiting the natural convectitrat occurs between the surfaces or on
improving the optical properties of the absorbed glazing. None of these studies have
addressed the problem of heat loss due to forcedection in any detail. Yet, research has
shown that forced convection will contribute sigeahtly to the heat loss from the collector.
Kumar, Sharma, Kandpal and Mullick simulated tHedatfthat wind has on the convective
heat transfer coefficient in a laboratory settiag][ The collectors were simulated using flat
plate electric heaters and industrial fans simdl#te wind. With this setup, the researchers
were able to test different surface temperaturesaand speeds. The researchers allowed
the experiment to reach steady state and used meda$ie surface temperature and the
ambient temperature to calculate the convective tnaasfer coefficient. Once plotted with
respect to wind speed, the data showed good agreéevith a linear regression line.

A similar study was conducted by Sharples and I€sanrth [27]. This study also
simulated the conditions of a solar collector vatheated plate; however, the plate had
similar dimensions to typical flat plate collectansd the study was conducted outside in
actual weather conditions, and the “collector” wasunted on a pitched roof. The surface
temperature of the plate was measured with therapmes in nine locations. Similarly to
Kumaret al, the average plate and ambient temperatures wgerkta calculate the

convective heat transfer coefficient. The expentakresults showed that either a power or
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a linear regression could be used to model the datehermore, the experimental results
also showed good agreement with models previouslygsed by other researchers.

In another study by Kumar and Mullick they revisieir earlier work, and model the
wind induced convection coefficient experimentgi$]. An unglazed test plate with an
area of approximately 0.99was mounted on a roof outside. The top of thelese was
exposed to solar radiation and the bottom was atesdl The temperatures on the surface of
the test plate and in the insulation assembly the@mbient temperatures and wind speed
were recorded. The wind induced heat loss coefitoivas determined by applying a heat
loss balance on the test plate. Likewise in thattier study, they modeled the heat transfer
coefficient with linear and power regression mogdaixl their data showed good agreement
with both models.

While the exact results from individual studies é&een slightly different, they have
generally estimated the convective heat loss aeffi with either a linear or a power
regression model. Satori conducted a study nemrently in an attempt to determine the
accuracy of several models and attempted to fioehgensus on which model is the most
exact in predicting the forced heat loss coeffictmrer flat plates and solar collectors [29].
Satori determined that the type of flow will affechich model is the most accurate.
Therefore, he suggested that for three differgoésyof flow, laminar, fully turbulent and
mixed flows, three different power regression medlould be applied. However, each of
the three models has the same general form, agdidfér in their coefficients or exponents.

These studies are significant because convectiaetransfer also increases linearly
with the convective heat transfer coefficient. fdfere, it can be expected that more heat

transfer will occur as wind speed increases, amo@siderably high wind speeds, this could
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be significant. Despite this fact, there is refalty little research focused on reducing the
amount of forced convection losses from flat pkikar collectors.

Windbreaks have traditionally been used to diraotvto protect farmland, and to
direct wind drifts and sand dunes. In these cdabesyindbreaks are typically constructed
from trees and shrubs and reduced wind speede ishiiltered areas [30]. However,
windbreaks have been also shown to provide pratedtom winter winds which result in
reduced heating costs for homes and buildings.t ldsa through walls, floors and roofs can
be reduced because calm air is a better insulaéor moving air. This can be thought of in a
similar fashion to the wind chill index.

Chilling winds can induce building heat loss thrbufiltration and surface heat
transfer. This is most apparent in poorly insuddiaildings, buildings in highly exposed
environments such as coastal buildings, and higgsri Prior and Keeble described applied a
wind chill index to buildings in order to assess benefit of using windbreaks and
shelterbelts for wind protection [31]. They estieththe benefit of utilizing windbreaks by
calculating the reduction in the buildings windlchiThe average number of hours per
heating season for which the building’s wind chitlex exceeded 900 Wfmwas calculated
for five locations of a two story building. Theloaation was done for three conditions.
Under the first condition no windbreak was impleteein The second condition
implemented the windbreak at a distance of 150 redétem the building and the third
condition implemented the windbreak 15 meters fthenbuilding. Even with a windbreak
150 meters away, the number of wind chill hourseexiing 900 W/mwas reduced by
approximately 50-75% for the five locations. Wiathvindbreak positioned at 15 meters the

number of wind chill hours was reduced by nearl%30r each of the five locations.
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However, it should be noted that the estimationiaesl that the wind reduction would be
the same for all directions, which may not be thgecfor all scenarios.

While windbreaks have been traditionally been aupto large scale applications,
there is reason to believe that similar benefitslwa expected for scaled down applications.
This thesis tested this belief by constructing adbreak to shelter a flat plate collector. The
principles that are used in large scale applicatiware examined and applied to the

construction of a small scale windbreak.
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Chapter 3

Theor etical Background
3.1 Solar Thermal Collectors

The principles under which flat plate solar coltestoperate are relatively simple.
The collector consists of three main componentsatbsorber, the glazing, and insulation.
The absorber faces the sun, and receives incidértradiation, and as it absorbs the solar
radiation its temperature rises. The absorbesuslly black or another dark color in order to
maximize the amount of solar radiation it absorblee absorber contains a series of tubes
through which a fluid flows. The fluid removes h&am the collector, and the heat
removed from the collector can be used to heaildibgs hot water, or used for space
heating.

Any heat loss from the collector to the surrougginesults in less heat transfer to the
fluid. Therefore, the purpose of the glazing dmelihsulation is to minimize the amount of
heat transfer to the surroundings. The back o&ts®rber is typically insulated to reduce
the amount of conduction and convective losses tdh of the absorber cannot be insulated,
the absorber must face a transparent surface er tovdeceive the solar radiation.

Therefore, a glazing material is often used to cedhe amount of heat loss due to
convection. Glass is commonly used because bigtstransmittance and its ability to
withstand large temperature ranges. Additionalflat plate collector can work without a
glazing material, but its performance will be sfgrantly reduced.

Solar radiation consists of three components, trestiation, diffuse radiation, and

reflected radiation. Direct radiation, or beamiatidn, is the radiation that is received
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directly from the sun. The amount of direct raidiata surface receives is dependent on the
angle and orientation of the surface relative eogtin. For example, in the northern
hemisphere solar collectors are mounted facinghsoubrder to maximize the amount of
direct radiation they receive. As radiation frdme sun enters the Earth’s atmosphere, some
of it is scattered and it no longer follows alohg path of the direct radiation. The scattering
affect is universal, and diffuse radiation travielslll directions in equal amounts. Therefore,
the amount of diffuse radiation that hits a surf@adadependent of the surface’s angle or
orientation. A good example of diffuse radiati@nde seen on cloudy days. On cloudy
days much of the direct radiation is blocked bydloeids, yet there is still plenty of daylight
during the day. Reflected radiation is the lasirfof radiation. Radiation can be reflected
from the ground or other surfaces back onto ansthdace. Reflected radiation is similar to
direct radiation in that it is dependent on thewotations of the two surfaces involved. Since
solar thermal collectors are oriented facing thg #ke amount of reflected radiation that
they receive is usually minimal[32].

The combined source of direct, diffuse and refléctaiation that the collectors
receive is the total amount of energy gain thatcthikector can provide. However, only a
portion of the incident radiation that is receiweitl be transferred to the fluid and be
useable. Figure 2 depicts the solar radiationivedeby the collector, and the heat transfer
from the absorber. The first loss occurs at tlaeigly material. As radiation hits the glazing,
most of it passes through the material, but somevafl be reflected back to the
surroundings. High transmittance glasses typidaye transmittance values of about 90%.
This results in a significant loss even beforertit#ation has hit the absorber. Secondly, the

absorber will also reflect some of the radiationkbdnrough the glazing material. The
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radiation that is absorbed by the absorber wilseaaitemperature rise, which results in heat

transfer to the fluid and heat loss to the surrtcngal The heat
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Radiatior \ \ Fluid Outle
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Conductio

Conduction
Convectior& \
Glazinc Convection
—
Fluid Inlet

Absorber

Insulation
Figure2: Collector Energy Balance
loss to the surroundings is due to conduction, eotiwn and radiation. The insulation on the
back of the collector reduces the heat loss dwenduction. The greatest losses occur from
the top surface because it is not insulated. ,Rhistabsorber will re-emit some radiation
back to the surroundings. Secondly, the air gaydxen the absorber and the glazing will
permit convection and conduction, with convecti@mlg the primary mode of heat transfer.
All of these heat losses amount to a significadtiotion in the heat gain of the collector.
The performance of the collector is determined @y Imuch of the original incident
solar radiation is actually transferred to thed|wand how much is lost (thermal and optical
losses) to the surroundings. For steady stateatipe, the useful energy gain of a collector

is defined by:
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Q = A[S-U (T, ~T)I. (1)
The incident solar radiation is denoted as S, hadttput of the collector is determined by
the Area of the collector, Athe collector heat transfer coefficient,, ldnd the mean
absorber and ambient temperaturgs, dnd T. The overall heat transfer coefficient for a
collector is a combination of the convection, cortchn and radiation losses from the
surfaces of the collector. Again, the top of tbector is the largest factor in the heat loss
coefficient with the primary modes of heat trangfemg convection between the absorber
and the glazing, and from the glazing to the surdmgs and radiation from the absorber.

In this form, Equation (1) is not particularly ugselbecause the mean temperature of
the absorber is not easily obtained. However,diggithe fluid temperatures and the flow
rate the useful energy gain,,@f the collector can be calculated from:

Q, =mC, (T, -T) )
Equation (2) is preferable to Equation (1) becatgses easily measurable quantities. The
temperature difference term, is the rise in temjpeesof fluid from the inlet to the outlet of
the collector. The mass flow rate of the fluidlenoted by. This term is typically found
by measuring the volumetric flow rate of the flaidd calculating the mass flow rate using
the fluid density. In Equation (2), the heat cafyaof fluid is represented by C

The instantaneous efficiency is commonly usedaiagg a collector’'s performance
and is defined as the ratio of the useful energpyy githe collector to the total incident

radiation.

— Q _ mCp(Te-Ti)
= AG, — F:%Gt 3)




27
The denominator in this equation is the instantasencident solar energy, and is the
product of the collector areacfand the incident solar radiation flux, @hich is typically
measured with a pyrometer.
3.2Windbreak

Windbreaks have a long history of being used tocedvind speeds, and to control
local climate and environments. One of the mostroon uses of a windbreak is to prevent
erosion, and increase crop yields on farms. Tlage scale windbreaks often use natural
barriers, such as trees and bushes, but artificralbreaks have also been used.

The primary purpose of a windbreak is to reducadveipeed. The amount of
reduction and the range of the sheltered aregosrtkent on the shape, porosity, and
thickness of the windbreak. The length of the teledtl area is typically measured with
respect to the windbreak height. Wind tunnel amoherical simulations have indicated that
the area that receives the most benefit from timellareak is within a distance of 8-10 times
the windbreak height. Furthermore, the reductiowind speed is greatest near the
windbreak, and the wind speed gradually increaséismaoves further away from the break.

The porosity of the windbreak has a significafé&fon the amount of wind speed
reduction, and the size of the sheltered area.s®eaimndbreaks, typically defined as having
porosities less than 0.3, have the potential tdyce recirculation bubbles on their leeward
side. Initially the recirculation is small, bucheases with increasing break density.
Cornellis and Gabriels conducted an experimentadstigation in an attempt to find the
optimal porosity for a wind break. They determiedhnge of porosities from 0.2 to 0.35
provided the maximum reduction in wind velociti88]. Santiago, Martin, Cuerva,

Bezdenejnykh and Sanz-Andres numerically and thraugd tunnel experiments
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investigated the effect porosity has on the windksesheltering ability [34]. They
determined that a porosity of 0.35 provided the imar benefit. The two investigations
give slightly different values for the optimal psity of the windbreak, but both indicate a
similar range.

The thickness of the windbreak also has a sigmticmpact on the flow down stream
from the break. Thick windbreaks, with widths tenes the height or greater, will cause the
location of the greatest wind speed reduction torbéhe windward side the windbreak. In
these cases, the wind speed has already beguckigpiefore it has passed the windbreak.
In contrast, thin windbreaks show the locationhaf gjreatest wind reduction downstream
with a typical distance of 3-4 unit heights [3#s a result, thin windbreaks shelter a
significantly larger area than thick windbreaks.

The shape of the windbreak also has an effedh@stieltered area. Most studies
indicate that smooth-shaped and streamlined wirdtisreesult in less wind-reduction than
vertical sided breaks. This is due to the reduesistance of the streamlined breaks. The
rectangular shape is generally believed to prothdegreatest protection. However, Wag
al tested a wide range of shapes and only foundtdiffierences in the wind-speed
reduction [35].

A windbreak was constructed for this thesis froehaet of clear polycarbonate. A
diagram of the windbreak that was constructed esvshin Figure 3. The windbreak was 96
inches long and extended 8 inches above the cotlsgurface. The windbreak was given a
porosity of 0.2, which is the lower value of thega that was found to provide the maximum

wind protection. The porosity was created by ithgila series of 1 inch diameter holes.
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Additionally, the holes are located on the top lodlfhe windbreak, leaving the bottom half

of the windbreak solid.
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Figure 3: Windbreak Diagram
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Chapter 4
Experimental M ethodology
4.1 System Description

A series of experiments were conducted to studetteet of a windbreak on
reducing heat loss from a flat plate collector. €xperimental set up was located on the
campus of Minnesota State University on the fofldbr and roof top of Trafton Science
Building. The MSU system consisted of all of the main comptsef a system that could
be found in a residential application for eitheaspor water heating. The primary
components include: the collectors, a storage tamit,expansion tank, a heat exchanger and
the pumps to circulate the fluid.

The solar system consisted of three independeps|apcollector loop, a transfer
loop and a heating loop. Each loop has its owngpwmich circulated the fluid through the
loop. The collector and transfer loop pumps wemrgmlled by the same switch and the
heating loop pump was controlled by a separatecbhwif photograph the heating and

transfer loops is shown in Figure 4.
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Figure4: A Photograph of Transfer and Heating L oops

The heating loop (Figure 5) pumps water from tloeagje tank through a register. As
the water passes through the register, heat tranfsten the water to the register and
ultimately to the room. This is one method thailddoe used in a residential application for
space heating. In a residential application tlsasuhe solar collectors to provide water

heating only, the space heating loop could be edhittom the system.
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Figure5: Heating Loop

As shown in Figure 6, the transfer loop was corewetd the storage tank and
includes a pump and a heat exchanger which tramkéat from the collector loop to the
transfer loop. Fluid from the storage tank andiffuom the collector loops are both
circulated through the heat exchanger. As thddlpass through the heat exchanger, heat is
transferred from the collector loop fluid to tharsfer loop fluid. If water is used as the
transfer fluid for both loops, it is possible tan@ve the heat exchanger and circulate the
water from the collectors to the storage tank diyedHowever, due to the cold temperatures
that are experienced during Minnesota winters, itedcessary to use an anti-freeze-water
mixture to prevent pipe freezing. Therefore, idarto keep the anti-freeze from mixing

with the potable water, the loops must be separatelch heat exchanger is required.
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The collector is the loop that is responsible Banoving the heat that the collectors
gain from the sun so that it can be used for egpace or water heating. In addition to the
collectors and the pump, the collector loop inckida expansion tank. As the fluid flows
through the collectors, it will heat up and expafthe purpose of the expansion tank is to

allow space for the fluid to expand and relievespuee.
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The collector loop is the loop that is of primagncern in this study because it
encompasses the two flat plate solar collectorslageyglare the focus of this study. The two
solar collectors are located side by side and =a48 x 96 inches and are tilted an angle of
latitude + 15 degrees which amounts to 60 degrBegire 7, depicts the collector loops
components and their locations. As shown in Figuriduid is pumped from expansion tank

to the collectors and back again. Pressure gagdeaated before and after the pump, and a
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flow meter is located after the pump. Thermocouwgddls are located at the entrance and exit
of the solar collectors and at the inlet and oudehe heat exchanger. Since the system will
be operated during times when the temperature atrolg below 0°C, a 50% ethelyne glycol,
50% water mixture will be used in the collectorpgoo

The thermocouples were calibrated by measuringetiiperature of water at a known
reference point and comparing the measured temypesatvith the reference value. The
reference temperature was measured with a mereargnometer. This was done for two
points, with boiling water and an ice water batig #éhe reference points and the
corresponding thermocouple measurements can bd faukppendix 1.

4.2 Data Collection
The performance of the two collectors were meashyechlculating their

instantaneous efficiencies as given by Duffie aedkBnan[15] from:

_ MCp(Toy —Tin)
= Mot (4).

The numerator in Equation (4) is the useful heat fTam the collector and consists of the
fluid mass flow rate, the specific heat of thedlaind the inlet and outlet temperatures of the
fluid as it passes through the collector. The denator is total incident solar radiation on
the collector. It consists of two terms, the ireitisolar radiation and the area of the
collector.

The heat gain through the two collectors can berdenhed from the flow meter and
the inlet and outlet thermocouples. The thermolzsufiype T) were connected to a data
acquisition system, and a LabView program will rekcthe temperatures at five minute

intervals. Since the collector loop only includee flow meter, it was used to measure the
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total flow through the loop, and it will be assuntbdt the flow is split evenly through both
collectors.

In order to determine the instantaneous colledfaiency, the total amount of solar
radiation is required. Therefore, an Omega weattation was set up next to the collectors,
and it recorded the ambient temperature, solaatiati, wind speed and wind direction at
five minute intervals. Ordinarily pyrometers areunted parallel to the ground, and the
recorded horizontal radiation must be correctedetermine the solar radiation on an
inclined surface. However, in this study, the pyeter was mounted the same angle as the
solar collectors tilt, 60 degrees, eliminating tleed to correct the recorded radiation. The
pyrometer measures the incident radiation fluxorher to determine the total instantaneous
amount of radiation incident on the collectors, fln@ must be multiplied by the collector

area.

Figure8: Omega Weather Station
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4.3 The Windbreak
The windbreak was constructed from a clear polya@ake sheet of 1/8 inch thick.

The sheet was chosen to be thin in order alloviifermaximum transmittance and reduce the
risk of the obstruction of sunlight and shadings ghown in Figure 8, the windbreak is
positioned along the full length of the collectBrf¢et and extends 8 inches above the
collector’s surface. As stated previously, thenested sheltered area is approximately 8-10
unit lengths of the windbreaks height, giving theltered area a range of 64 to 80 inches.
Additionally, the collector is 48 inches wide; tafare, the outside edge of the sheltered area
is beyond far edge of the collector. Therefore,ehtire collector should be within the
maximum sheltered area of the windbreak. Lastly,windbreak was given a porosity of

0.2. This corresponds to the lower limit on panp#iat was previously stated to give
maximum shelter. In order to generate this poyp8® one inch diameter holes were drilled
into the surface of the windbreak. In additiorg boles were drilled in the top half of the

windbreak, so that they would be further from tb#ector’'s surface.
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Figure9: The Collectorswith windbreak

4.4 Data Analysis

A baseline for the collector efficiencies was céted with no wind break present.
This ensures that there is no significant diffeeebetween the two under normal operation.
A significant difference was determined by caldnigthe uncertainty of the heat gain of the

collectors. The total uncertainty in the heat gaigiven by:

Fy =10 + 0" (5)

q aQ
Equation (5) was derived by taking the partial d&tive of the heat gain equation with
respect to both the temperature rise and the la@at &ince the heat gain through the
collectors is a product of the flow rate and terapae rise, the uncertainty equation is a

function of both of these components. The firatteepresents the uncertainty in the
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temperature measurements and the second termeetgdéise uncertainty in the flow rate
measurements.

It is assumed that the performance of the two ctils is the same, and therefore, the heat
gain from the collectors should not be greater thauncertainty in the measurements.

The windbreak was then implemented on the westwidelof the eastward collector
because the expected wind direction is from théhmagst. In this position, a westward wind
passes over the first collector unhindered, buttimel break obstructs the flow before it
passes over the second collector. This allowsh®efficiencies of the two collectors with
the windbreak present to be compared to the effooés that were calculated with no
windbreak, and if there is a significant changeveein them, it can be concluded that the
difference is due to the windbreak. Furthermdre,windbreak effect can be determined, the
wind speed and ambient temperatures will be exairanel it will be attempted to identify

the minimum wind speed and temperature for whiehwiindbreak effect occurs.
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Chapter 5
Data Analysis

As mentioned previously, data was collected during February 2010 and
October and November 2010.

5.1 February 2010

Data collection began in late January 2010, amtirmeed through February. Data
was collected for the first seven days withoutwuledbreak present. The windbreak was
implemented on the eighth day and was presenh&rdamainder of the testing period. An
average daily efficiency was calculated by caléntathe instantaneous efficiency for each
five minute interval for each day, and averagingntiover the entire day. Additionally,
efficiencies were only calculated for days thaereed enough sunlight to cause a heat gain
for the collector. For example, days that weregipalarly cloudy or snowy were omitted
because there was either no heat gain throughr eiiector or both collectors showed a net
heat loss.

Figure 10 shows the average daily efficienciedbfuth collectors for January 28,
2010 through February 28. The graph shows th&tatol two (the sheltered collector), on
average, has a slightly higher efficiency thanemitbr one. The amount that the efficiencies
differ, typically vary between 0 and 5%. Tableutrsnarizes the daily collector efficiencies

and average wind speeds for the pre-windbreak astdwindbreak testing period.
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Figure 10: Daily Collector Efficiency for February 2010.

Table 1 shows thaverage of the daily efficiencies and the averagel wpeed for the
pre and post windbreak testing periods. The tslsvs that there is not much of a
difference in the efficiencies between the pre post windbreak test periods. In fact,
collector two had the same efficiency with the viarehk present as it did without. While the
difference between the collectors efficiencieséased by 1% when the windbreak was
present, it cannot be definitively concluded timéd tvas due to the windbreak. An
uncertainty analysis was performed using Equanand a sample calculation is shown in
appendix 3. The accuracy of the thermocouples/engo be accurate to plus or minus one
degree. Therefore, on a typical day, this caneansuncertainty in the heat gain of 100 to

200 Watts.



Figure 11 shows the instantaneous difference imé&a gain between the two

Wind
Daily Efficiency Speed

Collector 1 | Collector 2 | mph
Pre windbreak average 0.34 0.35 3.6
post windbreak average 0.32 0.35 2.8
total average 0.34 0.35 3.1

Tablel: Summary Tablefor January and February 2010 testing period
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collectors for February 23. This date was chossmrabse it had the highest daily wind speed

during this testing period. The graph shows tlediector two, has on average a higher heat

gain. However, the difference between the twoenbdirs is typically less than 200 Watts

which is within the range of uncertainty.
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Figure11l: Collector Heat Gain Comparison

While there didn’t seem to be any significant bérfedm the windbreak on collector

performance during this test period, it was al$atneely calm during this testing period.
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Only two days with an average daily wind speed abl®wmph occurred during this period,
and both occurred before the windbreak was preseme. highest daily wind speed that
occurred while the windbreak was present was omhph. Therefore, this test period was
not sufficient to conclude as to whether the wimdibrwas beneficial or not. Therefore,
further testing was conducted in the fall.
5.2 Fall 2010

Data collection began in the fall in October andtmued through November and
was conducted in the same fashion that it waseabdginning of the year. The same
windbreak was used and it was positioned in theegalace on collector two.

Figure 12 shows the average daily efficiency far two collectors for the months of
October and November. During this collection peéollector one showed slightly higher
efficiencies on average than collector two whicbpgosite of the trend that was seen in the
February data. Additionally, the data shows ahslyghigher difference in the efficiencies
between the two collectors. However, the efficieaon most of the days are within 5% of

each other, which is reasonable given the unceytairthe measurements.
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Figure 12: Daily Collector Efficienciesfor fall 2010.

Over the entire collection period, collector onewhd an average efficiency of 44%, and
collector two showed an efficiency of 39%. In artkedetermine if the windbreak had an
effect on collector performance, the data was @iiohto wind days and non-windy days.

Figure 13 plots the collector efficiency versus #iverage daily wind speed for the
days with wind speed greater than five mile perrhdtive miles per hour was chosen as the
cutoff point because the highest average daily wpekd that was experienced during the
February testing was four miles per hour. Theesftre days with wind speeds less than five

miles per hour should be comparable between thadsiperiods.
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Figure 13: Collector Performance versus Wind Speed for Windy Days Fall 2010

At first glance it is obvious that collector onensistently has a higher efficiency than
collector two. In fact, the difference in effic@as is greater for windy days than it is for the
entire data as a whole. For all the days with véipdeds greater than 5 mph, collector one
has an average efficiency of 48% and collector lta® an efficiency of 41%. This is a
difference of 7% compared to 5% when all of thesdagre considered. However, many of
the windy days had eastern or south eastern pmeyainds, and the windbreak was
designed with the intention that it would encountestward winds. The wind direction is
important because with westward winds, the wind paks over the first collector
unhindered and then hit the windbreak before ispa®ver collector two. However, with
eastward winds, the wind will pass over collectod ghen hit the windbreak on the far side
of the collector. Therefore, the windy days wanalgzed further by taking the wind

direction into consideration.
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Table 2 summarizes the average collector efficentor windy and non windy days

and the efficiencies for windy days for both westivand eastward wind directions.

February
2010 Fall 2010
All Non- All Windy Westward Windy | Eastward Windy
All Days | Days | Windy Days Days Days
Collector 1 0.34| 0.43 0.42 0.44 0.44 0.45
Collector 2 0.36 | 0.38 0.38 0.38 0.43 0.36

Table2: Summary of Collector Efficiency on Windy and Non Windy Days
On windy days with eastward prevailing winds, cctite one had an average daily efficiency
of 49%, and collector two had an efficiency of 40%his shows an even greater divergence
than was seen initially when all of the windy dayere analyzed together. In contrast on
windy days with westward prevailing winds, the @#ncies were 46% and 44% for
collector’s one and two respectively. This wout@m to indicate that the windbreak has a
positive impact when the wind direction is from thest and a negative impact when the
wind is from the east. However, of all the windyd that were experienced during this time
period, only three of them were from the westcdntrast, eight days had prevailing winds
from the east or south east. This sample sizetitange enough to make a definitive
conclusion about the effectiveness of the windbrdalrthermore, the current data is not
enough to make a definitive conclusion on whethemntindbreak had a negative impact on
collector two’s performance when eastward windsaexperienced or if the windbreak had
a positive impact on collector one’s performangelditionally, it should be noted that the
average efficiency for non windy days was 42% fatector one, and 37% for collector two.
This is a difference of 5%, whereas the data ttzt gollected in February showed only an
average difference of 2%. However, if the indiatldays are examined, both time periods

showed variations of up to 5%, and therefore theoge are comparable.
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Thermocouples were also mounted, using a cleasiy on the glass cover of the
collector in order to determine the surface temijpees. Four thermocouples were placed on

each collector in a grid like pattern.
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Figure 14: Averagedaily collector surface temperature

These four measurements were averaged as an estifriae average surface temperature.
Figure 14 shows the average daily surface tempesafar the two collectors. No clear
trends are readily identified except that colle¢ten has a consistently slightly higher
surface temperature. Over the entire period, caigwo has an average surface
temperature of 1.5 °C higher than collector one.

As the average daily surface temperature grapiitdsiow any clear trends, the
difference between the collector’s average surfeogeratures was plotted versus wind

speed. This is shown in Figure 15.
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Figure 15: Differencein Average Collector Surface Temperature versus Wind Speed
Again, no clear trends are apparent in this plottact, the greatest differences occurred with
wind speeds less than 5 mph. However, it shosld laé noted that the incidents of greatest
difference also occurred on days with warmer antliEmperatures. Additionally, the
surface temperature of collector 2 is always highan the surface temperature of collector
1, and this indicates that there is greater hestflimm collector two. Since both collectors
are of the same type and age, it is unlikely thatdonstruction of the collectors is the source
of the discrepancy. However, since only one floatenwas present on the collector loop, it
was necessary to assume that the flow rates thrihwegtwo collectors were the same.
However, if the flow rates were slightly differentwould effect the heat gain through the

collector, and could cause the difference in thiéase temperatures.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

The purpose of this thesis was to examine the piatei utilizing a windbreak to
improve the performance of a flat plate solar aitle More specifically, this thesis
examined whether a windbreak could be implemerdachprove the performance of a solar
collector during the winter months. The thesisuked on the performance during the winter
months because the cold temperatures and harsatemose an obstacle for solar thermal
technology in the northern United States. Furtloeenthe Midwestern United States
experiences high wind potential during the wintemihs in addition to its cold temperatures,
and it was believed that the high wind speeds, vwdoembined with the cold temperatures
could result in significant heat loss from the s@allector due to forced convection. A
windbreak was implemented in hopes of directingwired flow away from the surface of
the collector, and thus resulting in lowered forcedvection losses and an increase in
collector performance.

The effectiveness of the windbreak was assessedroparing the efficiencies of two
solar collectors, one which was sheltered by a lieak and one which was not sheltered.
Data collection was conducted during two differeamie periods. Data collection for the first
time period began in January and February 2010avemage daily efficiency was calculated
for the two collectors for the first seven dayshwiiit a windbreak present, and with the
windbreak implemented for the remaining days. tha time period, only a slight difference

between the two collectors was observed. For éneg without a windbreak, the
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efficiencies were 34% and 36% for collector one i respectively. With the windbreak
implemented, the efficiencies were 33% and 36%s dliference was too small to make a
definitive claim as to the windbreaks effectivenesiditionally, the data collection
occurred during a time period of relatively lithend. Therefore, it was decided that further
experimentation was required.

Data collection resumed in October 2010, and caetithrough November 2010.
The efficiencies that were calculated during thisetperiod showed an opposite trend, in
that collector one showed a slightly higher efinag, 44% than collector two 39%, than was
seen during the February collection. However.anagal the discrepancy between the two
periods on non-windy days showed similar ranged tharefore the two time periods are
comparable.

The efficiencies of the two collectors showed aatgedivergence when only windy
days were analyzed. The average collector effodgsnfor days with 5 mph winds or higher
were 48% for collector one, and 41% for collectwot However, this did not take wind
direction into account, and many of the windy deyperienced eastward or south-eastward
wind directions. This was opposite of what wasested, which was westward winds.
When wind direction was taken into account, thecificies of the collectors on eastward
windy days was 49 % and 40% for collector one avarespectively. On westward windy
days, the efficiencies were 46% and 44%. Howehese results indicated that wind
direction makes a difference on the whether ottlm@twindbreak is beneficial. However,
only three of the windy days had westward prevgilinds. This sample size is not large
enough to make a strong claim about the potenttiddeowindbreak. Additionally, the

efficiencies on the eastward windy days could eithéicate that the windbreak partially
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sheltered collector one, and thus caused an ireiadhe collector’'s performance; or it
could indicate that it caused a reduction in thégpmance of collator two. The current data
is insufficient to make a claim for either.

The last item that was analyzed was the surfacpeeatures of the solar collectors.
The surface temperatures compared by measurirgutfeece temperature with a grid of four
thermocouples on each collector. An average seitimperature was then computed for
each collector. Overall, the surface temperatfieolbector two was slightly higher, about
1.5 °C, than that for collector one. An attemptdorelate the surface temperatures with
wind speed was made, but no obvious pattern waepte
6.2 Recommendationsfor Further Study

The data collected up to this point has been idcsive. This is partially due to the
uncertainty in the calculation of the collectorerformance. The uncertainty in the
performance of the collectors is due to the ungdstan the measurements of the flow rate
and the temperatures. Because the collector lobphad one flow meter, it was necessary
to assume that the flow through each collector thasame, and half of the total flow that
was measured. However, it would be better if eamtlector had its own flow meter so that
the flow through each could be measured diredgditionally, the accuracy of the results
could possible be improved by using more accutaenocouple wire.

While, uncertainty in the measurements is parti@lplame caused some ambiguity
in the results, the most of the ambiguity was duertforeseen confounding variables in the
methodology. The most obvious uncontrollable J@eavas the wind speed and wind
direction. In a real world experimental setuphas one, one can only test in the conditions

for which the environment provides. This causedlawious problem during the fall period



52
when most of the windy days came from the oppabitction that was anticipated. An
obvious solution to this problem would be to cortdests in a laboratory setting where these
conditions can be controlled. A wind tunnel cobt&lused to simulate a natural wind and a
scaled down windbreak could be constructed. Tha sollector could be simulated by
using a hot plate as was done in some of the pusljianentioned literature and an idea of
the potential of the windbreak could be gained ®asuring the surface temperature of the
hot plate at difference wind speeds and with arttdl it a windbreak. This would be a
method to both gain an idea of the windbreaks piateaind a way to test various windbreak
designs in order to maximize the wind reductionrdfie collector.

Additionally, the system could be modeled numéiycaModeling the system
numerically would allow for more variables to beamined, and if a numeric model was
done in conjunction with a laboratory study, theutes between the two could be compared
in order to determine an optimal solution.

However, even if a laboratory and numeric studyen@mducted, it would still be
beneficial to assess the performance of the wirakboa a real world solar collector. With
this in mind, windbreak which can be easily remoaad adjusted could be design. This
would allow for the position of the windbreak to &#justed depending on the wind
direction. Moreover, the amount of shelter a wiredllx provides is very dependant on the
angle at which the wind is incident. And, as wasnsduring the entire experimentation
period, wind directions are hard to predict an@mftary during the day. Therefore, different
configurations of windbreaks could be examinedr é&&@ample, for this thesis, a windbreak
was only positioned on the westward side of théectdr. However, it may be beneficial to

place a windbreak on multiple sides. For examplége placing a windbreak on the south
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and west sides may be more beneficial during ssatlthwest winds than just a single
windbreak. Therefore, it would be beneficial t@exne these variables more closely.

Lastly, at this point in time, there is not suféint data to conclude that there is a
benefit to implementing a windbreak on a solarriedrcollector. While some of the data
collected this fall did appear indicate that thexa@y be a windbreak effect, there is
insufficient evidence to make that claim at thmsei Therefore, further experimentation is

with the previously mentioned recommendations indns suggested.
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The thermocouples were calibrated by measuringetiperature of boiling water and ice

water with the thermocouple and comparing it t@ke obtained with a thermometer.

The measured values are recorded below:

Ice Boiling Thermometer AT AT
Water Water Ice Boiling Ice Boiling

Thermocouple | (T) (C) () (C) (C) ()
1 1 99.5 0.5 98.5 -0.5 -1
2 1 98.5 0.5 98.5 -0.5 0
3 15 99.5 0.5 98.5 -1 -1
4 1 99 0.5 98.5 -0.5 -0.5
5 0.7 99 0.5 98.5 -0.2 -0.5
6 1 99 0.5 98.5 -0.5 -0.5
7 0.9 98 0.5 98.5 -0.4 0.5
8 1 97 0.5 96 -0.5 -1
9 1 94 0.5 94 -0.5 0
10 1.3 93.5 0.5 92 -0.8 -1.5
11 1.3 95 0.5 94.5 -0.8 -0.5
12 1.3 93 0.5 92 -0.8 -1
13 14 94 0.5 93.5 -0.9 -0.5
Average Error 0.607692 0.576923
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Appendix 2
LabView Program

Below is a screen shot of the LabView program tied used to record the temperature data.
Both the front panel and the block diagram are show
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Each thermocouple was connected to a separateahafrthe Data Acquisition unit,
and the DAQ was connected to a computer. The DAfam onboard thermister and took
temperature measurments with reference to 0 °@ tifite delay was set and controlled in
the block diagram. The LabView program recordedtdmperature of each thermocouple
and wrote the data to a LabView Measurement file.
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Appendix 3

Uncertainty Analysis

Power gained by the collectors is calculated from:

q=AT*C,*p*Q
Where:
AT is the temperature rise through the collector
Cp is the specific heat of the fluid
p Is the density of the fluid

Q is the volumetric flow rate.

Total uncertainty is given by the partial derivagwf the power gain:

_[5 2 2
a-q - qu +5qQ

Where:
O, =295
qAT daT “AT
And
— d
a-qQ - %50
Therefore,

0, =y(C,* p*Q* 8yr)* +(AT*C, * p* O)

Below, shows a sample calculation with data takemfFebruary 23, 2010 at 12:00 PM.

5 - |34123/kg =K *1077kg/m*] *002R U $*1[K * )’
"\ +(34123 /kg - K] *1077kg /m*] *5.0[k] * 0008 L/ § * 47-)>

J, =V808% + 55122 =978[J/ 5]

A factor of two is missing from the final uncertgirequation, but this only accounts for bias
terms, and is not a factor in measurement precision
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