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ABSTRACT

This thesis presents the results of an experimstudly to determine the optimum
placement and the thermal performance of a PhaaedéhMaterials (PCMs) thermal shield
incorporated into frame wall insulation systemstf@ purpose of reducing space cooling load
energy use in residential and commercial buildifidge performance of the walls outfitted with
the PCMs thermal shields was evaluated using andignaall simulator. The interior of the
dynamic simulator was designed to reproduce theitons of the exterior of a conventional
residential building wall and the exterior of thgndmic simulator represented the indoor
conditions of a typical residential building sintbe dynamic simulator was located in an air
conditioned research laboratory. Measurements atf fhexes and calculation of percentages of
peak heat transfer rate reductions were evaluatetiOP6 and 20% PCM concentration in the
thermal shields along with two control walls. Thaimgoals of using a PCM thermal shield
were to reduce peak air conditioning demand, tft #fe peak load, and to conserve energy. The
results of this study show that the PCM thermaglsisi produce greater peak heat transfer rate
reductions when they are placed further away frioenhieat source inside of the wall cavity and
are less effective when temperatures are high.Z0k& PCM thermal shield was more effective
than 10% PCM thermal shields. For the optimal liocedf the thermal shield the reductions in

peak heat transfer rates were in the range of 20-2Ben compared with the control walls.
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Chapter |

I ntroduction

1.1 Background

The objective of this research was to find a pcatipproach that would allow phase change
materials (PCMs) to be incorporated into frame wedllation systems for the purpose of

reducing space cooling load energy use in residleawtid commercial buildings.

In the United States, buildings consume around 40%be total annual energy used in the
country (U.S Department of Energy, 2005). A largetipn of this energy is used by space
cooling and space heating systems in buildings.mbst recent data reported by the Energy
International Administration (2001) show the estiima of electricity consumed by end use in
the United States households to be about 182i8rb#Wh (6.24 x 1dbillion Btu) for space
cooling and 115.5 billion kWh (3.94 x 1billion Btu) for space heating. This means thatad
31.2 % of the total annual electricity consumetlif. households is used for space heating,
space cooling, and ventilation. Space cooling emshhmmer creates a high peak demand on the
electric grid system, especially in densely pomdadreas. As a result, some local electricity
utility companies experience difficulties such askl of capacity, which may lead to brown outs,

and/or extra operating expenses, which end up hEieged on to their customers.

The demand in electric energy required for spacdiregp has increased significantly over the
past twenty years. There is no doubt that the ptegegrowth in the building industry will
further increase this demand for space coolinggnierthe near future. This motivates the need

to develop more energy efficient building materiadeluding thermal storage systems, which



could be adopted by the building industry in ortiemanage these energy scenarios and to

conserve energy.

1.2 Approaches

There are several approaches that have been cetsidéuilding envelope (i.e.,
building enclosure) systems to decrease peak oatie summer time. The two most effective
approaches are thiemand exchange method and thethermal energy storage materials method.
The demand exchange method represents one wagreade peak load demand via backup
energy generation. That is, in this method theding is complemented by a connection for
alternative power generation system, which is gtedieither by small independent power
producers or by individual back up generator systprovided by the home owner. This helps in
decreasing the demand during peak times from the atiity service. With this method,
however, the actual peak load demand does notakex is shifted from peak times, but an
extra energy supplier is added. In fact, in thédglsense, with this approach more energy would
be needed to generate the electricity demand. Osslge reason is that smaller back up
generation systems are usually more energy congummiiess the source is renewable energy.
Thermal energy storage materials can store eneripedéiting (sensible) or melting (latent).
Using thermal energy storage materials in buildingelope systems is one of the prospective
approaches to manage the peak cooling load dermaedise of thermal energy storage systems
in the building envelope can effectively reducelpleads by shifting a part of the load to off-

peak times of the day.



1.3 Phase Change M aterials (PCM )

Thermal energy storage materials can store sertstiale(i.e., thermal energy by increasing
their temperature) and latent heat (i.e., thermargy by changing the phase -- melting -- of
certain "constituents" of the materials). Thesen&tiuents"” that change phase are called phase
change materials (PCMs). PCMs are added to thdarereystems via encapsulated substances,
usually paraffin-based or hydrated-salt-based. P@bd®rb and release relatively large amounts
of heat during phase change. That is, during a&ulaily cycle, heat is absorbed when the
substances melt and heat is released when theasuabstre-solidify. Furthermore, during the
phase change process the temperatures of the R&M&T constant. PCMs are able to store up
to 14 times more heat per unit volume than matehikd masonry or rock or other building
materials (US DOE, 2009) PCMs have the abilityuityfreverse the transition throughout a
specific temperature range from their congealinigtto their melting point. In general, PCMs
contain high transition enthalpies per unit madegaate transition temperatures, and are

chemically stable, furthermore, PCMs are non-t¢kimcer and Rosen, 2002).

1.4 Classification of PCMs

There are three basic categories of PCMs:

1. Inorganic: hydrated and molten salts

2. Organic: paraffin and fatty acids

3. Eutectic: mixtures of organic and/or inorganic PCMs

Inorganic PMCs are mostly hydrated and molten sklyslirated salts are basically

crystallized forms of anhydrous salts. Potassiwarftle tetrahydrate (KF.4#), calcium



chloride hexahydrate (CafH,0), sodium sulphate decahydrate {8&.10h0O), sodium
orthophosphate dodecahydrate NRO.12H0) and zinc nitrate hexahydrate (Zn(}$£6H20)
are some of the most commonly used inorganic P@Msganic PCMs have high volumetric
latent heat storage capacity, high latent heatisibf values, and low volume change during
phase change. Hydrated salts are also non-flammdbigever all of them are corrosive and
hygroscopic, which requires that these PCMs beosed in special corrosion- and water-
resistant containers. This would certainly caugh mstallation costs. Moreover, these PCMs
tend to have supercooling problems in solid toiiguansitions. Supercooling occurs when the

temperature of a liquid becomes lower than itszZirgge point but without freezing.

Organic PCMs are mostly paraffins,t&n.+2) and fatty acids (CHCH,).,.COOH). Paraffins
are extracted from crude oil, vegetable oils, amdal tallow. Paraffins are saturated chains or
branched molecular hydrocarbons. They are non-toxic-corrosive and stable compounds.
They have relatively lower thermal capacity anddovatent heats of fusion than inorganic
PCMs. A disadvantage of paraffin type PCMs is thay are flammable. Therefore, adequate
fire protection needs to be included either inBI@&M mixture or in the envelope system to

reduce their risk of fire.

Eutectic PCMs are mixtures of organic-organic, arganorganic and/or inorganic-inorganic
combinations of PCMs used to formulate mixturedwliésired properties to achieve high latent
heat storage capacity, low flammability, and cdigcbsupercooling. Paraffin-based RT-27

PCM was used in this research.



1.5 PCM s and Peak L oad Demand

Phase Change Materials (PCMs) act as thermal gtanagrious applications such as,
telecommunications, food services, transportatitisthing and hot and cold storage systems. In
buildings, PCMs are usually used in combinatiorhwitsulation systems. Using PCMs in
building envelope systems provides thermal stovaten walls, floors, and/or roof-ceiling
assemblies of buildings and helps in shifting & pathe envelope space thermal load to off-
peak times of the day. For example, during the santime when outdoor temperatures are
higher than indoor temperatures and heat is trenesférom the outside to the inside, under these
conditions the PCMs would melt and would store tieatugh their phase change process. The
phase change process of PCMs can take up to fams depending on temperatures and latent
heat of fusion values of the PCMs. The storageagpaf PCMs delays the heat transmission
through the envelope of the building at peak tintiess reducing the instantaneous amount of
heat from being transferred and shifting it to péfak times of the day. As a result, the peak
demand shifts one o two hours towards the off pieaé of the day. The stored heat would then
be released upon later solidification of the PCMee solidification process is the result of the

temperatures dropping in latter parts of the dayally nighttime and/or early morning hours.

1.6 Applications of PCM in Building Envelope Systems

For several reasons PCMs must be encapsulateckeaged before applying them into the
building envelope system. One reason is the pHaaege from solid to liquid, which may lead
to PCM dripping. The second reason is that witlemaapsulation hydrated salts would absorb

water and paraffins would undergo oxidization. Degieg on the application technique of



PCMs into the wall system their performance cafedgignificantly. The size and location of

the capsulated or packaged PCMs are essentia toptimization of the storage systems.

There are two major application techniques thaehaeen used in the past to incorporate

PCMs into building envelope systems. These are:

1. PCMs used in building fenestration systems.

2. PCMs used in building envelope systems such aswhklbrs, and/or roof-ceiling

assemblies.

These techniques are passive systems. Passivensgdtee process when the PCMs can
store thermal energy automatically through phasagé as indoor or outdoor temperatures drop

or rise. No mechanical heating or cooling equipmeamé necessary in these kind of systems.

1.7 Resear ch Objective

The objective of this research was to find a pcattpproach that would allow the
integration of PCMs in frame walls with the highpstsible efficiency in an economical way.

The fundamentals of this research were based u@foliowing purposes:

» To select the most efficient PCM (organic, inorgami eutectic) for the experiments.

* To determine the most economical and practicalagagr to encapsulate and install the

PCMs into the frame walls.

* To identify the optimum location for the PCM in trame walls.

» To verify the potential reduction in peak heat $fen rate.



A paraffin based PCM (RT-27) was chosen for theassh because it had a high thermal
storage capacity, was non-corrosive, non-toxic,raetted at the desired temperatures for
building applications. The PCM was n-octadecanechvis white and crystallizes in its solid
state. In its liquid state it is transparent. Tkierage indoor temperature is slightly lower than it

melting temperature. The properties of the PCM wsedisted in Table 1.7.a.

Table1.7.a. Properties of RT 27 Paraffin PCM (Rubitherm)

Properties Description

Unit (SI) Unit (English)
Appearance White crystal (solid)
Volume Expansion 10%
Density Solid at 15°C (59°F) 0.87 gitm 54.3 Ib/ff
Corrosion Chemically inert with respect to moisttenials.

Specific Heat Capacity (solid / liquid)1.8 / 2.4 kJ/kgK 0.43/ 0.57 Btu/Ibff

Heat conductivity 0.2 W/mK 0.12 Btu/ht#
Melting point (approx.) 28C 82.4°F
Congealing point 26C 78.8 F
Flash point 164C 327.2°F
Latent Heat of Fusion 179 kJ/kg 77 Btu/lbm




Chapter 11

Literature Review

2.1 A Brief History of the Use of Phase Change M aterialsin Buildings

Phase change materials have been studied as digiateermal storage component of
building envelope systems since the early 197(8s\{pathya, Velraja, and Seeniraj, 2006) for
inclusion in building architecture for thermal mgeaent. The performance characteristics of
PCMs and successful past experiments have madesfi@arch area a more promising one. It has
been proven through past research (Khudhair and,2003)that PCMs incorporated within
building envelope system increase the thermal geood common building envelope systems.
Therefore, at this point the goal of the researelsgnted in this thesis was to find the most
effective, practical, and most economical apprdadhcorporate PCMs into conventional
building envelope systems. Through this efforgrthally-enhanced buildings envelope systems

via the use of PCMs can have more acceptances iouilding industry.

Darby and Wright (1983) used commercially avdégihase change salt compounds with a
phase change temperature of 22.8°C (73°F) andt stoeage capacity of 81.3 J/kg
(0.03495Btu/Ib) in building envelope componentshsas floors and ceilings. This system
provided summer cooling operation as well as wihesating operation. The concept of passive

(i.e., radiation and natural convection) and active, fans) discharge were discussed.

Hawes, et al. (1991) and Feldman, et al. (199Bamebed a range of gypsum wallboards
with different combinations of PCMs. The PCMs waranulated using butyle stearate,

dodecanol, propyl palmitate, and capric-lauric acithe wallboards were immersed into liquid



PCMs for several minutes to let the wallboard albsbe liquid PCMs to predetermined uptake
percentages. The characteristics changes of watllasaa result to PCM absorption were

studied. The research concluded that the imbibdith@aads were comparable to regular
wallboards in terms of their strength, durabilgtability, moisture content and weight limits.

The experiment concluded that the PCM-imbibed vealils had heat storage capacities of about

12 times the heat storage capacity of commonly aeagentional wallboards.

Ghoneim, et al. (1991) reviewed the results of &tnon studies of PCMs. The conclusion of
the research was that PCMs were more effectivelar passive systems and acted well as latent
storage in the enclosure of the system. It wasmatended that appropriate combinations of
PCMs should be selected, which should then beliedten those components of the enclosure
where the probability of enhancement was higheat 1) chemically compatible packaging and
sealing methods were necessary for maintainingpasldnging the life cycle of the PCMs. It
was recommended that the PCMs should be packagettinway that an effective heat transfer

surface area would be provided.

Feldman, et al. (1991) and Scalat, et al. (1998tePCM-imbibed wallboards. In this
approach wallboards were directly imbibed by diggimem into melted PCMs baths. The PCM-
imbibed wallboards performed well in terms of redgdhe peak heat transfer rate and shifting a
part of the load to off-peak times. One drawback W@t the PCM-imbibed wallboards became
moisture resistant. The water absorption capallity CM wallboards became one third of that

of a standard board, which may led to materialrd@tions.

Stovall and Tomlinson (1992) studied wallboardthvidCMs for passive solar application

like Salyer and Sircar (1990). But this effort wasre focused on investigating the economical



benefits of using PCM-imbibed wallboards. It wagared that the PCM-imbibed wallboards
produced about 30% reduction in heat transfer vitheiPCM uptake was around 20-22% of the

weight of the wallboard.

Scalat, et al. (1996) analyzed the latent heahgeocapacity of PCM saturated wallboard
with regular wallboard in a small- scale experina¢setup. The results concluded that PCM-
imbibed wallboard helped enhance the thermal seocagacity of the walls and helped in time-
shifting the peak heat transfer loads and thusaiedypeak demand loads into the building
conditioned space. This reflected on to the bugdinergy performance and resulted in less

energy consumption.

Salyer and Sircar (1997) researched hollow-corermte blocks and hollow-core cement
outfitted with PCMs that were used in building elope systems. They used a series of linear
crystalline alkyl hydrocarbon phase change matemapassive-solar applications. The PCMs
used were dry powder, PCM/silica and PCM/HDPE (llghsity polyethylene) capsules that
were incorporated into plaster, plasterboard, cémed blocks of cements. A high thermal
storage capacity of walls was reported. However nilght temperature required to drop down
significantly to complete the solidification prosesf PCM capsules inside the building blocks,
which did not occur. As a result, this would gtsobably render the use of PCM-hollow-core
concrete/cement blocks unacceptable. This rese@stproductive in terms of understanding
the performance of PCMs in various installationuges with various kinds of structural systems.
Using PCMs in plasterboards was the most promiairgngement. Since PCMs are flammable,
Salyer and Sircar considered different combinatibfire retardant substances. Their results

concluded that the wallboards could provide effitlead management in buildings.
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Kissock et al. (1998) studied the thermal perforoeanf PCM-imbibed wallboards. Two
cells with dimension of 1.22 m (4 ft) x 1.22 m ¢t 0.61 m (2 ft), in a light frame walled
simulation set-up were used. One cell-wall conthia¢ransparent acrylic sheet to allow solar
radiation to penetrate while the other cell-walbvasiented in such way that glazing faced south.
The PCM used was n-octadecane. The two cell-wale wompared with a conventional
gypsum wallboard which was installed as contrdrelll. The PCM-imbibed walls produced a
reduction of approximately 10 (18F) in the cell that contained these thermally-ecednwalls.

It was reported that there were difficulties witie toxidation of the n-octadecane. For example,
the properties of n-octadecane changed as a tdsaridation over time. Therefore, it was
recommended to use anti-oxidant materials in fug@ications. It was also concluded that
PCMs needed to be selected according to theirmusgher heating or cooling because the

building operation temperatures would vary depegaim the season.

Stetiu and Feustel (1998) used a finite differgorogram to study PCM-imbibed wallboard
performance in a commercial office building in @alnia. Their research reported that indoor
nighttime temperatures were not low enough to ceteghe phase change cycle after the PCM
had melted. It was reported that the indoor nigtgttemperature increased by approximately 18
°C (32.4°F) above the solidification temperature of the PQkerefore, because no
solidification was occurring, the system (e.g. P@hMbibed wallboards) required an alternate
technique to cool down the PCM to its solidificatipoint. This would probably render the use

of PCM-imbibed wallboards unacceptable.

Schwarz (2002) designed an envelope componentic®iaver Glass” that used PCMs as
latent heat storage medium. Schwarz placed a 4.@nr() thick PCM layer between two glass

sheets. The melting temperature of the PCM wa<2B0.6°F). In this design the glass
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absorbed solar energy and transferred the eneripe tBCM layer. The PCM melted as the
temperature rose to its melting temperature of2{80.6°F). This temperature stayed constant
until all the PCMs melted. This design could stasanuch heat as an 30 cm (11.8 in) thick brick
wall at 50 °C (122 °F). This system cooled downigiit as the temperature outside of building

dropped and the PCM layer released the stored gh@the surrounding.

Zhang, et al. (2005) developed a thermally enhafresde wall that reduced peak air
conditioning demand and energy savings in residebtiildings by the use of pipe-encapsulated
phase change materials. They used a frame walirtegjrated a highly crystalline paraffin
phase-change material (PCM. This prototyped wall exzaluated and referred to as phase
change frame wall (PCFW). The results of the PCWow&d that it reduced wall peak heat
fluxes by much as 38% compared to the conventiwadlsystem. The average wall peak heat
flux reduction was approximately 15% when PCFWs &&LCM concentration of 10% (based
on indoor sheathing weight) and approximately 9%t flex reduction when PCM with a

concentration of 20% was used. The level of inguhain the PCFWs was R-11.

King (2004), evaluated the thermal performance@#Rembedded in Structural Insulated
Panels (SIPs). She did the field measurements oratgo test houses. Both houses were kept
in air conditioning internal temperature. One hobad the PCM enhanced structural insulated
panels and other one was a control house witheuP@M embedded into the SIPs. The main
goals of this research was to measure the peabditioning demand reduction and thermal
load shifting by using PCM embedded in SIPs intidding envelope system. The results
indicated that on average, the experimental peakfhec reductions produced by the SIP walls
in combination with 10% PCM concentration were 3380 20% for the south and west walls,

respectively. The results also showed that on gegithe experimental peak heat flux reductions
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produced by the SIP walls in combination with 20€dMPconcentration were 62% and 60% for
the south and west walls, respectively. Furtheenibre results indicate a path toward improved

thermal comfort inside buildings

Medina, et al. (2008) and Zhu (2008) further evedddhe performance of PCMs in
structural insulated panels (SIP) in a dynamic wfulator under different arrangements,
which included SIPs with polystyrene and polyurethaores, PCM encapsulation in copper and
PVC pipes, pipe arrangements in vertical and hatedorientations. This research concluded
that the polystyrene core SIPs that were outfittetd PCM encapsulated in copper pipe, which
were placed in a horizontal configuration, perfodnbetter, in terms of reducing the heat transfer

rate across the SIP, that the other configurations

Evers (2008) and Fang (2009) used cellulose insalatixed with PCM in building frame
wall systems using a dynamic wall simulator (Evers) test houses located side by side under
full weather conditions (Fang). They filled the ttgunside the frame walls of the simulator and
test houses with cellulose mixed with PCMs. It wegsorted that the thermally-enhanced
cellulose insulation (i.e., cellulose mixed witle tRCMs) increased the thermal efficiency of the
frame walls, which resulted in a reduction in heansfer rate. Evers studied various types of
PCMs - hydrated salts (TH29-F127, TH24), paraffasdd (RT-27), Eutectic (SP25) and
powdered based (PX27). This research concludedfi&&7 PCM performed better than the
hydrated salts, powdered and eutectic PCMs. Oragedhis PCM reduced the peak wall heat
transfer rate by 9.2% when the concentration of RGid 20%. Fang’s research concluded that
the peak heat transfer rate was reduced by 21% wlgencentration of 30% PCM was mixed

with the cellulose insulation. This was verifiedivhumerical analysis.
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Although most of the past PCM applications showsxztessful results in terms of reducing
heat transfer rates and shifting the thermal lozahy of these efforts reported difficulties in

terms practicality of installation, costs, moistpreblems, and discharge issues.

The focus of this thesis work was to find the neffitient and optimum way of integrating

PCMs into wall systems without compromising buiglimumidity transfer.
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Chapter 111

Experimental Set-up

3.1 Phase Change M aterials (PCMs) Used in the Present Work

The PCM used in this research was n-octadecar@mganic paraffin wax sold under
the trade name RT-27 by Rubitherm GmbH (Berlin,n@ery). Both the solid and liquid
states of RT-27 are shown below Figures 3.1.1 ah@ 3The density of RT-27 is 870

kg/m?® (54.3 Ibm/ff) in the solid state and 750 kg/(46.82 Ibm/ff) in the liquid state.

The properties and characteristics of this PCMsamvn in Chapter 1, Section 1.7.

Figure 3.1.1. Solid State of RT-27 Figure 3.Liguid State of RT-27

The main objective of this research was to devalppactical PCM integrating

method.

3.2 Incor poration of PCMsinto the Wall System

Thermal shields were developed, which held the R@iMin the wall cavities. The

following materials were used to develop the théshaelds.

1. Cardboard sheets

2. Small thermally-resistant 10.15cm x 5.07cm (4 ix) plastic sealable bags
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First, the small plastic bags were filled with RT{Figure 3.2.1). Each bag contained
about one third of an ounce of PCM. Only two thioilgach plastic bag was filled to
allow for the volume expansion of the PCM (Figur2.3). After the plastic bags were
prepared they were stapled in a 0.38 m x 1.07 nin(¥42 in) cardboard (Figure 3.2.3).
The plastic bags were arranged uniformly on thdlmaard sheets in two columns of 12
rows for a concentration of 10% (Figure 3.2.4). 8@0% PCM concentration, the plastic

bags were arranged in four columns of 12 rows (E@u2.5).

Figure 3.2.1. A 10.15 cm x 5.07 cm (4 in x 2 irggilc bag (Empty)
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Figure 3.2.2. Plastic bag filled with RT-27 (to 2&pacity)

Figure 3.2.3. Cardboard (0.38 m x 1.07 m (15 ir2xr¥) used to hold the plastic
bags.

17



% m..rl.ﬂ.i 2 3 e JEodt )

O I e Y e

5 v - . .

E bl Btk PN ea——

Figure 3.2.4. Arrangements of packets on cardba@id10% PCM concentration

i ERRE e
Ll bl

ai?ﬂi@ﬁ#i%ﬂ&
EE T PT Pt b b
WEE g Wy 570 W W
“.,\n.,ﬁ,!..",&.ﬁ_,.,.ﬁi._w...x..w.%_

o o [ 8
g el K. s e 3

Figure 3.2.5. Arrangements of packets on cardba@id20% PCM concentration
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3.3 Dynamic Wall Simulator

The thermal performance of the walls outfitted wifte PCM thermal shields was
evaluated using a dynamic wall simulator (Figu& 3. The simulator was a cubic box
where each side had dimensions of 1.19 m x 1.197/m(x 47 in). The structure of the
box was made with angle-shaped steel beams (F&g8r2). Each side of the box was
designed to hold 1.19 m x 1.19 m (47 in X 47 impheinsioned wall panels. A heat source
of six 200-W light bulbs was placed at the centdahe simulator’s interior (Figure
3.3.3). These light bulbs were connected to twonaems and two digital timers (Figure
3.3.4). This arrangement controlled the heat fiaich was programmed to replicate the
hourly solar exposure in exterior walls. This agament simulated a full daily cycle
(day and night) for total of 24 hours. In this manmterior surface of the wall panels in
the simulator represented the exterior surfacaudfling walls exposed to the outside

environment.

Figure 3.3.1. Exterior view of the Dynamic Wall Silator
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Figure 3.3.2. Structure of the Dynamic Wall Simatat

Figure 3.3.3. Heat source (6-200W light bulbs)desof the Dynamic Wall
Simulator
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Figure 3.3.4. Digital timer and dimmer to contrekl sources

Two 80 mm x 80 mm (3 in x 3 in) fans were plagezide of the simulator (Figure
3.3.5). These two fans helped stir the air unifgrmside of the simulator. The simulator
was located inside the air-conditioned laborattys the exterior walls of the simulator
were exposed to the lab air-conditioned space. diesnitation replicated the interior

space of a typical residential building during suenmer time.

Figure 3.3.5. Interior Fans
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Each wall testing section was constructed using&pvood frame structure with
two layers of fiberglass batt insulation (Figura.8) inside the wall cavity. The
resistance level of the insulation was 1.9KfV (R-11). A 1.27cm (¥ in) thick drywall

was used to seal the wall cavity from the extesiaihe simulator (Figure 3.3.7).

Figure 3.3.6. Fiberglass batt insulation with resise level of 1.94 fi/W (R-11).
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Figure 3.3.7. Gypsum drywall of dimension 1.27 di2(in.)

Thermocouples were used to measure air and sudageeratures of the interior
sides and exterior sides walls (Figure 3.3.8). T&ype-T thermocouples were attached
on each side of the wall surfaces. Each thermoeowpk protected with a small piece of
aluminum tape. This secured the contact of thermples on the wall surfaces and also
minimized radiation from the thermocouples contahts at the wall surfaces. Each 12-
thermocouple sets, from each side, were connectpdrallel to a wire terminal strip to

get the average wall temperature from each side.
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Figure 3.3.8. Thermocouples

Four 10.16 cm x 10.16 cm (4 in x 4 in) heat fluxtene were attached via pressure
contacts on each exterior top of the drywall (F&gBr3.9). These meters measured the
heat flow rate through the walls. Table 3.1.a shthesanges and accuracy of heat flux

meters and thermocouples.

Table 3.1.a The accuracy and the range of heatfiebers and thermocouples

Sensor Range Accuracy (Deviation)
Heat Flux Meter 0 - 3.1x105 W/n(98.3 MBtu/hrft) 2%
Type T Thermocouples 18 °C to 93 °C (0 °F -200 °F) 0.6 °C

Figure 3.3.9. Heat flux meter attached via pressargacts
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The thermocouples were uniformly attached on theret and interior surfaces
of the walls (Figure 3.3.10). Four heat flux meteese arranged uniformly in each

exterior surface of each gypsum board (Figure 3)3.1
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Figure 3.3.10. Thermocouple arrangements on tifaciof the gypsum boards
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Figure 3.3.11. Thermocouples and heat flux meteegements on the exterior
of each gypsum board.

3.4 Test Series

First a calibration test was carried out to chdwkdonsistency of all the heat flux
meters and thermocouples. During this test, allshad the same configuration inside
the wall cavity. In this test all the walls perfaththe same thermally. This set the
baseline against which all modification were tocbenpared once the walls were

outfitted with the thermal shields.

There were three series of tests that were peridtmevaluate the performance of
the thermal shields into the wall system as themthéshields were changed to three
different locations within the wall cavity. Two coentrations of PCM were used: 10%
and 20%. The concentrations were defined as wefgpCM over the total weight of the
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gypsum wallboard of each wall. In each series, @ivilne four walls of the simulator
walls were integrated with the thermal shieldstit@f remaining walls, one was used as a
control wall and the other was outfitted only watleplica of the cardboard that
contained the PCM in the thermal shields. This éelip isolate the performance of the
PCM from the PCM-cardboard shield. The north andrswvalls were outfitted with the
PCM shields. The south wall's PCM thermal shieldsisted of 0.49 kg (1.09 Ib) PCM,
which represented 10% of the total weight (4.99k0.89 Ib) of the wallboard. The
north wall’s thermal shield consisted of 0.98 kdlL2lb) PCM which represented 20% of
the total weight (4.99 kg or 10.89 Ib) of the walliod. Each wallboard was 1.09 m x 0.81

m (42 in x 32 in).

In the first series of tests, the PCM thermal siselere located behind the wallboard
closer to the conditioned space (Figure 3.4.1)r@ke&as a 5.08 cm x 15.24cm (2inx 6
in) wood stud located in the middle of the wall iti@g. Therefore, the PCM shields were
located on each side of the wood stud just beliadyypsum boards. Each PCM thermal
shield had small plastic bags filled with PCM, whigere uniformly stapled in columns
and rows facing towards the interior of the simulaThis was shown in Figures 3.2.4

and 3.2.5.

27



1.2 cm (0.5 in)ﬁ ’-k ’-&?.6 cm (3in )*‘ ’-&1.2 cm (0.5 in)

izemEsm |

¥

] 38em (1.5in)

:

0SB wood

Exterior of
simulator box
~|Interior of
_|simulator box

1.5 in thick
R-11 Insulation

Cardboard

Small PCM filled
Plastic bag

Gypsum board

AVAYAVAYA

JAVAVAVATA

Figure 3.4.1. PCM arrangement inside the wall gaait the first series of tests

In a second series of tests the same PCM thernedtishwere used except that they
were located in between the two layers of fiberglaatt insulation inside of each wall
cavity on the north and south walls of the simulafigure 3.4.2 shows the location of

the PCM thermal shield for the second series a$tes
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Figure 3.4.2. PCM arrangement inside the wall gafat the second series of tests

Similarly, for the third series of tests, the sa@M thermal shields were used, but
once again except for their location. The shieldsentocated towards the interior side of

the wall cavity. This is shown in Figure 3.4.3.
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Figure 3.4.3. PCM arrangement inside the wall gafait the third series of tests

3.5 Data Collection

Temperature and heat flow rate data were collectat the data logging system.
This system was connected to all the heat flux meteermocouples and to a computer.
The data logging system was an Agilent 34970A tegger (Figure 3.4.5). It collected
temperatures and heat flow rates data in 20 seccneiments. A diagram of how the
data logger was connected with the sensors argetoadmputer system is shown in

Figure 3.4.6.
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Figure 3.4.5. Agilent 37970 data logger
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Figure 3.4.6. Diagram of data collection system

Data were collected and stored in the computer mgoming proprietary software.

The data was transferred to a computer for latalyars. The data were processed
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electronically using spreadsheets, which via macooserted the 20 second interval data
to average hourly format. The average peak heatdia the total flow rate for the test
cycles were evaluated for each wall. The averagedt peat fluxes and total heat flows

of the walls outfitted with the PCM thermal shieldlsre compared with the average peak
heat flux and total heat flows of the control walted with the walls outfitted with only a

cardboard sheet. Each test lasted approximatelyelest 72 to 96 hours.
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Chapter 1V

Results and Discussion

Three series of tests were performed, as pari®fésearch, to evaluate the performance of
PCM thermal shields in wall systems. In each setves walls were outfitted with the PCM
thermal shields (north and south walls). Of theammg two walls, one was used as the control
wall (east wall) and the other wall was outfittethansulation and a replica of the cardboard
sheet used to hold the PCM (west wall). This walpkd to isolate the effects of the cardboard
in the PCM thermal shield. The south wall’'s PCMrthal shield consisted of 0.49 kg (1.09 Ib)
of PCM which represented 10% of the total weighthefwallboard. The north wall’'s PCM
thermal shield consisted of 0.98 kg (2.17 Ib) oMP@hich represented 20% of the total weight
of the wallboard. Each drywall was 1.09 m x 0.814@in x 32 in).

The inside of the simulator, together with its Iegsource, was designed to reproduce the
conditions experienced by the exterior side of matavalls. Because the dynamic wall simulator
was located in an air conditioned research laboyatbe air conditioned room represented the
indoor conditions of a typical residential buildifg other words, the exterior of the dynamic
wall simulator acted as the indoor space of a esgidl building.

Temperatures and heat fluxes data were recordeg 20eseconds. These data were later
averaged into hourly data. This was done to fitgrdisturbances in temperatures or heat fluxes

created by the laboratory's air conditioning sysssrd/or people entering or leaving the room.
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Test Series 1. PCM Thermal Shield Placed Next te tBypsum Wallboard
A three-day test was performed in a configuratiowhich the PCM thermal shields were
located next to the wallboard, but still inside tal cavity. Figure 4.1.0 shows the location of

the PCM thermal shield for the first test series.
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Figure 4.1.0. PCM arrangement inside the wall gafait the first test series

In the first test of this series, both the wallsfitted with the PCM thermal shields and the
control walls (one wall with only insulation ancetbther one with insulation and a replica of the
cardboard used in the PCM thermal shields) wenementally heated from an ambient
temperature of approximately 26 (77°F) to a maximum temperature of 52 °C (125 °F) and
then allowed to cool down back to ambient tempeeatlihis constituted a full cycle (24-hours
each). For each tests two consecutive cycles viedees to analyze the performance of the walls

outfitted with PCM shields. In each cycle the wallsre heated for eight hours and allowed to
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cool down for 16 hours. This simulated one full @&y one full night. The results of this test

together with two other tests, when the maximunfesertemperature were set at’@(140°F)

and 65°C (149°F) are shown in Tables 4.1 a, b, and c.

Table4.1.a. Peak Heat Fluxesfor Test Series1

Peak Heat Fluxes
Max
Test no. Temperature | Control Wall |Cardboard Wall[10% PCM Shield Wall[20% PCM Shied Wall
°C °F |W/nfBtu/hr fEW/m?| Btu/hr f£| W/m? | Btu/hr ff W/m? | Btu/hr ff
4.1 TestNo.1| 52 125 |13.22 4.04 | 12.88 4.08 11.55 3.66 10.53 3.22
4.2 TestNo.2| 60 140 |15.80 4.83 | 14.11 4.47 13.65 4.33 12.00 3.80
4.3 Test No. 3] 65 149 |20.18 6.40 | 18.77 5.95 17.35 5.50 15.30 4.87
Table4.1.b. Percent Heat Peak Flux Reductionsfor Test Series1
% Peak Heat Flux Reduction
Max
Test no. Temperature [Cardboard Wall|10% PCM Shield Wall[20% PCM Shield Wall
°C °F % % %
4.1 Test No. 1| 52 125 2.63 12.64 20.37
4.2 Test No. 2| 60 140 8.35 16.94 25.07
4.3 Test No. 3| 65 149 7.03 14.02 23.82
Table4.1.c. Total Heat Transfer for Test Series 1
Total Heat Transfer
10% PCM 20% PCM
M ax Control Cardboard Shield Shield
Wall Wwall Wall Wall
Test no. |[Temperature
‘C| °F Wh/day rh |Btu/day fEWh/day nf|Btu/day ff\Wh/day nfBtu/day ffWh/day nfBtu/day hr ft

4.1
Test No.| 52| 125 150.16 47.60 149.22 47.30 148.79 47.07 B14.2 36.21
4.2
Test No. 260 | 140 143.96 45.63 135.28 42.88 142.29 4510 B29.2 40.97
4.3
Test No. 865 | 149 184.45 58.47 174.00 55.16 182.78 57.94 470.1 53.93
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4.1Test No. 1

The temperature of the walls in the dynamic watiidator ranged from 25 °C to 52 °C (77
°F to 125 °F). The maximum temperature of the wadls approximately 52 °C (125 °F) during
the peak time of the heating period while the ageradoor surface temperature of the walls was
approximately 40 °C (104 °F) over the testing gkrithe surface temperature profiles of all the

walls are shown in Figure 4.1.1. The graph alstuges four air temperatures as indicated.

70

T 150

D
o

T 130

a1
o

Average Temperature
(Celsius)
N
o

Average Temperature
(Fahrenheit)

10 1 —
ANMIONOMNOOOTANMIONOOOTNMNTEHNMINONONDOANMINONONO—HNM I
AT A A A A A AANNNNN AT A A A A A AANNN NN

Time (Hour)

Exterior Wall Temp

—— Cavity Gypsum Board Temp
—-—- Exterior Wall Temps (East)

—-—- Exterior Wall Temps (South)
------ Interior Wall Temps (East)

------ Interior Wall Temps (South)
------ Cavity Gyp Board Temps (East)
------ Cavity Gyp Board Temps (South)
------ Exterior Air Temps (East)

------ Exterior Air Temps (South)

—s— |nterior Wall Temp

— Exterior Air Temp

—-—- Exterior Wall Temps (West)
—-—- Exterior Wall Temps (North)
------ Interior Wall Temps (West)
------ Interior Wall Temps (North)
------ Cavity Gyp Board Temps (West)
------ Cavity Gyp Board Temps (North)
------ Exterior Air Temps (West)

------ Exterior Air Temps (North)

Figure 4.1.1. Average surface temperature profifed| the walls (Series 1, Test 1)

As expected, the interior surface temperatures Wgteer than the rest of the interior and

exterior surface temperatures in each wall. Thestlgs indicate the way exterior temperatures

of a building would vary throughout a typical dafiem the average maximum exterior surface

temperature would reach a temperature of abou€5225 °F). The exterior air temperatures
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and the exterior wall temperatures of the dynanatt simulator are also shown. At a maximum
interior surface temperature of 52 °C (125 °F) ekierior surfaces of the walls increased in
temperature, but not significantly. Therefore, éxéerior wall surface temperatures were close to
the exterior air temperature. The average hourly et fluxes over a 24-hour test period are

shown in Figure 4.1.2.
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Figure 4.1.2. Average wall heat fluxes (SeriesdstT)

The graph shows that the peak heat flux for theérobwall was 13.22 W/f(4.04 Btu/hr
ft?). The cardboard in one of the control walls seetndthave a little effect in reducing the heat
flux. The maximum peak heat flux for the wall ottd#d with the PCM thermal shield at a
concentration of 10% was 11.55 W/(8.66 Btu/hr ff), which was equivalent to a reduction of

12.64% over the control wall. The maximum peak Hieatfor the wall outfitted with the PCM
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thermal shield at a concentration of 20% was 103 (3.22 Btu/hr ff), which was equivalent
to a reduction of 20.37%. During this test the 2B@M thermal shield outperformed the 10%
PCM thermal shield by 7.73%. From the data disglagethe graph, it seemed that all of the
PCM in the 10% shield may have melted, but noth&@lPCM in the 20% shield. This is
evidenced by the location of the curves in the dmovn period in reference to the curve of the
control wall. The 10% PCM shield wall (south) mawhk released all the stored heat energy
while the PCM was solidifying during the cool doweriod. This trend was not seen in the curve
of the 20% PCM shield. The reason could be thahaverage maximum exterior surface
temperature of 52 °C (125 °F) there may not haee kefficient energy to melt all the PCM of
the 20% PCM shield (north). In Figure 4.1.3, therage peak heat fluxes are indicated with
their coincident interior and exterior wall tempteras.
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Figure 4.1.3. Peak heat fluxes with their coinctdaterior and exterior wall temperature profiles
(Series 1, Test 1)
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The figure shows the manner in which the heat #$urehe walls outfitted with the PCM
thermal shields performed as the interior wall terapures changed over time. The graph shows
how both the walls outfitted with the PCM thermhiedds displayed a delayed peak heat flux of
approximately one hour for the wall outfitted witile 10% PCM shield and approximately half-
hour for the wall outfitted with the 20% shield.&feason for this may be that the PCM shields
absorbed heat that was being transferred acrosgdlhduring the heating period. This energy
was stored while the PCM in the PCM shields wagingelDuring this melting process the
PCMs absorbed latent heat energy and thus prevargad of this heat from being completely
transferred across the wall. Therefore, it delayedheat transfer process, in the heating period,
which resulted in the peak heat flux being shiftedn approximately half-hour to about one-

hour. The percentages of peak heat flux reductierslaown in Figure 4.1.4.

Peak Heat Flux Reduction (%)

20% PCM Enhanced
Panel (North)

10% PCM Enhanced
Panel ( South)

Wall with Cardboard
and Insulation (West)

Peak Heat Flux Reduction (%)

based on Control Wall

20.37

12.64

2.63

Figure 4.1.4. Percentages of peak heat flux reoluct walls (Series 1, Test 1)
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According to the bar graph, the 20% PCM shield wedluced the peak heat flux by
approximately 20.37% when compared to the peakfheabf the control wall. The 10% PCM
shield in the wall produced a reduction of the pleedt flux of approximately 12.64%. The
cardboard alone reduced the peak heat flux by @h688o. This means that the PCM alone
decreased the heat fluxes by 17.74% and 10.01% wdrerentrations of 20% and 10% were
used, respectively, and when the wall surface, lvhias exposed to the heat source, had a
temperature range of 25 °C to 52 °C (77 °F to E25The total heat transfer for each wall over a

24-hour period is shown in Figure 4.1.5.
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Figure 4.1.5. Total heat transfer for each wallrav@4-hour period (Series 1, Test 1)

During this period the wall outfitted with the 202&M shield (north) transferred about

114.23 Wh/day f(36.21 Btu/dayf) of total heat. The wall outfitted with the 1096 ® shield
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(south) transferred about 148.79 Wh/d&y(#7.17 Btu/day fj of total heat. This reduction was
not much lower than the heat transferred in thérobwalls; however, this was expected. The
reason for this is that in a laboratory settingoélhe heat energy generated within the simulator,
by the heating source, would eventually alwaysgmh the conditioned space of the
laboratory. Also, the interior temperature of tirawidator never dropped below the indoor
temperature of the laboratory space. This wouldoeahe case in buildings exposed to full
weather conditions. The heat fluxes of the 20% PfbiMId did not follow this trend. This was
probably because not all the PCM was able to nmeltax re-solidify, thus trapping within itself
the balance of the heat energy.

It was concluded that the PCM shield with the higlencentration performed comparatively
better than the PCM shield with the lower PCM cartition for a temperature range with

maximum wall surface temperature of 52 °C (125 °F).

4.2 Test No. 2

For Test No. 2, the maximum internal wall surfeemperature was 60 °C (140 °F). The
range temperatures for the interior surface ofitak from 30 °C to 60 °C (86 °F to 140 °F). The
average (over time) temperature of the walls wasagpmately 40 °C (104°F). The surface
temperature profiles of all the walls are showkigure 4.2.1. The graph also includes four air

temperatures as indicated.
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Figure 4.2.1. Average surface temperature prodifes! the walls (Series 1, Test 2).

These profiles simulate the manner in which themott temperatures of a building would
vary throughout a typical day when the average mari exterior surface temperature would
reach about 60 °C (140 °F). The exterior air teatpees and the internal surface temperature of
the wallboard were closer in Test 2 than in Tesédause the temperature range in Test 2 was
moderately larger. Because of the higher tempegstilrwas expected that the walls would store
relatively higher amounts of heat during the phasenge of the PCMs than in Test 1. The

average hourly wall heat fluxes over a 24-hour pesiod are shown in Figure 4.2.2.
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Figure 4.2.2. The average peak heat fluxes of @hsies 1, Test 2).

The control wall peak heat flux was 15.80 W/@#.83 Btu/hr ff). The maximum peak heat
flux for the wall outfitted with the 10% PCM shieltas 13.65 W/m(4.33 Btu/hr ff) and the
maximum peak heat flux for the wall outfitted witie 20% PCM shield was 12 Wir{8.80
Btu/hr ff). Table 4.1 shows the peak heat fluxes, reductind,the total heat transferred across
each wall for Test 2 in this series. In this testhithe wall with the 10% PCM shield and the
wall with the 20% PCM shield seemed to have stardticient heat energy to generate the phase
change in the PCMs inside the wall cavity fromdad liquid. It seemed that the PCM in both
PCM shielded walls was completely melted duringhibating period. This was evidenced in the
graph of Figure 4.2.2 during the cool down periwtere the heat flux curves of the PCM-
enhanced walls were higher than the heat flux auof¢he control wall. The peak heat flux of

the wall with the 10% PCM shield differed somewsighificantly from the peak heat flux of the
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wall with the 20% PCM shield. The difference in béeat flux between these two walls was
about 1.65 W/M(0.524 Btu/hr ff). The reason for this could be attributed to dreér
concentration of PCM in the 20% PCM shield. In Fegd.2.3, the average peak heat fluxes are

indicated with their coincident interior and exterwall temperatures.
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Figure 4.2.3. Peak heat fluxes with their coinotdaterior and exterior wall temperature
profiles (Series 1, Test 2)

The figure shows how the PCM-shielded walls perfedtras a function of their change of
temperatures over time. Both the 10% PCM shieldakiand the 20% PCM shielded wall
showed a delay in their peak heat fluxes of appnately 30 minutes. The reason for this delay
relates to the phase change process of the POMs$IS a significant amount of heat energy
was used to melt the PCMs, which resulted in agrinption in the motion of the heat across the
wall from the hotter side to the colder side of Wadl during the heating period. The percentages

of peak heat flux reduction are shown in Figure4.2
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Peak Heat Flux Reduction (%)

20% PCM

10% PCM

Wall with

Enhanced Panel | Enhanced Panel ( Cardboard and
(North) South) Insulation (West)
B Peak Heat Flux Reduction 25.07 16.94 8.35

(%) based on Control Wall

Figure 4.2.4. Percentages of peak heat flux reoluct walls (Series 1, Test 2)

According to the data, the wall with the 20% PCNekhwall had a reduced peak heat flux
of approximately 25.07%, while the wall with the%4®CM shield wall had a reduced peak heat
flux of approximately 16.94%. The wall outfittedtivionly cardboard and insulation had
reduced peak heat flux of about 8.35%. This traeslto the fact that by adding PCMs at a
concentration of 10% the peak heat flux could b@etesed by about 8.59% when the
temperature range was 25 °C to 60 °C (77 °F teBj®imilarly, adding PCMs at a
concentration of 20% could reduce the peak heattlul6.72% at the temperature range of 25
°C to 60 °C (77 °F to 140 °F). The total heat fiexrtor each wall over a 24-hour period is shown

in Figure 4.2.5.
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Figure 4.2.5. Total heat transfer for each wallrav@4-hour period (Series 1, Test 2)

In this period of time the wall outfitted with t2©% PCMs shield transferred about 129.23

Wh/day nf (40.97 Btu/day fj of total heat. The wall outfitted with the 10% MGhield had a

total heat transferred of approximately 142.29 Vilg/df (45.10 Btu/day fi).

This test concludes that high concentration of P@khe shield performed comparatively

better than the lower concentration PCM shieldfioderate high temperature range with

maximum wall surface temperature of 60 °C (140atte) average temperature of 40 °C (104 °F)

over time.
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4.3 Test No. 3

In this test the temperature of the walls were eainfigom 25 °C to 65 °C (77 °F to 149 °F).
The maximum temperature of the walls was approxetpdb °C (149 °F) during the peak time.
The average temperature of the walls was approgignd0 °C (104 °F) over time. The average
surface temperature profiles of all the walls dreven in Figure 4.3.1. The graph also includes

four air temperatures as indicated.
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Figure 4.3.1. Average surface temperature profifed| the walls (Series 1, Test 3)

As expected the interior surface temperatures Wwgteer than the rest of the surface
temperatures in each wall. This profile indicatew lthe exterior temperatures of a building
would vary throughout a typical day when the averagximum exterior surface temperature
would reach about 65 °C (149 °F). The average houall heat fluxes were graphed over a 24-

hour test period in Figure 4.3.2.
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Figure 4.3.2. Average wall heat fluxes (SeriesdstB).

The data show that the control peak heat flux vias@W/nf (6.40 Btu/hr ff). The
maximum peak heat flux for the wall outfitted witre PCM shield holding a concentration of
10% PCM was 17.35 W/(5.50 Btu/hr ff). The peak heat flux of the wall outfitted witreth
thermally-enhanced shield holding a concentratio®086 PCM was 15.3 W/f(4.87 Btu/hr
ft?). Table 4.1 shows the heat fluxes, reduction,tatal heat transferred across each wall for
Test 3 in this series. It was observed that foh lvadlls outfitted with the PCM shields, the
PCMs melted completely during the heating peridte peak heat flux across all walls differed.
The difference in peak heat flux for the walls d@tetl with the PCM shields between these two
walls was about 2.05 W/n(0.63 Btu/hr ff). In Figure 4.3.3, the average peak heat fluxes ar

indicated with their coincident interior and exteriemperatures.
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Figure 4.3.3. Peak heat fluxes with their coinotdaterior and exterior wall temperature
profiles (Series 1, Test 3)

In this test, the time delay in the peak heat faimas about 15 and 30 minutes for the 10%

PCM shield wall and for the 20%-PCM shield walkpectively. This may be explained by the

fact that the PCM must have melted at a faster satesult of the higher surface temperatures,

than in the previous tests. The percentages of peakflux reduction are shown in Figure 4.3.4.
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Peak Heat Flux Reduction 23.82 14.02 7.03
(%) based on Control Wall

Figure 4.3.4. Percentages of peak heat flux reolictf walls (Series 1, Test 3)

From the data, it was observed that the 20% PCkId¢kiall had a reduced peak heat flux of
approximately 23.82%. The 10%-PCM shielded wall dadduced peak heat flux of
approximately 14.02%. The wall outfitted with onhe cardboard had its peak heat flux reduced
by about 7.03%. This means that by adding a 10% EQNMentration to the cardboard, the
control wall could decrease its peak heat flux 9966 at the temperature range of 25 °C to 65
°C (77 °F to 149 °F). Similarly, a 20% PCM concatidn added to the cardboard could decrease
the peak heat flux load of the control wall 16.788the temperature range of 25 °C to 65 °C (77
°F to 149 °F) average to maximum. The total heaisfer for each wall over a 24-hour period is

shown in Figure 4.3.5.
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Figure 4.3.5. Total heat transfer for each wallrav@4-hour period (Series 1, Test 3).

In this period of time the wall outfitted with t2©% PCMs shield wall transferred about

170.14 Wh/day f(53.93 Btu/day fj of total heat. The wall outfitted with the10% PGiield

wall transferred about 182.78 Wh/day (67.94 Btu/day fj of total heat.

In summary, it was observed that the PCM-enhartoerintal shields, when integrated in

walls, would tend to produce higher heat flux rdtucs at lower maximum surface temperature,
which would decrease with increasing interior scefsemperatures. That is, it seems that at
lower temperatures, the PCM would melt slower, g allow for a higher decrease in heat
flux. Between the thermal shields, however, it whserved that the 20%-PCM shield
outperformed the 10%-PCM shield at all maximum aceftemperatures, but more so at higher

ones. This may be explained by the fact that didrigemperatures, more PCM would melt in
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the 20%-PCM shield than at lower temperaturesaly seem that during Tests 1 and 2, the PCM
in the 20%-PCM shield may not have completely naelféhis is supported by the shape of the
graphs of Figures 4.1.2, 4.2.2, and 4.3.2. In fdating the cool down period, the heat fluxes
tend to get closer with increasing maximum surfaceperatures. That is, the heat fluxes in the
cool down period of Figure 4.3.2 are closer thaRigure 4.2.2, and much more than in Figure

4.1.2.

Test Series 2: PCM Thermal Shield Placed in the Mid of the Wall Cavity between the
Insulation Layers)

In this test series a three-day test was perfoiimacdconfiguration in which the PCM thermal
shields were located between two insulation layEne. shields were located in the middle
section of the wall cavity. Figure 4.4.0 shows lteation of the PCM thermal shields for the

second test series.
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Figure 4.4.0. PCM arrangement inside the wall gaait the second series of tests.
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In the first test of the second test series theviior surface of the walls were incrementally

heated from an ambient temperature of approxim&@&h (77°F) to a maximum temperature

of 52°C (125°F) and then allowed to cool down kackmbient temperature. This constituted a

full cycle. Three consecutive cycles of 24 hoursheavere carried out. The results of this test,

together with two other tests, when the maximurariot surface temperature were allowed to

reach 60°C (140°F) and 65°C (149°F) are shown in Tables 4.2 a, b, and c.

Table4.2.a. Peak Heat Fluxesfor Test Series2

Peak Heat Fluxes
M ax Cardboard 10% PCM 20% PCM
Test no.| Temperature| Control Wall Wall Shield Wall | Shield Wall
°C °F Winf Btu/hr f€| W/m? |Btu/hr fAW/mABtu/hr fAW/m?Btu/hr
4.4 Tes
No. 1 52 125 13.52 4.28 12.79 406 12.13.84 [11.99 3.80
4.5 Tes
No. 2 60 140 18.24 5.78 16.18 5.18 16.08.10 |15.34 4.60
4.6 Tes
No. 3 65 149 20.15 6.38 18.74 594 19.28.09 (18.21 5.77

Table4.2.b. Percent Peak Heat Flux Reductionsfor Test Series2

% Peak Heat Flux Reduction

Test no. Max TemperaturegCardboard Wall|10% PCM Shield Wall[20% PCM Shield Wall
°C °F % % %
4.4 Test No.[1L 52 125 5.30 10.20 11.20
4.5 Test No. 2 60 140 11.30 11.80 15.90
4.6 Test No. 3 65 149 7.00 4.60 9.60
Table4.2.c. Total Heat Transfer for Test Series 2
Total Heat Transfer
Control Cardboard 10% PCM 20% PCM

M ax wall wall Shield Wall Shield Wall

Test no. Temperature
\Wh/day Btu/day
‘g °F m® |Btu/day f§Wh/day nfBtu/day fWh/day nfBtu/day fEwh/day nf  ft*

4.4 Test No. b2 125 147.00 46.75 138.88 44.03 146.0( 46.33 136.00 4333
4.5 Test No. [B0 140 192.74 61.10 182.27 57.78 192.47 61.01 179.71 56.07
4.6 Test No.B5 149 222.62 70.57 209.86 66.52 221.07 70.08 206.63 6560
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44 Test No. 1

The surface temperature of the walls in the dynamailt simulator ranged from 25°C to 52°C
(77°F to 125°F) in this test. The maximum integorface temperature of the walls was
approximately 52°C (125°F) during the peak timéefheating period. The average temperature
of the walls was approximately 40°C (104°F). Therage surface temperature profiles of all the

walls are shown in Figure 4.4.1. The graph alstuges four air temperatures as indicated.
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Figure 4.4.1. Average surface temperature prodifes! the walls (Series 2, Test 1)

This profile indicates the way exterior and wathfgeratures of a building would vary
throughout a typical day when the average maximxterer temperature would reach at about
52°C (125°F). Unlike the first test of first ser{&@eries 1, Test 1) the exterior surface
temperatures and the interior temperatures of edtbward differed less. The reason for this may

be related to the placement of the PCM shield. HG# shield was placed between the two
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insulation layers of wall cavity. The average hguvhll heat fluxes over a 24-hour test period

are shown in Figure 4.4.2.
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Figure 4.4.2. Average wall heat fluxes (Series&stTl)

The graph shows that the control peak heat flux 1852 W/ni (4.28 Btu/hr ff). The
maximum peak heat flux for the wall outfitted witie 10% PCM shield was 12.13 W/(3.84
Btu/hr f) and the maximum peak heat flux for the wall dtetfi with the 20% PCM shield was
11.99 Winf (3.8 Btu/hr ff). Table 4.2 shows the peak heat fluxes, reducéind,the total heat
transferred across each wall for Test 1 in thigeselnlike Test 1 in Series 1, in this experiment
both walls outfitted with the PCM shields had apqmately the same peak heat fluxes. This
may be because the PCM shields were placed in batthe insulation layers of wall cavity, and

therefore, the amount of PCM that melted in boiklde may have been about the same. That is,
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only about 50% of the PCM in the shield with a camteation of 20% may have melted. The
insulation layers may have prevented heat fromhiegdhe PCM shields. In Figure 4.4.3, the

average peak heat fluxes are indicated with theiraident interior and exterior wall

temperatures.
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Figure 4.4.3. Peak heat fluxes with their coinctdeterior and exterior wall temperature profiles
(Series 2, Test 1)
The figure shows how the PCM-shielded walls peratwith the change of temperatures
over time. Both walls outfitted with shields at centrations of 10% and 20% had their peak
heat transfer delayed by approximately 15 minukés. percentages of wall peak heat flux

reductions are shown in Figure 4.4.4.
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Figure 4.4.4. Percentages of peak heat flux reolictf walls (Series 2, Test 1)

According to the data the 20% PCM-shielded walledl the heat flux by approximately
11.20% and the 10% PCM shielded wall produced aatezh in peak heat flux of approximately
10.20%. The wall outfitted with cardboard and iasian showed a reduction in peak heat flux of
about 5.30%. This means that by adding PCMs ahaerdration of 10% to the cardboard, it
could produce a decrease in peak heat flux of ab®06 and adding PCMs at a concentration
of 20% to the cardboard could produce a decreagedk heat flux of about 5.90% when the
temperature range of the walls was between 25%82%9G (77 °F to125°F). The total heat transfer

for each wall over a 24-hour period is shown inuFeg4.4.5.
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Figure 4.4.5. Total heat transfer for each wallrav@4-hour period (Series 2, Test 1)

During this period the wall outfitted with the 20R&Ms shield (north) transferred about

136.69 W/m (43.33 Btu/hr ft) of total heat. The wall outfitted with the 10% M€ shield

(south) transferred about 146.16 \¥/(6.33 Btu/hr f) of total heat.

This test concluded that the high concentration PsbiMId did not necessarily outperformed
the low concentration PCM shield for a temperatargge of 25°C to 52°C (77°F to 125°F) when
the PCM shields were placed between two insuldéigers and located in the middle section of

the wall cavity .
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45Test No. 2

Similarly, a second test was executed in thisgeses with different temperature range. In
the second test of this series the temperaturdeeofvalls varied from 25°C to 60°C (77°F to 140
°F). This is similar to the second test of thet faeries except for the placement of the PCM
shield. The average surface temperature profiledl tfie walls are shown in Figure 4.5.1. The

graph also includes four air temperatures as itelica
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Figure 4.5.1. Average surface temperature prodifes| the walls (Series 2, Test 2).

These profiles simulate the manner in which themott temperatures of a building would
vary throughout a typical day when the average mari exterior surface temperature would
reach about 60°C (140°F). As expected, the extanidemperatures and the internal surface

temperature of the wallboard were closer. Becatifgedchigher temperatures and the placement
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of the PCM shield, it was expected that the waltsilt store relatively higher amounts of heat
during the phase change of the PCMs. Thereforegxttexior wall surface temperatures were

comparatively higher than the exterior air tempaed. The average hourly wall heat fluxes over

a 24-hour test period are shown in Figure 4.5.2.

25
+7

(\1\
E 1% &£
2 E
< 1 5 o
x 1 ~
= 15 x
[T =
< o
% N
3 2
o @
S —_
< 2

<

T T T T T T T T T T T T T T T T T T T T
HN("’JQ’LO‘DI\GJ@OHNO’JQ'LD(DNOOO’OHNOOQ‘HNOO?LDLOI\OOGOHNO’JQ‘LO@I\GJOOHNO’JQ‘
Ll b D D D b D D D [aN [N o] L b b o D D B D D D [aN[aN g\ [aN [N )
Time (Hour)

-a- 20% PCM Enhanced Panel (North) -=-10% PCM Enhanced Panel ( South)

— Wall with Cardboard and Insulation (West) — Control wall with insulation (East)

Figure 4.5.2. Average wall heat fluxes (Seriese&stR)

The data show that the peak heat flux across theatavall was 18.24 W/f(5.78 Btu/hr
ft?). The peak heat flux for the wall outfitted withetl0% PCM shield wall was 16.09 W/m
(5.10 Btu/hr ft) and the peak heat flux for the wall outfittedwihe 20% PCM shield was 15.34
W/m? (4.60 Btu/hr ff). Table 4.2 shows the peak heat fluxes, reductind,the total heat

transferred across each wall for Test 2 in thigesein this test both the wall with the 10% PCMs
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shield and the wall with the 20% PCMs shield rediuoeat fluxes during the heating period of
each cycle. Although it seemed to have storedHeas energy to generate the phase change
process. The reason for this may be related tpldmement of the PCM shield. The PCM shield
was placed between the two insulation layers of eality. Therefore, it prevented the PCMs
shields to absorb sufficient heat to generate tas@ change. In Figure 4.5.3, the average peak

heat fluxes are indicated with their coincidenemdr and exterior wall temperatures.

20 |_— Control Wall|Avg Peak
18 ./I e \// Cardboard-WattAvg Peat + 60.00
16 + I/I // — 10%|PCMs Shield Wall Ayg Peak ®
< / /,/// [~ b0%|PCMs Shield Wall Avg Peak T 9000 5
E 14 '/I( / S T
12 A // 1+ 4000 S ~
X 107 i > 52
T 7 \Il\' 3 [
g 8 74 \\ T, 30007 &
c) N—r
T 20.00 3
6 7 1 . CT)
() ~ T
S 432/ ~ =
o N 10.00
> 2 e
<
0 0.00
1 2 3 45 6 7 8 9 101112 13141516 17 18 19 20 21 22 23 24
Time (Hour)
— 20% PCM Enhanced Panel (North) —10% PCM Enhanced Panel ( South)
— Wall with Cardboard and Insulation (West) —— Control wall with insulation (East)
-=- Exterior Wall Temp -a— Interior Wall Temp
-a- Cavity Gypsum Board Temp —a— Exterior Air Temp

Figure 4.5.3. Peak heat fluxes with their coinctdaterior and exterior wall temperature
profiles (Series 2, Test 2)

The figure shows how the PCM shielded walls perfmiras a function of their change of
temperatures over time. Both the 10% PCMs shielgsdtland the 20% PCMs shielded wall

showed a delay in their peak heat fluxes of appnaely 35 minutes. Unlike Test 2 in Series 1,
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in this test both walls with 10% and 20% PCM shseddemed to delay more their peak heat

fluxes. The reason for this delay relates to thesplchange process of the PCMs and the

placements of the PCM shields inside the wall gaduring the heating period some heat

energy was used to melt the PCMs, which resulteshimterruption in the transfer of the heat

across the wall from the hotter side to the cosiee of the wall during the heating period. It

made the PCM-shield walls delay their peak heat fline percentages of peak heat flux

reductions are shown in Figure 4.5.4.
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Figure 4.5.4. Percentages of peak flux reductiowalfs (Series 2, Test 2)
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According to the data the wall with the 20% PCMekhwall reduced peak heat flux of
approximately 15.90%, while the wall with the10%NPCshield wall reduced the peak heat flux
of approximately 11.80%. The wall outfitted withetbardboard reduced peak heat flux of about
11.30%. This means that by adding PCMs at a coratént of 10% the peak heat flux could be
decreased by 0.5% when the temperature range W&st@50°C (77°F to 140 °F). Similarly,
adding PCMs at a concentration of 20% could redibegeak heat flux by 4.6% at the
temperature range of 25°C to 60°C (77°F to 140TH¢.total heat transfer for each wall over a

24-hour period is shown in Figure 4.5.5.
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Figure 4.5.5. Total heat transfer for each wallrd®4 hours period (Series 2, Test 2)
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In this period of time the wall outfitted with t2©% PCMs shield transferred about 179.71
W/m? (56.97 Btu/hr.fl) of total heat. The wall outfitted with the10% P€Mhield transferred
about 192.47 W/fm(61.01 Btu/hr ff) of total heat.

This test concluded that the location of the shigldot as effective as the Series 1 location in
terms of reducing peak heat flux, at the tempeeatange of 25°C to 60°C (77°F to 140 °F). At
this temperature range the wall outfitted with 1B%M shield reduced only about 16.94% the
peak heat flux at Series 1 location and it redwdmalit 11.8% the peak heat flux as Series 2
location. Similarly, at this temperature rangewa! outfitted with the 20% PCM shield reduced
the peak heat flux about 25.07% in Series 1 lonadind it reduced about 15.9% in Series 2

location.

4.6 Test No. 3

The third test of this test series was executeld ailemperature range of 25°C to 65°C (77°F
to 149°F). The maximum temperature of the walls aggsoximately 65°C (149°F) during the
peak time. The average (over time) temperatureefalls was approximately 40°C (104°F).
This test is similar to the third test of the fisgtries except the placement of the PCM shield. The
average surface temperature profiles of all thésnaak shown in Figure 4.6.1. The graph also

includes four air temperatures as indicated.
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Figure 4.6.1. Average surface temperature profifed| the walls (Series 2, Test 3)

The average hourly heat fluxes over a 24-hourtesod in Figure 4.6.2.
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Figure 4.6.2. Average wall heat fluxes (Series&stB)

The data show that the control peak heat flux via$®2W/nf (6.38 Btu/hr ff). The
maximum peak heat flux for the wall outfitted witre PCM shield holding a concentration of
10% PCMs was 19.23 Wn(6.09 Btu/hr ff). For the wall outfitted with the thermally-enhaudc
shield holding a concentration of 20% PCM the pesét flux was 18.21 W/fr(5.77 Btu/hr ff).
Table 4.2 shows the heat fluxes, reduction and betat transferred across each wall for Test 3
in this series. It was observed that in this tesh ’CM shielded walls differed their peak heat
fluxes as much as they did in the Test 3 in Sdrifeg the same temperature range 40°C to 65°C
(104°F to 149 °F). The reason for this is relatethé placement of the PCM shield. Since, both
of the PCM shielded walls absorbed small amount éeargy during the heating period it was to

be expected that both PCM shielded walls wouldasddess stored heat energy while solidifying
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during the cool down period. Therefore, the prafibé both PCM shielded walls are showing
less heat released during the cool down perioBligare 4.6.3, the average peak heat fluxes are

indicated with their coincident interior and exterwall temperatures.
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Figure 4.6.3. Peak heat fluxes with their coinctdaterior and exterior wall temperature
profiles (Series 2, Test 3)
In this test, the time delay in the peak heat famas about 45 minutes for the 10% PCM
shield wall and for the for the 20% PCM shield wallnlike Test 3 in Series 1, in this test both
walls with 10% and 20% PCM shields seemed to delase in their peak heat fluxes. The

percentages of peak heat flux reductions are shioWwigure 4.6.4.
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Figure 4.6.4. Percentages of peak heat flux reolictf walls (Series 2, Test 3)

From the data, it was observed that the 20% PCHk¥ld¢kiall had a reduced peak heat flux of
approximately 9.60%. The 10% PCMs shield wall hadduced peak heat flux of approximately
4.60%. The wall outfitted with only the cardboawmthts peak heat flux reduced by about 7%.
This means that at Series 2 location for the teatpes range of 25°C - 65°C (77°F - 149 °F) the
wall outfitted with only the cardboard could deedts peak heat flux more than the wall
outfitted with 10% PCM shield. This concludes ttreg 10% PCM shield wall was not able to
decrease heat flux. The total heat transfer foin @&adl over a 24-hour period is shown in Figure

4.6.5.
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Figure 4.6.5. Total heat transfer for each wallrd®4 hours period (Series 2, Test 3)

In this period of time the wall outfitted with t2©% PCMs shield wall transferred about 206
W/m? (65.50 Btu/hr.fl) of total heat. The wall outfitted with the 10% ME shield wall
transferred about 221.07 W/rfv0.08 Btu/hr f) of total heat.

In summary, it was observed that PCM-enhanced thleshmelds, when integrated in walls at
Series 2 location ( PCM thermal shields were |latatdetween two insulation layers, which

were located in the middle section of the wall tgwvould tend to produce lower heat flux

69



reductions at lower maximum surface temperaturéchwvould decrease with increasing

interior surface temperature.
Test Series 3: PCMs Shield Placed Towards the lideside of the wall cavity.

Similar to first and second test series, a thrgetelst was performed in the third test series.
In this test series PCM thermal shields were lat&devards the interior side of the wall cavity.
Figure 4.7.0 shows the PCM shield placement ingidevall cavity for the third test series.
1.2cm (0.5 in) *‘ ’* ﬁT.G cm (3 in )»‘ ﬁ‘I.Z cm (0.5 in)
jﬁ‘j.z_'c'm,(_o.'s. in) | f
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1.5 in thick
R-11 Insulation

Cardboard

Small PCM filled
Plastic bag

JAVI VI VATAD
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Figure 4.7.0. PCM arrangement inside the wall gafait the third series of tests

Three individual tests in this test series werdargetthree different temperature ranges. The

results of three individual tests in this testsgrare shown in Tables 4.3 a, b, and c.
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Table4.3.a. Peak Heat Fluxesfor Test Series 3

Peak Heat Flux
M ax Control Wall Cardboard 10% PCM Shidd 20% PCM shield
Test no. | Temperature Wall Wall Wall
°C °F W/nt | Btu/hr fé | W/n? | Btu/hr € | W/m? | Btu/hr i€ | W/n? | Btu/hr fE
4.7 Test
No.1 |52 125 12.89 4.06 12.54 3.97 12.82 4.00 11.75% 3.72
4.8 Test

No. 2 | 60Q 140 15..02 4.82 1458 4.62 14.90 4,72 13.69 4.34
4.9 Test

No. 3 |65 149 22.12 7.01 20.94 6.64 21.14 6.70 19.84 6.29

Table4.3.b. Percent Peak Heat Flux Reductionsfor Test Series 3

% Peak Heat Flux Reduction
Max
Temperatu|Cardboard |10% PCM Shield20% PCM Shield
Test no. re Wall Wall Wall
°‘C| °F % % %
4.7 Test No. 152| 125 2.30 0.20 8.50
4.8 Test No. 260| 140 4.10 2.00 10.00
4.9 Test No. 365| 149 6.40 5.70 11.10

Table4.3.c. Total Heat Transfer for Test Series 3

Total Heat Transfer

M ax Control 10% PCM Shidd | 20% PCM Shidd
Test no.|Temperature Wall Cardboard Wall wWall Wall

‘g °F Wh/day ni|Btu/day ff] Wh/day nf [Btu/day ffWh/daynt|Btu/day fE\Wh/daynf|Btu/day ff
4.7 Tes
No.1 |52 125 127.46 40.40 123.20 39.05 131.43  41.66 119.037.733
4.8 Tes
No.2 |60 140 153.35 48.61 147.07 46.62 15495 49.12  143.105.364
4.9 Test
No. 3|65 149 227.36 72.07 216.72 68.70 22844 7242  211.667.106
4.7 Test No. 1

Similar to the first tests in Series 1 and 2, ih& test of this series was performed at a
temperature range of 25°C to 52°C (77°F to 1254#$ means the maximum temperature of the

walls was approximately 52°C (125°F) while the agertemperature of the walls was
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approximately 40°C (104°F). The Average surfaceptrature profiles of all the walls are shown

in Figure 4.7.1. The graph also includes fourainperatures as indicated.
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Figure 4.7.1. The average surface temperaturel@sadt all the walls (Series 3, Test 1)

Similar to the tests in Series 2, the interior aoeftemperatures were higher than the rest of

the interior and exterior surface temperaturesachevall. The average hourly wall heat fluxes

over 24-hour test period are shown in Figure 4.7.2.
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Figure 4.7.2. Average wall heat fluxes (Series&stTl)

The graph shows that the control peak heat flutfercontrol wall was 12.89 W/ni4.06
Btu/hr f). The maximum peak heat flux for the wall outfitteith 10% PCM shield was 12.82
W/m? (4.00 Btu/hr ff) and the maximum heat flux for the wall outfitwith 20% PCM shield
was 11.75 W/mh(3.72 Btu/hr f). Table 4.3 shows the peak heat fluxes, reductind,the total
heat transferred across the wall for Test 1 indhiges. The control wall outfitted with the
cardboard and insulation seemed to have higherflugatduction than the wall outfitted with
10% PCM shield. Unlike the first tests in Seriemntl 2, in this test both walls outfitted with
10% and 20 % PCM shield respectively released dlthessame amount of heat during the cool
down period. Both walls had almost the same pdaksis test series the PCM shields were

placed towards the interior side of the wall cavity
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Each test in this research was actually perforroaedto six days in order to attain the most
two consistent consecutive cycles to study. Inordeollect the two most consistent data for
this test, only third and fourth cycles were sedddb study. While Test 1 in Series 3 was being
performed, in the first two cycles, the PCM woutdt solidify completely. This happened
because the PCM shields faced the interior of ithelation box, which was closer to the heat
source and the other side of the PCM shields faxéke two layers of insulations inside the wall
cavity. This prevented the heat from releasindgheoexterior of the simulation box during the
cool down period after the first two initial cyclesthis test. As a result all melted PCMs stayed
liquid after the first 24-hours cycle. Thereforié)eé heat flux was reduced by the walls outfitted
with 10% and 20% PCM shield. Figure 4.7.3, the agermpeak heat fluxes are indicated with

their coincident interior and exterior wall tempteras.
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Figure 4.7.3. Average peak fluxes are indicateth Wieir coincident interior and exterior wall
temperatures (Series 3, Test 1)

In this test, there was no time delay in the pezdt fiuxes for the 10%-PCM shield wall and
for the 20%-PCM shield wall. These data confirnt eifger the first two initial cycles in this test,
all the PCM was not able to change phase and coepdesolid to liquid cycle during the
heating period and vise versa during the cool dpaniod. The percentages of peak heat transfer

rate reductions are shown in Figure 4.7.4.
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Figure 4.7.4. Percentages of peak heat flux reolictf walls (Series 3, Test 1)

According to the graph, the wall outfitted with 20%@M shield reduced approximately 8.5%
peak heat flux and the wall outfitted with 10% PGMeld reduced approximately 0.2% peak
heat flux of the control wall. The control wall éitted with cardboard and insulation had its
peak heat flux reduced by about 2.3%. This meaatsathSeries 3 location for the temperature
range of 40°C to 52°C (104°F to 125 °F) the watlitbted with only the cardboard could decrease
its peak heat flux more than the wall outfittedwii0% PCM shield. This concludes that the
both 10% and 20% PCM shield wall were not abledecrelase heat flux as significantly as the
first two tests of Series 1 and Series 2 locataridwer temperature range. The total heat

transfer for each wall over a 24-hour period isvai@ Figure 4.7.5.
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Figure 4.7.5. Total heat transfer for each wallrd®4-hours period (Series 3, Test 1)

During this period the wall outfitted with the 202&M shielded transferred about 119.03
W/m? (37.73 Btu/hr ff) of total heat. The wall outfitted with the 10% MGhield transferred
about 131.43 W/M(41.66 Btu/hr ff) of total heat. These reductions were not vergisigant
compared to the control walls.

This test concluded that the PCM shield placemettis series for lower temperature range
of 25 °C to 52°C (77°F to 125 °F) was not effectiveerms of reducing peak heat flux and

generating phase change process into the wallswbece outfitted with PCM shield.
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4.8 Test No. 2

Similarly to the second tests of Series 1 and S&igsecond test of this series were
performed in the temperature range of 25°C to §07CF to 140 °F). The average surface
temperature profiles of all the walls are showkigure 4.8.1. The graph also includes four air

temperatures as indicated.
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Figure 4.8.1. Average surface temperature profifed| the walls (Series 3, Test 2)

Similar to the previous test the interior surfaemperatures were higher than the rest of the

surface temperatures in each wall. The averagdyhaail heat fluxes over a 24-hour test period

are shown in Figure 4.8.2.
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Figure 4.8.2. Average wall heat fluxes (Series&stR)

The control peak heat flux was 15.2 /(.83 Btu/hr ff). The maximum peak heat flux for
the wall outfitted with the 10% PCM shield was 1498’ (4.72 Btu/hr ff) and the maximum
peak heat flux for the wall outfitted with the 20P&M shield was 13.69 W/{4.34 Btu/hr ff).
Table 4.3 shows the peak heat fluxes, reductiom tlae total heat transferred across each wall
for Test 2 in this series. The control wall ouddtwith cardboard and insulation seemed to have
higher heat flux reduction than the wall outfitiedh 10% PCM shield. Unlike the Test 1 in
Series 3, the maximum peak heat flux of PCM-shieddis differed in this test because of the

higher temperature range. In Figure 4.8.3, theageepeaks heat fluxes are indicated with their

coincident interior and exterior temperature pesil
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Figure 4.8.3. Average peak heat fluxes are inditati¢h their coincident interior and
exterior wall temperatures (Series 3, Test 2)

The figure shows how the PCM-shield walls perforraed function of their change of
temperatures over time. The 10% PCM-Shielded vealhged to have delayed its peak about 15
minutes and the 20% PCM-shielded wall delayedetkmpproximately 35 minutes towards the
cooling down period. The reason of this delay eshigher temperature range used in this test
compared to Test 1 in this Series 3 location, witeras observed that there is not delay in peak
heat flux for PCM-shield wall. During the heatingripd some heat energy was used to melt the
PCMs, which resulted in an interruption in the rantof the heat across the wall from the hotter
side to the colder side of the wall during the imgpperiod. Thus the delay occurred in this test.

The percentages of peak heat flux reductions aesin Figure 4.8.4.
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Figure 4.8.4. Percentage of peak heat flux redoaifovalls (Series 3, Test 2)

According to the data the wall with the 20% PCMe#threduced peak heat flux
approximately 10% and the wall with the 10% PCMe8hreduced peak heat flux
approximately 2%. The wall outfitted with the capdiod only had a higher peak heat flux
reduction that the wall with the 10% PCM shield,ethis about 4.1%. This means that at Series
3 location for the temperature range of 25°C t@C60%7°F to 140 °F) the wall outfitted with only
the cardboard could decrease its peak heat flue than the wall outfitted with 10% PCM
shield. This concludes that the both 10% and 2094 BRield wall were not able to decrease
heat flux as significantly as the second two tesSeries 1 and Series 2 location at this
temperature range. The total heat transfer for eathover a 24-hour period is shown in Figure

4.8.5.
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Figure 4.8.5. The total heat transfer for each wedlr a 24-hours period (Series 3, Test 2)

In this period of time the wall outfitted with ti20% PCM shield transferred about 143.10
W/m? (45.36 Btu/hr ff) of total heat. The wall outfitted with the 10% MGhield transferred
about 154.95 W/Mm(49.12Btu/hr ff) of total heat. These reductions are not veryifiagmt
compared to the control walls.

This test concluded that the PCM shield placenmettis series for lower temperature range
of 25 °C to 60°C (77 °F to 140 °F) is not very @ffe in terms of reducing peak heat flux and

generating phase change process into the wallswbece outfitted with PCM shield.
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49 Test No. 3
The last test of this series was performed exacttiie same manner like the third tests of

Series 1 and Series 2 in temperature range of 40 86°C (104°F to 149 °F), except the

placements of the PCM shield.
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Figure 4.9.1. Average surface temperature profifed| the walls (Series 3, Test 3)

Similar to the previous test the interior surfaemperatures were higher than the rest of the

surface temperatures in each wall. The averagdyhaail heat fluxes were graphed over a 24-

hour test period in Figure 4.9.2.
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Figure 4.9.2. Average peak heat fluxes of wallgiESe3, Test 3)

The data show that the control peak heat flux v2as2W/nf (7.01 Btu/hr ff). The
maximum peak heat flux was for the wall outfitteithathe 10% PCM shield was 21.14 W/m
(6.7 Btu/hr ff) and the maximum peak heat flux for the wall dtetl with the 20% PCM shield
was 19.84 W/h(6.29 Btu/hr ff). Table 4.3 shows the heat fluxes, reduction atal heat
transferred across each wall for this Test 3. Tdrerol wall outfitted with the cardboard and
insulation seemed to have higher heat flux redodtian the wall outfitted with 10% PCM
shield in the second cycle. Unlike the third téstSeries 1 and 2, in this test both walls outfitte
with 10% and 20 % PCM shield respectively releadatbst the same amount of heat during the
cool down period. However, because of the highmptrature range of 25 °C to 65°C (77 °F to

149 °F), the peak heat fluxes of both PCM-shieldalls differed compared to the other two
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previous tests in this series. In Figure 4.9.3 average peak heat flux peaks are indicated with

their coincident interior and exterior temperatprefiles.
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Figure 4.9.3. Average peaks of heat fluxes arecatdd with their coincident interior and
exterior wall temperatures (Series 3, Test 3)
The figure shows how the PCM-shielded walls perfedtras a function of their change of
temperatures over time. The 10% PCM Shielded vealirseed to have delayed its peak about 5
minutes and the 20% PCM shielded wall delayedatkmpproximately 10 minutes towards the

cooling down period. The percentages of peak heatréductions are shown in Figure 4.9.4.
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Figure 4.9.4. Percentages of peak heat flux redlictf walls (Series 3, Test 3)

From the data, it was observed that the 20% PCMiddd wall had reduce approximately

10.30% of its peak heat flux and 10% PCM-shieldedl reduced approximately 4.40% of its

peak heat flux. The wall outfitted with only car@sd and insulation reduced peak heat flux

about 5.30%. This means that at Series 3 locatipthe temperature range of 25°C to 65°C

(77°F to 149 °F) the wall outfitted with only therdboard could decrease its peak heat flux more

than the wall outfitted with 10% PCM shield. Théaldcheat transfer for each wall over a 24-hour

period is shown in Figure 4.9.5.
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Figure 4.9.5. Total heat transfer for each wallr®4-hours period (Series 3, Test 3)

In this period of time the wall outfitted with ti20% PCM shield transferred about 211.66
W/m? (67.10 Btu/hr ff) of total heat. The wall outfitted with the 10% MGhield transferred
about 228.44 W/f(72.42 Btu/hr ff) of total heat.

In summary, it was observed that PCM-enhanced thleshmelds, when integrated in walls at
Series 3 location (PCM thermal shields were loctddirds the interior side of the wall cavity)
would tend to produce lower heat flux reductiotoater maximum surface temperature, which

would decrease with increasing interior surfaceperature.

4.10 Performance of PCM Shieldsin Various L ocations
The performance of the PCM shields in three diffetecations inside of the wall cavity
were discussed in this section. The three locatiare:

S 1: Series 1: Next to the wallboard
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S 2: Series 2: In the middle of the wall cavityvibe¢n two insulation layers
S 3: Series 3: Next to the siding, closer to that Beurces in the interior of the dynamic wall

simulator.

For the range from 40°C (104°F) average to 52°C%92) maximum interior surface
temperature

In the range of 25°C to 52°C (77°F to 125°F) th# autfitted with the 10% PCM shield had
its peak heat fluxes reduced less than the wadliittmat with the 20% PCM shield for all
locations within the wall cavity. The percent pdsgat flux reductions produced by the PCM

shields at the various locations are shown in Egui0.1.
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Figure 4.10.1. Peak heat flux reduction producethb PCM shield walls at various locations
inside the wall cavity for a temperature range @Clto 52°C (104°F to 125°F)
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The graph shows that when the PCM shields wereddazext to the wallboard their thermal
performance was better in terms of reducing thé peat flux across the walls for both the 10%
and 20% PCM shields. The following Figure 4.10.8vgh the heat fluxes for walls outfitted with

10% PCM shields at various locations for a tempeeatange of 25°C to 52°C (77°F to 125°F).
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Figure 4.10.2. Heat fluxes for walls outfitted vit0% PCM shields at various locations for a
temperature range of 40°C to 52°C (104°F - 125°F).

The figure shows the heat fluxes for walls outéitteith PCM shields with a concentration of
10%. The data indicate that for a temperature ran@® °C to 52 °C (77 °F to 125 °F) the
performance of the PCM shield was better when & lwaated next to the wallboard, that is,
closer to the conditioned space. At this locattbe, PCM was able to change phase in both

directions, that is, melt and solidify. The meltwgs produced by the heat traveling to the
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outside of the simulator. The solidification wafhianced by the location, near the conditioned
space, which helped the shields release the hagatyaluring the cooling down period. On the
other hand, when the PCM shields were placed imillelle of the wall cavity, in between of the
insulation layers, and in close proximity to theenor of the simulator, their performance was
not as effectiveWhen the shields were placed in between the irisuléyers, PCMs would
melt rapidly, thus not taking advantage of a timahgorption of heat. At this location, it also
slowed down the heat transfer process from the RIGilihg the cool down period, thus losing
the ability to of the PCM to solidify. That is, tiresulation layers prevented the heat to be
released from the PCM shields. Similarly, in looats 3, when the shields were placed in close
proximity to the heating source, the PCMs meltgudig and then were not allowed to solidify
because the insulation layers prevented the hemadfer towards the exterior sides of walls.
Therefore, the peak heat fluxes of the walls detitwvith the PCM shields in these locations did
not experience much of a heat transfer delay ahrasiavas the case for when the shields were
located next to the wallboard. The following figurd 0.2 shows the heat fluxes for walls
outfitted with 20% PCM shields at various locatidosa temperature range of 25 °C to 52 °C

(77 °F to 125 °F).
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Figure 4.10.3. Heat fluxes for walls outfitted w2@% PCM shields at various locations for a
temperature range of 40°C to 52°C (104°F to 125°F).

Similar to the 10% PCM shield wall, the 20% PCMed#thiwall performed most efficiently at the
location closer to the wallboard for the temperatange of 25°C to 52°C (77°F to 125°F). The
wall outfitted with the 20% PCM shield had its pdedat fluxes reduced higher than the wall
outfitted with the 10% PCM shield for all locationgthin the wall cavity. This is simply
because the higher concentrated PCM shielded paifermed comparatively better than the
PCM shield with lower PCM concentration. With higbncentration of PCMs, PCM shields
were able to absorb higher amount of heat to gemetese change. Therefore, the peak heat

flux reduced in 20% PCM shielded walls.
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For the range from 40°C (104°F) average to 60°C@3H) maximum interior surface
temperature

In the range of 25°C to 60°C (77°F to 140°F) thi ewdfitted with the 10% PCM shield had
its peak heat fluxes reduced less than the wadlittmat with the 20% PCM shield for all
locations within wall cavity. The percent peak hiéax reductions produced by the PCM shield

at the various locations are shown in Figure 4.10.4
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Figure 4.10.4. Peak heat flux reduction producetheyPCM shields wall at various locations
inside the wall cavity for a temperature range @Clto 60°C (104°F to 140°F)
The graph shows that when the PCM shields werdddazext to the wallboard their thermal
performance was better in terms of reducing thé peat flux across the walls for both the 10%
and 20% PCM shields. The following Figure 4.10.6vgh the heat fluxes for walls outfitted with

10% PCM shields at various locations for a tempeeatange of 25°C to 60°C (77°F to 140°F).
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Figure 4.10.5. Heat fluxes for walls outfitted with% PCM shields at various locations for a
temperature range of 40°C to 60°C (104°F to 140°F).

The figure shows the heat fluxes for walls outfitteith PCM shields with a concentration of
10%. Similar to the previous temperature rangedhta indicate that the performance of the
PCM shield was better when it was located nexttéowallboard for same reasons at temperature
range of 25°C to 60°C (77°F to 140°F). The follapfigure 4.10.6 shows the heat fluxes for
walls outfitted with 20% PCM shields at variousdtions for a temperature range of 25°C to

60°C (77°F to 140°F).
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Figure 4.10.6. Heat fluxes for walls outfitted w28% PCM shields at various locations for a
temperature range of 40°C to 60°C (104°F to 140°F).
Similar to the 10% PCM shield wall, the 20% PCMedthiwall performed most efficiently at

the location closer to the wallboard for the terapgne range of 25°C to 60°C (77°F to 140°F) for

same previous reasons.

For 40°C (104°F) average to 65°C (149°F) maximurmperature range:

In the range of 40°C to 65°C (104°F to 149°F\ihk outfitted with the 10% PCM shield
had its peak heat fluxes reduced less than theou#itted with the 20% PCM shield for all
locations within the wall cavity. The percent pdsgat flux reductions produced by the PCM

shields at the various locations are shown in Egut0.7.
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Figure 4.10.7. Peak heat flux reduction producetheyPCM shields wall at various locations
inside the wall cavity for a temperature range @G to 65°C (104°F to 149°F)

The graph shows that when the PCM shields wereddazext to the wallboard their thermal
performance was better in terms of reducing thé peat flux across the walls for both the 10%
and 20% PCM shields. The following Figure 4.10.8vgh the heat fluxes for walls outfitted with

10% PCM shields at various locations for a tempeeatange of 25°C to 65°C (177°F to 149°F).
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Figure 4.10.8. Heat fluxes for walls outfitted with% PCM shields at various locations for a
temperature range of 40°C to 65°C (104°F to 149°F).

The figure shows the heat fluxes for walls outfitteith PCM shields with a concentration of
10%. Similar to the previous temperature rangedhta indicate that the performance of the
PCM shield was better when it was located nexthéowallboard for same reasons at temperature
range of 25°C to 65°C (77°F to 149°F). The follayigure 4.10.9 shows the heat fluxes for
walls outfitted with 20% PCM shields at variousdtions for a temperature range of 25°C to

65°C (77°F to 149°F).
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Figure 4.10.9. Heat fluxes for walls outfitted w2% PCM shields at various locations for a
temperature range of 40°C to 65°C (104°F to 149°F).

Similar to the 10% PCM shield wall, the 20% PCMedthiwall performed most efficiently at

the location closer to the wallboard for the terapare range of 40°C to 60°C (104°F to 140°F).
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CHAPTERYV

Conclusions and Recommendations

5.1 Conclusions

It was proposed to develop a PCM-enhanced therneldsfor residential walls. The shields
were to be evaluated for concentration and locattotlynamic wall simulator was used for the
evaluations. Two PCM concentrations were used, miere 10% and 20%. These
concentrations were based on the weight of thebwaill. Three locations were evaluated. These
were, next to the wallboard (S 1), middle of thélwavity (S 2), and the innermost location of
the simulator closer to the heating source (S 3).

The four walls of the simulator were used as foloane wall was left as a control, one was
used to carry the 10%-shield, one carried the 2BB#ds and one carried insulation layers and a
replica of the board that was used to hold the iCMace in the shield. The tests consisted of a
heating period and of a cooling down period. Thigresented one cycle. Each testing period was
composed of several cycles.

It was concluded from the results that the optinplacement of PCMs shields inside the
wall cavity was the S 1 location. That means PG&fral shield has large peak load reduction
when they are placed further away from the heatcgomside of the wall cavity. PCM thermal
shield was less effective in high temperature ra@0& PCM thermal shields were more
effective than 10% PCM thermal shields. The reasaohat the wall outfitted with the 20% PCM
shield reduced peak heat fluxes more than theaudfitted with the 10% PCM shield for all

locations within the wall cavity.
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In the S 1 location the walls outfitted with batie 10% PCM and the 20% PCM shields,
produced the highest reduction in peak heat flugsscthe wall and also produced the longest
time shift among all. For the S 1 location, the 18846 20% PCM shielded walls reduced peak
heat fluxes by approximately 12.64% and 20.37%peetsvely, when the maximum surface
temperature of the wall closest to the heatingssiwas 52°C (125°F). The percent peak heat
flux reductions for the walls outfitted with the%0PCM and 20% PCM shield were 16.94% and
25.04%, respectively, when the temperature was §D20°F), and the peak heat flux reductions
were 14.02% and 23.82% for the 10% shield and 20&tds respectively, when the maximum
temperature was 65°C (149°F) compared to the dom#db

Comparatively, in the S 2 location the peak redurctif the PCM shielded walls for all
temperature ranges (low to high) were not as hggtihase in the S 1 location. In the S 2 location,
the 10% and 20% PCM shields reduced the peak hedby approximately 10.2% and 11.2%,
respectively, when the maximum temperature was $226°F); 11.8% and 15.9%, respectively,
when the maximum temperature was 60°C (140°F)4a&%b and 9.6%, respectively, when the
maximum temperature was 65°C (149°F).

In the S 3 location, which proved to be the legtimum location, the 10% and 20% PCM
shields reduced the peak heat flux by approxim&&9% and 8.50%, respectively, when the
maximum temperature was 52°C (125°F); 2.00% ar@D¥0, respectively, when the maximum
temperature was 60°C (140°F); and 5.70% and 11r&6pectively when the maximum
temperature was 65°C (149°F). It seemed like dtenigemperature the wall outfitted with the
20% PCM shield performed better than the wall tteti with the 10% PCM shield in terms of
reducing peak heat flux. The reason was that dtehigemperature higher concentration PCM

shield was able to absorb more heat to generawepteange during the heating period.
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Therefore, the wall outfitted with the 20% PCM stiiperformed comparatively better when the

maximum temperature was higher, that is 65°C (4&°this location.

5.2 Recommendations
There are several recommendations for future relearfor this field:

. It is recommended to incorporate a source of vaintih inside of the dynamic simulator
during the cooling down period. In this way thesglation process would replicate a
conventional building wall under full weather cotiains more realistically.

. For organic phase change materials, it is highdpmamended to use any type of fire
retardant formulation with the PCMs shield systaroiider to reduce any kind of fire

hazard.
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